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Preface 

This thesis has not followed the regular PhD track. My research at Center for International 

Climate and Environmental Research – Oslo (CICERO) started with assessing the climate impact 

of transportation and partly developing emission metrics. This early work became later a part of 

my PhD thesis, which also showed me the need to expand the knowledge on emission metrics. I 

was lucky to be included in the ECLIPSE project. This unorthodox setup of the PhD is the reason 

why some of the emission metric application papers where written before some of the 

emission metric method papers. 

The outcome of the work for the thesis is more than just the thesis. I have been a Contributing 

Author in one of the chapters of the IPCC Fifth Assessment Report (AR5) Working Group 1 

(WG1) (Myhre et al., 2013) as a consequence of this work. Further, I have given advice to the 

Norwegian Environment Agency on SLCFs and the application of emission metrics through three 

reports (Aamaas et al., 2012; Hodnebrog et al., 2014a; Aamaas et al., 2015). In this work, I 

evaluated, together with the agency, what emission metric(s) to apply in policies. I have also 

actively disseminated the findings, such as giving lectures, writing popular science articles, and 

appearing on TV, radio, and in newspapers. The outreach has predominantly occurred in 

Norwegian media, but also in international media. 

Many people and organizations have been vital for writing the thesis. First, I would like to thank 

CICERO that gave me the opportunity to write this PhD thesis in a slightly unorthodox manner. 

My supervisors, Terje K. Berntsen and Glen P. Peters, have been very supportive. I have enjoyed 

Terje’s brilliant coaching since I wrote my master thesis. Glen is a very productive researcher I 

am happy to have worked closely with. Thanks also go to Jan S. Fuglestvedt. 

I am grateful that I was employed at CICERO more than five years ago. CICERO is a great 

working place, the best company I ever worked in. My colleagues are great academically and 

socially, and I thank all of them. I appreciate that I work in such a great team with strong fellow 

workers. I also thank colleagues from other institutes that I have written articles with, and 

people I just shared offices, lunches, and ideas with or played floorball with. 
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the opportunity to flourish in my own way and shown great support for my education. In a life 
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CChapter 1 Introduction 
1.1 Context 

People generally travel for about 60 to 90 minutes per day, which holds for almost all societies 

and historic periods (Schafer and Victor, 2000). What has changed is the transport mode used, 

from walking to quicker means of transport involving the internal combustion engine or other 

technologies. The engines demand energy, which historically has been fossil fuel based. 

Combustion of fossil fuels leads to emissions that affect the environment. 

Transportation is one of the human activities that need the most energy and material. 

According to the Intergovernmental Panel on Climate Change (IPCC, 2013), these human 

activities contribute to global warming or climate change through emissions of various gases 

and particles. The thesis assesses the emissions from transport by building on the enormous 

amount of work and effort researchers have done to understand the geophysical processes of 

the climate system and its implications for the society (exemplified by the five Assessment 

Reports since 1990). A range of species impact the climate, either as greenhouse gases, 

aerosols, precursors, or through indirect effects (Myhre et al., 2013). Some species are 

warming, others cooling, and they influence the climate system on very different timescales. 

Emissions of one type of species can lead to different chemical and physical processes with 

various climate responses. Hence, an assessment of the net climate impact is not 

straightforward.  

One simple tool to assess different clime impacts is an emission metric (IPCC, 1990; O'Neill, 

2000; Fuglestvedt et al., 2003; Fuglestvedt et al., 2010), which is a very inexpensive and flexible 

method of comparing climate impacts of emissions and analyzing different policies. The 

emission metric should be transparent and simple because non-specialists without highly 

advanced expertise should be able to utilize them (Fuglestvedt et al., 2010). In particular, 

emission metrics are very useful in policy making to compare the impact of different mitigation 

policies or other changes in emissions. Emission metrics are used in binding agreements such as 

the Kyoto Protocol. However, policy makers must bear in mind that the application of emission 

metrics depends on a number of scientific and value choices (Myhre et al., 2013). 
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A large number of different emission and mitigation cases can quickly be assessed with 

emission metrics, such as comparing the climate impact of emitting of 1 kg of CO2 versus 1 kg of 

CH4. While a comparison of different emissions should preferably be done with detailed climate 

models, this is both computationally expensive and complex. This complex analysis is done for a 

limited number of idealized emission cases, while the net climate impact can be estimated with 

emission metrics for an almost infinite number of combinations of all type of emission and 

policy changes. These simple relationships developed are linearizations of the advanced climate 

models. By applying emission metrics, information on details are lost, such as spatial and 

temporal variations and interactions between different emissions. This simplification adds 

uncertainty. 

Emission metrics were developed around the time of the very first assessment report from the 

IPCC (Wuebbles, 1989; Derwent et al., 1990; IPCC, 1990; Lashof and Ahuja, 1990). A 

comprehensive climate policy (UNFCCC, 1992) requires a simple method of evaluating the 

climate impact of emissions of different species. Hence, emission metrics provide an exchange 

rate between different species, as in the Kyoto Protocol and reporting emissions under the 

United Framework Convention on Climate Change (UNFCCC) (Skodvin and Fuglestvedt, 1997). 

The applications of emission metrics are numerous (Lashof and Ahuja, 1990; Fuglestvedt et al., 

2003; Fuglestvedt et al., 2010; Tanaka et al., 2010; Myhre et al., 2013). Emission metrics are 

used to compare climate impacts of emissions of different species for greater understanding 

(e.g., Shindell et al., 2009; Collins et al., 2010), as well as to perform comparisons of different 

activities and technologies that emit species at various rates such as in Life Cycle Assessment 

(LCA) (Pennington et al., 2004; Boucher and Reddy, 2008; Tanaka et al., 2010). Numerous 

emission metrics have been developed and can easily be applied in different contexts. The 

thesis evaluates different emission metrics for various time horizons. Further, the most suitable 

emission metrics for different purposes are assessed. In addition, the thesis discusses the link 

between different emission metrics. 

The focus of the thesis is on the climate impact of transportation, which is a suitable sector for 

detailed analysis of emission metrics. Transportation is growing rapidly (Sims et al., 2014) and 
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cause a wide range of emissions (see Chapter 2.2). The emissions occur over wide areas of the 

Earth, including in the free troposphere and in the marine boundary layer over oceans. The 

potential mitigation options are many, and some of them give co-benefits for public health. 

Transportation is, therefore, an interesting sector to assess from an emission metric 

perspective. 

The emissions from transportation can be categorized into different groups.  The Kyoto 

Protocol includes the greenhouse gases (GHGs) CO2, CH4, N2O, HFCs, PFCs, and SF6. The various 

species can be placed in two different baskets based on the perturbation lifetime. One group is 

the long-lived greenhouse gases (LLGHGs) CO2, N2O, and some of the other gases regulated by 

the Kyoto Protocol. Emissions of black carbon (BC), organic carbon (OC), SO2, NH3, NOx, CO, and 

VOC are classified as short-lived climate forcers (SLCFs) and perturb the atmosphere on 

timescales of a few days to a few years. CH4 is regulated by the Kyoto Protocol and is well mixed 

in the atmosphere, but is often grouped with the other SLCFs since its lifetime has been 

considered, at least up to now, to be shorter than timescales for stabilizing anthropogenic 

influence on climate. The global emissions of SLCFs can have a very high short-lived impact 

(Myhre et al., 2013), but with larger uncertainty than for the LLGHGs (Karstensen et al., 2015). 

Mitigation of emissions from transport can lead to co-benefits, as the SLCFs also influence air 

pollution and health (Stohl et al., 2015). Emissions from transportation are largest for CO2 and a 

wide range of SLCFs. As the thesis focus on emission metrics and assessing transportation, a 

focal point is, therefore, the SLCFs. 

Transportation is one of the larger sectors in terms of global emissions, with a share of about 

14% of the Kyoto gas emissions by applying the emission metric Global Warming Potential with 

a time horizon of 100 years (Victor et al., 2014) (see Figure 1). In Norway, transport is 

responsible for about a quarter of the territorial GHG emissions, increasing to a third when 

emissions from fishing, machinery for agriculture and construction, and miscellaneous 

machinery are included (Brunvoll and Monsrud, 2013). Transport can be divided into passenger 

and freight transport, in which passenger transport is the largest in terms of the global fuel 

consumption (Borken-Kleefeld et al., 2010). 
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Figure 1: Total global anthropogenic GHG emissions in 2010 divided by economic sectors. 

Transportation is in shades of red. The inner circle shows the share of the direct emissions, the 

outer circle indirect emissions from electricity and heat production. AFOLU stands for 

agriculture, forestry and other land use. Figure from Victor et al. (2014). 

The rest of this chapter presents the objectives and publications. Chapter 2 goes further into 

the scientific background of this thesis, while Chapter 3 describes the methodology applied and 

the datasets used. The main findings of each paper are presented in Chapter 4, while Chapter 5 

provides conclusions. Papers 1-7 of the thesis are found at the end. 
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11.2 Thesis objectives 

The title of the thesis presents the overarching objective of the thesis, which is to develop, 

evaluate, and apply emission metrics for the assessment of the climate impact of 

transportation. The sub objectives are as follows: 

To give additional insights on the concept of emission metrics, such as exploring the 

emission metric integrated GTP1 and develop an emission metric based on rate of 

climate change. 

To apply emission metrics to quantify the climate impact of different emissions from 

transportation and other sources. 

To evaluate emission metrics and metric choices in relation to political targets based on 

value judgements, such as type of emission metric and weighting over time. 

To develop emission metrics for regional emissions of SLCFs based on multi-model 

experiment. 

To discuss how LCAs2 are sensitive to choice of emission metrics, with transportation as 

a case study. 

  

1 GTP is an acronym for Global Temperature change Potential. This emission metric is presented in Section 2.1. 
2 LCA is an acronym for Life Cycle Assessment. 
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11.3 Thesis publications 

The final thesis consists of five published research articles, one article in review, submitted to 

Atmospheric Chemistry, and one manuscript. I am the first author of five out of the seven 

articles, and second author of the remaining two articles. The papers and their findings are 

summarized in Chapter 4. 

Paper 1: 

Glen P. Peters, Borgar Aamaas, Terje K. Berntsen, and Jan S. Fuglestvedt, 2011. The integrated 

Global Temperature change Potential (iGTP) and relationships between emission metrics. 

Environmental Research Letters, 6, 044021. 

 

Paper 2: 

Borgar Aamaas, Terje K. Berntsen, Jan S. Fuglestvedt, and Glen P. Peters, 2016. Combining 

temperature rate and level perspectives in emission metrics. Manuscript, to be submitted. 

 

Paper 3: 

Borgar Aamaas, Glen P. Peters, and Jan S. Fuglestvedt, 2013. Simple emission metrics for 

climate impacts. Earth System Dynamics, 4, 145-170. 

 

Paper 4: 

Borgar Aamaas, Terje K. Berntsen, Jan S. Fuglestvedt, Keith P. Shine, and Nicolas Bellouin, 2015. 

Multimodel emission metrics for regional emissions of short lived climate forcers, Atmospheric 

Chemistry and Physics Discussion, 15, 26089-26130. 
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Paper 5: 

Glen P. Peters, Borgar Aamaas, Marianne T. Lund, Christian Solli, and Jan S. Fuglestvedt, 2011. 

Alternative "Global Warming" Metrics in Life Cycle Assessment: A Case Study with Existing 

Transportation Data. Environmental Science and Technology, 45, 8633-8641. 

 

Paper 6: 

Borgar Aamaas, Jens Borken-Kleefeld, and Glen P. Peters, 2013. The climate impact of travel 

behavior: A German case study with illustrative mitigation options. Environmental Science and 

Policy, 33, 273-282. 

 

Paper 7: 

Borgar Aamaas and Glen P. Peters, 2017. The climate impact of Norwegians’ travel behavior. 

Travel Behaviour and Society, 6, 10-18. 
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CChapter 2 Background 
2.1 Emission metrics 

The concern of anthropogenic emissions of CO2 is not the CO2 itself, but that the perturbed 

concentration in the atmosphere leads to climate impacts and consequences for the 

environment. From the pure climate perspective, the same argument applies for most other 

emissions, although some species have direct consequences, such as BC from diesel fuel linked 

to air quality concern. Hence, when weighting and assessing different emissions against each 

other, the climate impacts and consequences matter (see e.g., Shindell, 2015). However, there 

is a choice on which impact is the most relevant.  

Figure 2 shows the cause-effect chain from emissions to climate change and impacts 

(Fuglestvedt et al., 2003; Myhre et al., 2013). The metrics at the bottom of the figure have the 

largest relevance, but at the cost of increasing uncertainty. This relationship shows that the 

most useful emission metrics for users give significant uncertainty and increase the risk of 

making decisions on potentially flawed premises. However, the metrics with the least 

uncertainty are the least relevant and may lead to flawed conclusions. 

Figure 2: The cause-effect chain from emissions to climate impact including how metrics can be 
defined (Myhre et al., 2013). The box climate change could be changes in temperature, 
precipitation, extreme events, sea level, or other parameters in the climate system. Impacts 
could evaluate damages or costs (Kandlikar, 1996; Tol et al., 2012). 
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The climate impacts of some specific emissions should ideally be calculated carefully by 

evaluating one of the three lower boxes in Figure 2, radiative forcing (RF), climate change, or 

impacts. Advanced models with high complexity are likely the best to model these parameters, 

such as chemical transport and radiative transfer models for RF, or complex earth system 

models (ESMs). Such models demand large computer resources and high expertise on how to 

run and analyze the models. The signal from emissions may also be hidden or exacerbated by 

internal variability. As a result, simpler models have been developed, such as simple climate 

models as the Upwelling-Diffusion Energy Balance Models (UD-EBMs) (e.g., Olivié and Stuber, 

2010). Emission metrics, the simplest approach, have been developed and applied since Rogers 

and Stephens (1988) introduced a weighting to compare the relative contributions of different 

gases to global warming. They allow for a simple and direct comparison of the emissions of 

different species. 

A general formulation of an emission metric (Kandlikar, 1996; Forster et al., 2007) is 

= ( ) ( ) ( )       (1) 

where i(t)) is a function describing the impact of a change in climate C by selecting one of 

the parameters in the middle column of Figure 2, such as concentration, RF, or temperature. C 

is given for time t with a discount function g(t). r is the reference system, while i represents the 

perturbation. Two different emission perturbations i and j can be compared as a function of 

time using AMi(t) and AMj(t). While the discount function is generally given as an exponential 

function, emission metrics often apply a step function or evaluate the impact at a given time 

horizon using a Dirac delta function. 

The climate impact of different emissions can be evaluated in various ways depending on the 

research question or burning issue that concerns policy makers, for instance what parameter of 

the climate system is considered most relevant and what type of weighting is appropriate 

(Fuglestvedt et al., 2003; Tanaka et al., 2010). This issue is discussed by all the papers in this 

thesis. Such choices depend on both scientific and non-scientific considerations (Myhre et al., 

2013). Hence, a range of emission metrics exist and will always exist, as different emission 

metrics and time horizons are relevant for various applications. Emission metrics, as they are 
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formulated in Equation 1, are general, as I( C) is the total impact of climate change. However, 

emission metrics are normally developed to quantify one type of impact, such as precipitation 

or rate of temperature change, which can potentially be applied in combinations with other 

emission metrics. Several emission metrics may be used since there is no particular reason why 

there should be one and only one goal for climate policy (Fuglestvedt et al., 2000; Rypdal et al., 

2005; Jackson, 2009; Daniel et al., 2012; Sarofim, 2012). Users can either apply individual 

emission metrics for different targets or utilize one combined metric for a common 

commitment based on a weighting of different sub emission metrics. The choice of emission 

metric could be based on Article 2 in the UNFCCC, which states the objective as a  

[…] stabilization of greenhouse gas concentrations in the atmosphere at a level that 
would prevent dangerous anthropogenic interference with the climate system. Such a 
level should be achieved within a time frame sufficient to allow ecosystems to adapt 
naturally to climate change, to ensure that food production is not threatened and to 
enable economic development to proceed in a sustainable manner (UNFCCC, 1992).  

One concern is the long-term temperature constraint, such as staying below a global 

temperature increase of 1.5 or 2 °C as in the Paris Agreement (UNFCCC, 2015). The other issue 

is the rate of this climate change (Paper 2). 

The two most common emission metrics are the Absolute Global Warming Potential (AGWP, 

integrated radiative forcing) (IPCC, 1990) and the Absolute Global Temperature change 

Potential (AGTP, change in global temperature) (Shine et al., 2005; Shine et al., 2007), though 

many others exist (Myhre et al., 2013). Both are applied in most of the papers in the thesis, 

while Papers 1 and 2 develop alternative emission metrics. The AGWP for species i is given as 

( ) = ( )         (2) 

where RF(t) is the radiative forcing (RF) as a function of time and H the time horizon. After 

gases or particles are emitted into the atmosphere, this perturbation will cause an increase in 

the atmospheric concentration that leads to a radiative imbalance of energy, i.e. a RF. Removal 

processes will gradually reduce the RF. This RF is formally expressed as the change in net 

irradiance at the tropopause after allowing for stratospheric temperatures to readjust to 
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radiative equilibrium, while surface and tropospheric temperatures and state are fixed 

(Ramaswamy et al., 2001; Hansen et al., 2005).  

The RF per unit emissions, as well as the atmospheric lifetimes, varies greatly between different 

emitted species. Some emission perturbations are long lived, as for most of the LLGHGs, while 

other are short lived, as for the aerosols and ozone precursors. Impulse Response Functions 

(IRFs) are simple parameterizations of single or a sum of exponentials that describe the 

atmospheric decay process. These parameterizations are curve fits to output of more advanced 

models, such as carbon cycle models. For most species, a single exponential timescale is used. 

As the carbon cycle is dependent on several processes with a large span in timescales, the 

decay of CO2 is often parameterized with four timescales, including one constant part 

representing the geological timescale (Joos et al., 2013). 

Myhre et al. (2013) estimate the uncertainty (5-95% confidence range) of the RF values to 10% 

for CO2, 17% for both CH4 and N2O, and in general much larger for the SLCFs, such as -

60%/+70% for BC. Additional uncertainty is found in the perturbation decay time, 19% for CH4 

and 13% for N2O (Myhre et al., 2013). For the complicated decay of CO2, the uncertainty 

increases with time, Joos et al. (2013) estimate uncertainty of 24% for a time integrated time 

horizon of 100 years. Paper 4 applies the ranges in RF estimates of various SLCFs between 

different models as a proxy of the RF uncertainty.  

The AGTP is defined as 

( ) = ( ) ( ) ,        (3) 

where IRFT(t) is a simple parameterization for the temperature response at time t to an 

instantaneous unit pulse of radiative forcing at time t=0. The magnitude of the temperature 

response is dependent on the climate sensitivity included in the IRFT. The temperature 

perturbation from a unit of radiative forcing (RF) depends on the species, as some species 

trigger feedbacks that increase or decrease the sensitivity. This variability is given in the 

concept of efficacy, which is defined as the ratio of the climate sensitivity parameter for a 

species relative to the climate sensitivity for CO2. As studies are limited on the IRF of 
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temperature responses for various species, the common approach is to use one IRFT with two 

timescales for all species, often based on the curve fitting by Boucher and Reddy (2008). This 

simplification is a source of uncertainty (Olivié and Peters, 2013). Alternatives exist, such as 

simple analytical climate models that consider the heat exchange in the ocean using an 

upwelling-diffusion model (UD-EBMs). Such an energy balance model can potentially resolve 

hemispheres and land/ocean contrasts. Even simpler climate models can be one-box that only 

consider the mixing layer in the ocean (e.g., Shine et al., 2005) or two-box that includes the 

slower response from the deep ocean (e.g., Schneider and Thompson, 1981; Berntsen and 

Fuglestvedt, 2008). The perturbation lifetime of a species is also used in the box model 

calculation. 

Joos et al. (2013) found a large uncertainty in the temperature response for the most well 

known gas, CO2, ±88% (5-95% confidence range) for AGTP given a time horizon of 100 years. 

For AGTP, the total uncertainty is driven by the uncertainty in the IRF for the temperature 

response, which is increasing with time horizon for most species. The total uncertainty for the 

SLCFs are also dominated by the large uncertainties in the RFs (Karstensen et al., 2015). 

The global temperature perturbation due to an emission scenario Ei is calculated by using a 

convolution with the AGTP, which is applied in Papers 3-5: 

( ) = ( ) ( )         (4) 

The uncertainty in the emission metric parameterizations is included in the climate impact 

assessments in Paper 6 and most comprehensively in Paper 7. 

The AGTP and AGWP are often normalized to CO2,  ( ) = ( )( ),         (5) 

Where AM is AGWP or AGTP and M is GWP or GTP, respectively. The normalization forces the 

emission metric values of different emissions on a common scale, which makes comparison 

possible, as well as reducing the uncertainty. New GTP and GWP values for SLCFs are calculated 

in Paper 4. Any emission can then be converted into “CO2 equivalent emissions” by multiplying 
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with the normalized metric value Mi(t). Reporting of emissions under the UNFCCC and its Kyoto 

Protocol is based on the GWP with a time horizon of 100 years. Given this choice, CH4 is a 

greenhouse gas that is 28 times stronger than CO2 (Myhre et al., 2013), but other choices of 

emission metrics and time horizons can give much smaller and much larger values. 

Different emission profiles can also be applied when deriving emission metrics. The most 

common is a pulse emission, and this pulse is the building block of all other profile types. 

Sustained emissions are also used. The third option is a scenario consisting of different pulses. 

In the thesis, both pulse and sustained emissions have been applied. Paper 4 presents a ramp 

up case, which illustrates a mitigation that gives a gradual implementation over some period of 

time, followed by sustained emissions. This could be an introduction of a technical emission 

standard that is unlikely to be reversed. Such mitigation measures will take some time to 

reduce the emissions, as for instance the lifetime of new cars in Norway is almost 20 years (SSB, 

2015). Paper 5 considers varying emissions over the lifetime of the vehicles, including 

construction, operation, maintenance, and disposal. An understanding of how these emission 

metric choices affect the emission metric values is important, and all users of emission metrics 

should evaluate or be aware of this. While the emissions metrics described above are often 

related to level of climate change, they can also be based on rate of change (Wallis and Lucas, 

1994; Manne and Richels, 2001). A rate metric is developed and evaluated in Paper 2. 

Some emission metrics are directly based on economic models, such as the Global Cost 

Potential (GCP) and Cost-Effective Temperature Potential (CETP) (Johansson, 2012). These 

emission metrics are shortly described in Paper 3. For a cost-benefit view, the Global Damage 

Potential (GDP) is a relevant emission metric that focuses on the marginal damages of 

emissions (Kandlikar, 1995; Boucher, 2012). Most emission metrics can be related to 

economical interpretation (Tol et al., 2012). Even the emission metrics GWP and GTP, which are 

based on physical science, contain implicit economical choices such as discount rate. 

While the location of the LLGHG emissions does not matter for the global climate response, the 

opposite is true for the SLCFs (Fuglestvedt et al., 1999; Naik et al., 2005; Berntsen et al., 2006; 

Shindell and Faluvegi, 2009), as discussed and evaluated in Paper 4. For particles and gases with 
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an atmospheric lifetime less than a few months, the species are removed from the atmosphere 

before they are well mixed. This lack of homogeneity leads to a regional distribution of RF for a 

given emission (Berntsen et al., 2006; Bond et al., 2011). For all forcings, there is a distinct 

pattern in the temperature response (Shindell, 2012) controlled by the regionality in the RF 

pattern (Shindell and Faluvegi, 2009), as well as regional and local climate feedback 

mechanisms (Boer and Yu, 2003). The total heterogeneity in the response is seen when 

combining these two effects. As a result, estimating the emission metrics for the SLCFs is more 

challenging than for the LLGHGs, even for the global impact. For the LLGHGs, the same emission 

metric value is valid for emissions anywhere in the world, while the value differs for different 

emission locations of the SLCFs. Better understanding of the regional responses of regional 

emissions has led to the emission metric Regional Temperature Potentials (RTP), which 

conceptually was introduced by Shindell and Faluvegi (2010). 

22.2 The transport sector 

In the thesis, the emission metrics have been applied on emissions from transportation. The 

GHG emissions from transportation have increased by 250% from 1970 to 2010 (Sims et al., 

2014), which is much larger than the 80% growth in global emissions (Blanco et al., 2014) and a 

faster growth than for any other energy end-use sector (EC, 2011). The subsectors road and 

aviation have experienced the largest growth, both in absolute and relative terms, in this period 

(Fuglestvedt et al., 2008; Sims et al., 2014). The main reason for this growth is a large growth in 

transport activity, such as a 6% annual long-term growth rate for person kilometer in aviation 

(Eyring et al., 2010; Lee et al., 2010; Uherek et al., 2010; Smith et al., 2014). Historically, energy 

efficiency improvements have occurred, but have been outsized by the growth in the transport 

volume. About 60% of the fuel consumption goes to passenger transport, the rest to freight 

transport (Borken-Kleefeld et al., 2010). For most other sectors, emissions occur within country 

boundaries. An additional complexity for transportation is that some of the emissions occur 

outside of national boundaries (bunker fuels). In fact, 61% of aviation emissions and 83% of 

shipping emissions occur in international territory (Sims et al., 2014). This international activity 

is important when assessing the contributions from different transport modes in Papers 6 and 

7.  
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Transportation causes a wide range of emissions, both CO2 and a number of SLCFs. Figure 3 

presents the subsectors’ share of global emissions, based on EC (2011); Shindell et al. (2012). 

According to Fuglestvedt et al. (2008), transportation is the largest anthropogenic source of 

NOx. Other important SLCFs for transportation are BC, CO and VOC. The road subsector is the 

most important source for most species, while shipping causes the largest emissions of SO2, as 

well as being an important contributor of NOx. Non-road emissions are in relative terms most 

important for BC. Aviation leads to contrails and contrail-induced cirrus (CIC), while also 

contributing with NOx emissions. Variations occur also within subsectors. A diesel car emits less 

CO2 than a gasoline car, but more BC and NOx (Tanaka et al., 2012). This complex mix of species 

for different transportation activities shows the need for emission metrics when assessing the 

climate impact of different mitigation measures. Papers 5-7 evaluate the climate impact of 

passenger transport, while Paper 3 differentiates between the sectors road, aviation, shipping, 

and non-road. Paper 4 treats international shipping separately. 

Figure 3: The share of global emissions in 2008 from transportation. The figure is based on 
emission data applied in Paper 3 (EC, 2011; Shindell et al., 2012). 
In 2000, transportation contributed to 9% of the global temperature change due to historic 

emissions (Skeie et al., 2009). Road transport was the largest sector with a contribution of 11%, 

while aviation had a share of 4%, rail 1%, and shipping -7% (see Figure 4). The negative impact 
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of shipping is due to the cooling effect of SO2 and NOx. Emissions of cooling components from 

shipping and rail (see also Borken-Kleefeld et al. (2010)) explain why transportation has a 

relatively smaller impact when applying global temperature change compared to GHG 

emissions (Figure 1). The difference illustrates that evaluating how the transport sector is 

assessed is important as different choices impact the outcome. Transportation’s share of 

temperature change may increase to as much as 20% in 2100 because of large travel volume 

increases and relative reductions of non-CO2 emissions. 

 

Figure 4: Historic and future temperature impact of emissions from road, rail, shipping, and 
aviation (Skeie et al., 2009). The storylines applied from top to bottom are the Special Report on 
Emission Scenarios (SRES) A1 (solid), A2 (dash-dot), B1 (dashed), and B2 (dotted) (Nakicenovic 
and Swart, 2000). 
Emissions from transportation can be assessed from different perspectives, such as emissions 

from pump-to-wheel, well-to-wheel (e.g., Borken-Kleefeld et al., 2013), or from all that is 

relevant for the activity through LCA (e.g., Chester and Horvath, 2009). Paper 6 and 7 apply 

well-to-wheel to make emissions from train travel comparable with other transport modes, 

while Paper 5 evaluates how the climate impact can be weighted in LCA. The climate impact of 
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emissions can be assessed from a global level to a personal level. Berntsen and Fuglestvedt 

(2008); Fuglestvedt et al. (2008); Skeie et al. (2009) quantified the aggregate impact of 

transport on a sector level using global or regional average assumptions. Chester and Horvath 

(2009); Borken-Kleefeld et al. (2010); Borken-Kleefeld et al. (2013) compared individual 

transport modes by normalizing their work. For passenger transport, travel per person km is 

most applied, but it could be more relevant in some cases to normalize travel per person hour. 

Freight transport is compared by per ton km or per volume km. The climate impact normalized 

per person kilometer is lowest for rail and coach, while airplane has the highest impact on short 

time horizons and car equal to airplane or higher for longer time horizons (Borken-Kleefeld et 

al., 2010). Another focus is to analyze the climate impact or emissions of travel behavior of 

individuals or groups (Nicolas and David, 2009; Brand and Preston, 2010; Åkerman, 2012; 

Ottelin et al., 2014). In the thesis, Papers 3 and 4 look at the emissions including transportation 

on a general level, while Paper 5 compare individual transport modes and Papers 6 and 7 

calculate impacts based on travel behavior. 

The geographical locations of the activities and emissions vary. Road emissions are correlated 

to where people live, as well as to other emission sources. Emissions from international 

shipping and aviation occur mostly in pristine environments, which potentially can lead to 

variability in the climate impact for the species that are chemically active. Some of the 

variations are due to non-linear effects, both in atmospheric chemistry and climate response. 

Paper 4 presents how emission metric values vary depending on location of emissions, 

including the international shipping sector. 

22.3 Climate mechanisms 

The transport sector affects the climate through a broad range of emissions and mechanisms, 

directly and indirectly. In the thesis, the climate mechanisms of up to 40 different species and 

effects are assessed, where Paper 3 has the broadest scope. The RFs for global emissions from 

all sectors are presented in Figure 5, given by Myhre et al. (2013). The uncertainty is in general 

larger for those effects that are short lived and not spatial homogenous, such as the contrails 

and CIC caused by aviation (Myhre et al., 2013). An important part of the thesis is to evaluate 
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how these different RFs influence the climate and to develop and apply methods to make these 

very different effects comparable. As a starting point, an assessment of impacts from 

transportation can divide the impacts into four groups. 

Figure 5: The RFs in 2011 relative to 1750 including uncertainties for the main species and 
processes driving climate change (IPCC, 2013). 

The first group is the GHGs. The direct emissions of GHGs give a positive RF. For the 

transportation sector, CO2 dominates in this group. The impact from emissions of CH4, N2O, and 

the other Kyoto gases is mostly negligible for the transport sector when accounting for direct 

emissions. Even though transportation leads to a broad range of emissions, Paper 3 and 6 show 

that CO2 is often dominating for most transport modes, with the exception of aviation and 

shipping. Several of the papers also evaluate how the assessment change when only looking at 
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CO2 versus considering all relevant emissions, especially Papers 3 and 5-7. Further, CH4 has 

indirect impacts that are included in the thesis, including the adjustment effect on OH and the 

effect on tropospheric ozone and stratospheric water vapor. Emissions of CO2 influence the 

climate system for centuries. The perturbation on the atmospheric composition after 1000 

years is 15-40% of the initial CO2 perturbation (Ciais et al., 2013). The decay of atmospheric CO2 

is complex and the metric parameterization applied in the thesis has four different timescales 

(Joos et al., 2013). The short and decadal timescales can loosely be understood as the uptake in 

land biosphere and the surface layer of the ocean, the century timescale representing the 

surface layer mixing with the deep ocean, and the slow geological processes given by the 

remaining CO2 (Archer and Brovkin, 2008; Archer et al., 2009). 

The ozone precursors NOx, CO, and VOC form the second group. The emissions have a negligible 

direct impact on the climate, but indirectly through various chemical interactions, such as 

affecting the tropospheric HOx-NOx chemical reaction chain and changing the abundances of O3 

and CH4. These chemical processes are non-linear. Hence, emission metric values for this group 

is highly dependent on the background composition and varies with emission region and season 

(Hoor et al., 2009; Stevenson and Derwent, 2009; Uherek et al., 2010; Köhler et al., 2013). 

Paper 4 shows that the response from emissions of international shipping is larger for NOx and 

VOC compared to land based emissions. The thesis separates the climate impact assessment of 

the ozone precursors mainly in three different process groups. First, the short-lived O3 effect 

occurs for all the species as a positive RF due to the formation of tropospheric O3. Second, the 

CH4 effect cause a positive (negative) RF by decreasing (increasing) the OH levels and, thus, 

increasing (decreasing) the CH4 levels for CO and VOC (NOx). Lastly, the perturbation in the CH4 

concentration cause a secondary impact on O3, called the CH4-induced O3 or primary mode O3 

effect (Wild et al., 2001). The RF is positive (negative) for CO and VOC (NOx) for this effect. As a 

result, a pulse emission of NOx can be warming on short time horizons and cooling on long time 

horizons due to these conflicting processes, which is best shown in Paper 4. Additional effects 

are included in Paper 4, such as the formation of nitrate particles from NOx. Effects not 

considered in the thesis are the natural fertilization from NOx, which increases the uptake of 

24 
  



CO2 (cooling) and that ozone uptake is toxic for plants and reduces the uptake of CO2 (warming) 

(Sitch et al., 2007). 

The third group is the aerosols and aerosol precursors. They influence the scattering and 

absorption of solar radiation and alter the formation and properties of clouds. Paper 4 

calculates emission metric values that include the aerosol direct and first indirect effects. Dark 

particles will reduce the surface albedo, such as BC deposited in and on snow and ice surfaces. 

The most important aerosol species for the transport sector in terms of climate impacts is 

sulfate (SO4, mostly produced from SO2) and BC. BC has a net positive RF (Bond et al., 2013) 

with contributions from the aerosol direct effect and deposition on snow, while the semi-direct 

effect most often likely cools (Ghan et al., 2013; Hodnebrog et al., 2014b; Samset and Myhre, 

2015). As the scientific understanding of this process has recently evolved, Paper 4 includes the 

semi-direct effect on clouds. SO2 and OC are scattering aerosols that lead to negative RF. SO2 

emissions from shipping have a larger indirect cooling effect than land based emissions due to a 

clean environment and frequent low clouds (Eyring et al., 2010). The net climate impact of 

shipping is highly sensitive to the SO2 emissions, as well as the aerosol indirect effect 

(Fuglestvedt et al., 2009). The atmospheric lifetime is a few days or weeks and given by a simple 

exponential decay in the emission metric parameterizations. The uncertainty is higher, and the 

understanding of the processes lower, than for the GHGs.  

The last category is contrails and CIC that are indirect effects caused by aviation (Boucher et al., 

2013). Aircrafts produce linear contrails. The formation is triggered by the water vapor and 

particles in the exhaust emitted at low temperatures. The contrails can persist for hours if the 

air is saturated relative to ice, typically for the upper troposphere. These clouds can grow and 

spread to form CIC (e.g., Lee et al., 2010). The clouds both reflect shortwave solar radiation and 

trap longwave radiation. These opposing processes lead to both heating and cooling, but the 

heating from the greenhouse effect dominates over time (Burkhardt and Karcher, 2011; Chen 

and Gettelman, 2013; Schumann and Graf, 2013). The net climate impact of aviation is highly 

dependent on this effect (Lee et al., 2010). The uncertainty is large as indicated by the range 

given in the effective RF by Myhre et al. (2013). While the best estimate is 0.05 Wm-2, the low 
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range is 0.02 Wm-2 and the high range 0.15 Wm-2. Hence, an evaluation of the climate impact of 

aviation must carefully consider this uncertainty. 

How the impacts from contrails and aerosol emissions are weighted relative to CO2 emissions 

depend on the emission metric and time horizon applied. The non-CO2 effects of aviation can 

be included by multiplying a factor with the CO2 effect. This factor is, in general, relatively high 

for short time horizons and low for long time horizons. If we apply GWP with a time horizon of 

100 years, the non-CO2 factor for aviation is often set to 1.8-2.0 (e.g., Lee et al., 2010) when 

both contrails and CIC are considered. As these effects are relative sizable, the inclusion of 

these effects are important for assessing the ranking of transport modes (Paper 5) and in the 

calculations of the climate impact of travel behavior (Papers 6 and 7). 

Emissions of aerosols, aerosol precursors, and ozone precursors also lead to air pollution and 

health impacts (Stohl et al., 2015). The World Health Organization has attributed 7 million 

deaths every year to air pollution (WHO, 2014). Hence, mitigation of these SLCFs can have co-

benefits, which are not included in the emission metrics in the thesis. 

22.4 Mitigation and future impacts of transport 

GHG emissions are regulated by the Kyoto Protocol in a number of developed countries 

(UNFCCC, 1998). For the second commitment period starting from 2013, almost 40 countries 

participate with binding targets, including Norway. As the two largest emitters, China and the 

US, as well as developing countries, have not pledged to reduce their emissions in this 

agreement, the Kyoto Protocol has limited global impact. Emissions from transportation are 

partly covered by this agreement, but international shipping and aviation are not. Lately, 187 

countries have pledged Intended Nationally Determined Contributions (INDCs) in connection 

with the Conference of the Parties (COP) 21 in 2015. Many INDCs cover emissions of CO2 or 

GHGs, while some submissions included SLCFs (e.g., BC in Mexico) (UNEP, 2015). Some SLCFs 

(SO2, NOx, VOCs, and NH3) are partly regulated by the Gothenburg Protocol, which focuses on 

acidification and air quality. In addition, the Montreal Protocol regulates a range of species that 

play a role in ozone depletion (chlorofluorocarbons, hydrochlorofluorocarbons, and 

hydrofluorocarbons), which also influence the climate. 
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The net temperature increase due to emissions from the transport sector was 0.07 °C from pre-

industrial times to 2000 (Skeie et al., 2009). This perturbation can increase to between 0.3 and 

0.7 °C in 2100 depending on the emission scenario. Further growth in the transport sector is 

partially fueled by the increasing number of people travelling. Today, only 10% of the global 

population is responsible for 80% of the total motorized person kilometers (Sims et al., 2014). 

In a business as usual scenario, transport emissions are likely to increase faster than emissions 

from other energy end-use sectors by 2050 (Sims et al., 2014). This growth is partly driven by 

tourism, such as a tripling in GHG emissions from aviation due to tourism between 2005 and 

2035 (Fischedick et al., 2014). The IPCC also states that large reductions in emissions are likely 

more challenging for the transport sector than for other sectors if the traffic growth continues. 

Mitigation policies will have to address both behavioral and technological aspects. A quick 

reduction in emissions is difficult as the investment costs are high for transport systems and the 

turnover for stock and infrastructure is slow. The average lifetime for a car in Norway is 

currently almost 20 years according to SSB (2015). In the long term, mitigation of the transport 

sector could involve land-area infrastructure planning to design a smarter transportation 

systems with shorter commuting distances. 

Travel activity is set to increase further in the 21st century, and the introduction of new policies 

may only marginally impact the travel volume (Girod et al., 2012). Consequently, the most 

effective mitigation might potentially be to reduce the emission factors or the specific climate 

impact through technology improvements and changes. For cars, these improvements include 

switching from gasoline to diesel cars, reducing engine size, introducing electric cars and 

hybrids and increasing the usage of biofuel (Oxley et al., 2012). One tool for reducing emission 

factors is emission standards, such as the EURO standard. However, the fraud of Volkswagen on 

NOx emissions illustrates the challenges of reducing the emissions factors quickly. Another 

option is shifting of technology. Norway is world leading on introducing electric cars, as 17% of 

new cars sold in 2015 were electric vehicles (OFV, 2016). In the aviation industry, large 

reductions will be difficult without radical technology change (Lee et al., 2009). The aviation 

industry has put forward ambitions of improving the efficiency by 1.5% yearly between 2009 
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and 2020, carbon neutral growth from 2020, and 50% lower net emissions in 2050 relative to 

2005. 

Emission metrics can be applied and evaluated to find the best mitigation options depending on 

the policy goal. Effective strategies to reduce emissions can potentially be uncovered by 

understanding the emission mix and what processes lead to warming and cooling, in which 

emission metrics are a suitable tool for analysis. The focus could be on short or long-term 

climate impacts or strategies that give co-benefits. If policies are aimed at reducing SLCFs, this 

could be based on reducing potential harmful effects of climate change over the next few 

decades or improving the air quality. However, reductions of CO2 emissions are the most 

important in the long run. The peak temperature is mostly given by the LLGHG emissions, but 

emission reductions of SLCFs can reduce the temperature increase rates and “trim the peak” 

(Solomon et al., 2011). 
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CChapter 3 Data and methodology 

As all the papers in this thesis apply emission metrics, the parameterization of these emission 

metrics are presented first in this chapter. The thesis uses a number of different sources on 

emissions, emission factors, and travel behavior data, which are described afterwards. 

3.1 Emission metric method and parameterization 

The methodology of emission metrics are thoroughly described in Chapter 2.1. Here, the 

parameterization of these emission metrics are presented. The emission metrics are mostly in 

line with the Fourth Assessment Report (AR4) and AR5 from the IPCC (Forster et al., 2007; 

Myhre et al., 2013). In general, papers published after the AR5 utilize AR5 values, while earlier 

papers use the AR4. The calculations are based on radiative efficiencies and lifetimes for all 

species from Forster et al. (2007); Fuglestvedt et al. (2010); Myhre et al. (2013). Radiative 

efficiency is the RF per unit mass of emissions. The pre AR5 papers apply the IRF for CO2 based 

on the results from the Bern carbon cycle model (Joos et al., 1996; Joos et al., 2001) used in the 

AR4 (Meehl et al., 2007). The newer papers in line with the AR5 (Ciais et al., 2013) utilize the 

multimodel results based on Joos et al. (2013). In both cases, the IRF for CO2 has four 

timescales. One of the timescales is infinitesimal, which represent a time period that is longer 

than all policy relevant timescales (Archer and Brovkin, 2008). The IRF for a temperature 

response to an instantaneous unit pulse of RF is based on the Hadley CM3 climate model with a 

climate sensitivity equivalent to a warming of 3.9K for a doubling of the atmospheric CO2 

concentration (Boucher and Reddy, 2008). 

Most of the papers apply emission metric parameterizations from the literature, and the 

specifics on REs and perturbation lifetimes are presented in the individual papers. The 

exception, Paper 4, calculates emission metric values based on a multimodel study on RFs of 

SLCF emissions (SO2, BC, OC, NH3, NOx, CO, VOC, and CH4) from Europe and East Asia in 

Northern Hemisphere (NH) summer (May-October) and winter (November-April) (Bellouin et 

al., In prep.). In addition, RF values were available for global emissions and the shipping sector. 

These results come from four different coupled-chemistry climate models or chemical-

transport models. In addition, the RFs were divided into six different processes, such as the 
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semi-direct effect and deposition on snow for BC. Paper 4 produces emission metric 

parameterizations based on these RF inputs. 

33.2 Emission data 

Paper 3 applies 2008 emissions of various species on a country and sector level to illustrate how 

emissions metrics can be used. This emission data come from the Emissions Database for 

Global Atmospheric Research (EDGAR) database (EC, 2011). The exception is the BC and OC 

emissions for the year 2005 (Shindell et al., 2012). The EDGAR database includes 37 species for 

57 sectors and 234 countries or regions. For Paper 4, emission data for SLCFs used come from 

Klimont et al. (In prep.). The rate metric in Paper 2 is evaluated by applying emissions and 

temperature development from the Representative Concentration Pathways (RCPs) for the 21st 

century, as used by the IPCC AR5 (Collins et al., 2013). 

3.3 Life Cycle Assessment 

Paper 5 investigates the climate impact of transport activities in the perspective of LCA. The 

emissions for diesel car, bus, long-distance train and passenger aircraft come from the 

Ecoinvent LCA database (Spielmann et al., 2007). 

3.4 Emission factors 

The part of the thesis focusing on travel behavior (Papers 6 and 7) applies emission factors. The 

main source is the Handbook Emission Factors for Road Transport (HBEFA3.1, 2010), where the 

most representative information on car and bus was used. For different types of trains, the 

average load and emission factors are taken from Knörr (2008). Fuel-efficiency for aircraft is 

based on real-world data of Lufthansa (2009). Data on ferry transport come from ferry traffic 

between Finland and Sweden published by VTT (Makela, 2009). 

3.5 Travel behavior data 

Both Papers 6 and 7 utilize detailed travel behavior data for Germany in 2008 (Follmer et al., 

2010) and Norway in 2009 (Vågane et al., 2011), respectively. The surveys contain information 

on parameters such as the purpose of travel, distance travelled, number of trips, and length of 
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trips for a range of transport modes and segments of society. Both private and business trips, 

defined as travel done in the course of business or work, are included. These surveys are mainly 

focusing on daily travel (<100 km), but they also collect data on long-distance travel and travel 

abroad. For the study on Norwegians, the international trips have been adjusted for based on 

other reports from the same institute (Denstadli and Rideng, 2010; Vågane and Rideng, 2011). 

The climate impact of travel behavior is analyzed for five different groups of people based on 

“household economic status,” which allows independent analysis of people living in high 

income and low income households. Further, the climate impacts are calculated for trip 

categories according to trip lengths. 
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CChapter 4 Summary of papers 

All of the seven papers are here summarized and their main findings are presented. The 

ordering of the papers follows the order of the main objective, from developing to evaluating 

and applying emission metrics. 
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44.1 Paper 1: iGTP 

Glen P. Peters1, Borgar Aamaas1, Terje K. Berntsen1,2, and Jan S. Fuglestvedt1, 2011. The 

integrated Global Temperature change Potential (iGTP) and relationships between emission 

metrics. Environmental Research Letters, 6, 044021. 

1Center for International Climate and Environmental Research – Oslo (CICERO), Oslo, Norway 

2Department of Geosciences, University of Oslo, Oslo, Norway 

 

This paper gives insight by evaluating the mathematical link between different emission 

metrics. In its first assessment report, the IPCC presented the GWP as an “illustrative example” 

on how to compare greenhouse gases. The GWP made it into the Kyoto Protocol perhaps 

through an “inadvertent consensus” and is now the favored emission metric to use. The 

concept behind the GWP was based on an earlier approach for comparing ozone-depleting 

substances in the Montreal Protocol. The early literature presented the GWP as a measure of 

integrated temperature, whereas the IPCC used it to measure integrated radiative forcing. We 

revisit the link between the GWP and temperature. Main findings and achievements: 

We develop the integrated global temperature change potential (iGTP) mathematically. 

We use a simple analytical energy balance model to evaluate mathematically the link 

between different emission metrics, such as AGWP, AGTP, and iAGTP. 

We find similarity between AGWP and iAGTP, as indicated by earlier literature, with the 

largest deviation for species with very short time horizons. 

AGWP represents the total energy added to the system, whereas iAGTP divided by the 

climate sensitivity represents the total energy lost. 

 

PhD candidate’s contribution: Co-lead on the model programming, was heavily involved in the 

numerical analysis and production of figures, and contributed in the discussion and writing of 

the paper. Glen P. Peters was leading the work, as well as the writing of the paper. 
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44.2 Paper 2: Rate metric 

Borgar Aamaas1, Terje K. Berntsen1,2, Jan S. Fuglestvedt1, and Glen P. Peters1, manuscript, to be 

submitted. Combining temperature rate and level perspectives in emission metrics 

1Center for International Climate and Environmental Research – Oslo (CICERO), Oslo, Norway 

2Department of Geosciences, University of Oslo, Oslo, Norway 

 

This paper develops and evaluates emission metrics relevant to the ultimate objective in Article 

2 in the UNFCCC. The objective is two-fold: stabilizing the anthropogenic climate change at a 

level not dangerous and at a rate that allows natural systems to adapt. The 1.5 or 2 °C limit links 

to the first target. A simple and analytical physical emission metric based on the rate of global 

temperature change is developed. This rate metric is linked to a level metric based on targets 

for temperature level. A combined metric is created by weighting the rate and level metrics. 

Applications are shown with emissions of CH4, BC, and N2O. Alternative rate metrics based on 

rate of change are discussed. Such a rate metric is dependent on the temperature baseline 

scenario. The emission metric framework developed are applied on the RCPs for the 21st 

century. Main findings: 

The metric values for the SLCFs are larger when the rate and level constraints are 

binding than otherwise, and the difference is larger the shorter the atmospheric 

perturbation lifetime of the SLCFs. 

CO2 emissions remain among the most important drivers of temperature rates even 

during periods of the binding rate constraints. 

The two targets can be implemented with either a dual target approach or one basket 

approach. 

 

PhD candidate’s contribution: Co-developed the design of the study, co-led the analysis, 

calculated the emission metrics, produced the figures, and led the writing of the paper. 
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44.3 Paper 3: Emission metrics for climate impacts 

Borgar Aamaas1, Glen P. Peters1, and Jan S. Fuglestvedt1, 2013. Simple emission metrics for 

climate impacts. Earth System Dynamics, 4, 145-170. 

1Center for International Climate and Environmental Research – Oslo (CICERO), Oslo, Norway 

 

Paper 3 is two-fold. The first part is a description and evaluation of emission metrics, while the 

second part presents ways to apply emission metrics and quantifies the climate impact of global 

emissions. The evaluation section covers various issues, such as a discussion on deriving IRFs, 

radiative efficiencies, consistency within and between metrics, and uncertainties. The paper 

presents analytical expressions of RF, GWP, GTP, and iGTP and describes how to apply common 

emission metrics for different species. The emission metrics can be given in both absolute form 

and normalized to a reference gas, which most often is CO2. This paper discusses pulse 

emissions, sustained emissions and emission scenarios. The species have been divided into 

three separate groups: CO2 that has a complex decay over time, species with a simple 

exponential decay, and ozone precursors (NOx, CO, VOC) which indirectly influence climate via 

various chemical interactions. The emission metric values are applied on global emission data 

for 37 species and effects with details on country and sector level. 

This paper has inspired IPCC AR5 WG1 Ch. 8, which can be observed in similarities between 

Figures 9-12 in this paper and Figures 8.32-8.34 and 8.SM.9-8.SM.10 in Myhre et al. (2013).  

Main findings: 

Emissions of CO2 have a significant impact regardless of the applied emission metric and 

time horizon. 

SLCFs have also a large share for short time horizons. 

The ranking of countries changes little with various emission metric choices. 

PhD candidate’s contribution: Contributed to the design of the study, calculated the emission 

metrics results, and produced most of the figures. Co-led the analysis and writing of the paper. 
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44.4 Paper 4: Multimodel emission metrics 

Borgar Aamaas1, Terje K. Berntsen1,2, Jan S. Fuglestvedt1, Keith P. Shine3, and Nicolas Bellouin3, 

2015. Multimodel emission metrics for regional emissions of short lived climate forcers, 

Atmospheric Chemistry and Physics Discussion, 15, 26089-26130. 

1Center for International Climate and Environmental Research – Oslo (CICERO), Oslo, Norway 

2Department of Geosciences, University of Oslo, Oslo, Norway 

3Department of Meteorology, University of Reading, Reading, UK 

 

Paper 4 estimates emission metrics for regional and seasonal emissions of SLCFs by applying 

multimodel RFs from the ECLIPSE project. Data for various SLCFs (BC, OC, SO2, NH3, NOx, CO, 

VOC, and CH4) are based on four chemistry-transport and coupled-chemistry climate models. 

Emissions are given for Europe, East Asia, globally, and the global shipping sector. The study is 

the first to separate between emissions occurring in NH summer (May-October) and winter 

(November-April). Additional insights are given by separating the emission metric values into six 

different processes. This multimodel approach gives the opportunity to evaluate the robustness 

of the variability between regions, seasons, and emission metric choices. Main findings: 

For the aerosols, the emission metric values are larger in magnitude for Europe than 

East Asia, and larger for summer than winter. 

Variation beyond the global mean is also observed for the ozone precursors, but not in a 

simple pattern as for the aerosols. 

The variations between the different models are larger than the variations between 

regions and seasons, but the ranking from the best estimate is in line with most models. 

An emission metric appropriate for a gradual implementation of mitigation policies is 

developed, consisting of a ramp-up period of 15 years followed by sustained emissions. 

PhD candidate’s contribution: Co-developed the design of study, calculated the emission 

metrics, produced the figures, and led the analysis of the data and the writing of the paper. 
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44.5 Paper 5: Emission metrics in LCA 

Glen P. Peters1, Borgar Aamaas1, Marianne T. Lund1, Christian Solli2, and Jan S. Fuglestvedt1, 

2011. Alternative "Global Warming" Metrics in Life Cycle Assessment: A Case Study with 

Existing Transportation Data. Environmental Science and Technology, 45, 8633-8641. 

1Center for International Climate and Environmental Research – Oslo (CICERO), Oslo, Norway 

2Environmental Systems Analysis (Miljøsystemanalyse, MiSA), Trondheim, Norway 

 

This paper discusses how emission metrics are applied in LCA and is meant to open a needed 

debate in the LCA community regarding how LCA users assess “global warming” or climate 

impacts. LCA considers a range of parameters, in which the impact of an activity or product on 

the climate is only one. The most common approach to estimate the climate impact in LCA is to 

consider only GHGs and apply GWP with a time horizon of 100 years. Hence, SLCFs and other 

biophysical factors are excluded, while applying a range of emission metrics and other time 

horizons will potentially give different results. Even though the current practice might be 

considered optimal, users of LCA should know what information and results they are missing by 

not assessing alternatives. We illustrate the issue with emissions from the transport sector by 

selecting the transport modes diesel car, bus, long-distance train and passenger aircraft. Main 

findings: 

The inclusion of both SLCFs and the choice of emission metric and time horizon can alter 

results and change priorities of mitigation. 

The inclusion of time, both for emissions and impacts, can remove assumptions and 

provide information. Such a practice gives insights relative to converting everything to 

CO2-eq. emissions. 

The results show that an evaluation of emission metrics is needed in the LCA 

community. 

PhD candidate’s contribution: Helped to the design of the study, calculated the results, produced 

the figures, and contributed in the discussion and writing of the paper.  
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44.6 Paper 6: Germans’ travel behavior 

Borgar Aamaas1, Jens Borken-Kleefeld12, and Glen P. Peters1, 2013. The climate impact of travel 

behavior: A German case study with illustrative mitigation options. Environmental Science and 

Policy, 33, 273-282. 

1Center for International Climate and Environmental Research – Oslo (CICERO), Oslo, Norway 

2IIASA – International Institute for Applied Systems Analysis, Laxenburg, Austria 

 

Paper 6 assesses the climate impact of Germans’ travel behavior by linking three different 

datasets: Travel behavior data, emissions factors, and emission metrics. The impact of 

individuals and individual trips can be evaluated with this travel data, which include daily and 

long distance trips, as well as domestic and international trips. Persons are divided into groups 

according to household economic status. Income elasticities can be estimated, then, for the 

different transport modes. Trips are separated into trip distance categories. Several emission 

metric choices were applied and evaluated; both AGTP and AGWP for both pulse and sustained 

emissions and for different time horizons. However, the main results are based on AGTP for 

sustained emissions with a time horizon of 50 years, which is suitable with the 2 °C target. 

Mitigation options based on behavioral changes are analyzed. Main findings: 

The climate impact is equally dominated by car (46%) and air transport (45%). 

The rich have the largest impacts, but the larger middle class has a greater share. 

The income elasticity is 0.13 for the numbers of trips, 0.56 for the transport distance, 

and 0.75 for the climate impact. 

A few trips longer than 100 km (2%) are responsible for a large share of the total climate 

impact (62%), driven by air transport. 

No silver bullet for mitigation, a comprehensive mitigation package will have to cover 

technological and behavioral changes, car and air travel. 

PhD candidate’s contribution: Co-developed the design of the study, led all parts of the study, 

from model work, analyzing and discussing, to the writing of the paper.  
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44.7 Paper 7: Norwegians’ travel behavior 

Borgar Aamaas1 and Glen P. Peters1, 2017. The climate impact of Norwegians’ travel behavior. 

Travel Behaviour and Society, 6, 10-18. 

1Center for International Climate and Environmental Research – Oslo (CICERO), Oslo, Norway 

 

Paper 7 applies the methodology developed in Paper 6, as Paper 7 evaluates the climate impact 

of travel behavior by Norwegians. The people are grouped into quintiles based on household 

economic status. Trips are also divided into five groups defined by length: <5 km, 5-10 km, 10-

20 km, 20-100 km, and >100 km. The first part of the analysis applies a range of emission metric 

options to reflect the available scientific and value choices. These options include both AGTP 

and AGWP, both pulse and sustained emissions, and all time horizons between year 1 and 100. 

The second part picks one set of choices, namely the AGTP for a time horizon of 50 years for 

sustained emissions. The Norwegian parliament have put forward several mitigation measures 

and targets towards 2020. One important target is that the growth in travel in the largest cities 

shall occur within public transport, walking, and biking. Another target is to reduce the average 

emissions from new cars registered in 2020 to 85 g CO2/km. The impact of several proposed 

mitigation policy targets in Norway are assessed. Main findings: 

The climate impact is dominated by air (55±20%) and car transport (36±19%). 

The rich have the largest impacts due to frequent flying. The total income elasticity 

(0.87) is lifted by air transport (1.69). 

Trips longer than 100 km contribute to almost 70% of the total climate impact. 

Current policies in Norway focused on technology have larger impacts than those on 

travel behavior. 

 

PhD candidate’s contribution: Lead all parts of the study, developed the design of the study, and 

did most of the work, from model work, analyzing and discussing, to the writing of the paper. 
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CChapter 5 Conclusions 
5.1 Summary 

The main objective, to develop, evaluate, and apply emission metrics for the assessment of 

the climate impact of transportation, is the focal point of the thesis. All of the papers discuss 

some aspect of emission metrics. The developing of emission metrics is mainly treated in 

Papers 1 and 2. The remaining papers evaluate and apply emission metrics, with Papers 3-5 

focusing on evaluation and Papers 6 and 7 on application. Papers 3 and 4 provide details on the 

climate impact of transportation emissions in relations to other sectors, while Papers 5-7 focus 

entirely on the climate impact of transportation. 

An overarching issue is whether the emission metrics developed, evaluated, and applied in the 

thesis represent the climate impact and damage on society and nature accurately, as 

schematically described by the cause-effect chain in Figure 2. If the answer is no, emission 

metrics will be a misleading tool. The answer of this question about emission metrics is twofold. 

The first issue is whether the physical and chemical understanding of the climate system 

sufficient? Among the parameters and processes are the lifetime of the species, the 

composition of secondary gases and particles, and the impact on clouds, which all are more or 

less addressed by the thesis. The knowledge basis for many of these components of the climate 

system is sufficient and improving, but with remaining uncertainties, as expressed by the IPCC 

AR5 (IPCC, 2013). The uncertainty is discussed in several of the papers, such as Paper 7 

estimating a physical uncertainty of ±53% for the temperature perturbation of Norwegians 

travelling.  

While many of the processes are complex and non-linear, the thesis argues that a linearization 

is applicable and that the climate impacts of different emissions can be added linearly together. 

For relative small emissions, such as emissions from a sector or country in a single year, the 

linearizations lead to relative small uncertainties. The thesis has used AGTP as a climate model, 

but as briefly mentioned in Paper 3, it is beyond the limits of emission metrics to calculate the 

global temperature increase following 100 years of global emissions. Paper 3 indicates that the 

global temperature will increase by about 2 °C after 100 years of constant 2008 emissions, 
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which is likely an overestimate due to the linearization. The estimate is also highly uncertain. 

Even tough emission metrics are uncertain and build on several simplifications, the thesis 

follows the argument of Fuglestvedt et al. (2010) such a comparison tool is needed. It is better 

to develop emission metrics further in the thesis based on best current knowledge than letting 

non-specialists in the user community produce potentially flawed or misguided emission metric 

values. An alternative to emission metrics could be that the parties make mitigation 

commitments for individual species. Such an arrangement does not need emission metrics, but 

the commitments will be based on some sort of implicit weighting between the species, which 

might not be transparent. 

The second premise of the overarching issue is whether the temperature change, integrated RF, 

or some other emission metric parameter represents the damage on society that these 

emissions cause, which is what emission metrics should capture. The damage may differ, one 

individual or group may be more vulnerable than the other. However, the thesis focuses on the 

societal damage at a global level. Change in the global temperature is a very simple and 

understandable parameter closely linked to the climate system and is therefore the preferred 

emission metric here. This choice on temperature gets support from the Copenhagen Accord, 

which was the first COP to state that the increase in global temperature should be below 2 °C 

(UNFCCC, 2009).  

Knutti et al. (2016) also argue that the 2 °C target is a relatively good proxy for avoiding large 

changes for other parameters in the climate system, such as long-term sea level rise and 

increase of hot days. Hence, temperature change is a sufficient starting point for an emission 

metric. However, Victor and Kennel (2014); Briggs et al. (2015) state that an increase in the 

global temperature is not a good measure of damage, because a range of specific “planetary 

vital signs” is needed, such as extreme weather and damage to crops. On the other hand, a 

potential emission metric based on many different “vital signs” will not be transparent for the 

users. If emission metrics are developed to be simple by value choice, this alternative emission 

metric is unnecessarily complex. Even though a range of emission metrics are applied, the 
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papers in the thesis focus on temperature based emission metrics, which is most relevant for 

current temperature level targets of 1.5 or 2 °C (UNFCCC, 2015). 

An additional general issue is how to weight the damage over time. Selecting a time horizon is a 

value choice informed by the scientific understanding. The thesis has shown that this selection 

is especially important when comparing SLCFs to LLGHGs and when normalizing emission 

metrics to CO2. The normalized emission metrics of SLCFs are the most sensitive to changing 

time horizons. The thesis argues for time horizons suitable for climate targets, for instance do 

Papers 6 and 7 apply AGTP with a time horizon corresponding to the probable time needed to 

reach the 2 °C limit. All these general issues regarding emission metrics are also relevant for the 

five sub objectives. The paper’s contributions to these objectives are shortly described in the 

following paragraphs. 

The first sub objective is to give additional insights on the concept of emission metrics, such as 

exploring the emission metric integrated GTP and develop an emission metric based on rate 

of climate change. The work on the thesis has shown the limitations of applying GWP with a 

time horizon of 100 years, and also that there is no perfect emission metric for all applications. 

However, the thesis argues for temperature change being the most natural starting point for an 

emission metric. Both the iGTP and rate metric developed are based on temperature (AGTP). 

Paper 3 evaluates different emission metrics and describes their analytical expressions, while 

Paper 1 explores at the mathematical link between different emission metrics. Paper 1 also 

mathematically develops the iGTP, which was further discussed by Azar and Johansson (2012). 

A physical rate metric and a combined metric for level and rate targets are presented in Paper 

2. Paper 4 presents emission metric calculations based on an emission scenario reflecting a 

phasing in of regulations or technical improvements over a given period. A “ramp up” period of 

15 years is used as an example in the paper. This paper is also the very first to calculate 

emission metric values for emissions occurring in the NH summer (May-October) and winter 

(November-April) seasons. Paper 5 shows that the inclusion of time, both for emissions and 

impacts, gives additional information in LCA.  
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Figure 6: Different emission metrics and time horizons weight global emissions differently, from 
Figure 9 in Paper 3. 
The second sub objective is to apply emission metrics to quantify the climate impact of 

different emissions from transportation and other sources. The thesis shows that emission 

metrics are very applicable to a range of issues. A general finding is that the inclusion of SLCFs is 

important when assessing the climate impact of transportation, especially for aviation and 

shipping. Transportation studies cannot look at GHGs only, as is often done (e.g., Sims et al., 

2014). A broad theme in the thesis is the discussion of SLCFs versus CO2 or GHGs. For short time 

horizons, SLCF emissions have a relatively large share of the total impacts. However, one 

important finding across the papers is the importance of CO2 regardless of emission metric and 

time horizon due to the large quantity of CO2 emissions (see Figure 6). Hence, a focus on 

mitigating SLCFs in a short-term perspective may undermine CO2 mitigation (e.g., Myhre et al., 

2011). This is crucial because of the impact of CO2 on short and, especially, long timescales. The 

work on the thesis has been an eye-opener on how large the uncertainties are. While Figure 6 

from one of the earlier papers (Paper 3) does not include uncertainty bars, Figure 7 from a later 

paper (Paper 7) indicates an uncertainty of more than 50% for the longer trips. 

43 
  



Papers 2-7 apply emission metrics, and Papers 5-7 apply emission metrics on transport 

emissions specifically. The emission metrics RF, GWP, GTP, and iGTP are analyzed and applied, 

both in absolute and normalized forms. In addition, Paper 3 touches on other emission metrics, 

such as those based on economic models. In the thesis, a variety of time horizons is used, and 

different emission scenarios are applied. The scope is broad, from utilizing RCPs for future 

pathways and current global emissions, to emissions on country and sector level, and finally to 

travel behavior data and travel per person kilometer. Paper 4 gives additional insight by 

distinguishing between several different processes that lead to the net emission metric value, 

not just providing one total emission metric value. Unger et al. (2009) have previously 

attributed RFs to different economic sectors, while Paper 3 presents the global temperature 

change of different economic sectors. This application of a global, but detailed, emission 

dataset, inspired some of the figures in the chapter about emission metrics in IPCC AR5 WG1 

(Myhre et al., 2013). The study was not cited, however, since it was not accepted for 

publication in time for the final IPCC deadline. 

The climate impacts of the travel behavior of Germans and Norwegians based on different 

emission metrics and range of time horizons are assessed in Paper 6 and 7, respectively. These 

studies are the first to estimate the global temperature perturbation of personal travel 

behavior data. The analysis shows that the few long trips are responsible for more than a half of 

the climate impact for both countries (see Figure 7). Air transport has the highest specific 

climate impact when the influence of contrails and CIC is included, but this is highly sensitive to 

the emission metric and time horizon applied. The shorter the time horizon, the relative more 

weight is given to travel by air compared to travel by car. The assessment shows that a 

comprehensive package of mitigation options must be implemented to reduce the climate 

impact. 
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Figure 7: The number of trips, travel volume, and climate impact of trips by Norwegians 
separated into five different trip length categories. The climate impact is based on the emission 
metric AGTP(50) with sustained emissions. This is Figure 4 in Paper 7. 
The next sub objective is to evaluate emission metrics and metric choices in relation to 

political targets based on value judgements, such as type of emission metric and weighting 

over time. This evaluation is partly built on the applications of various emission metric choices 

in the thesis. A range of emission metrics and time horizons has been discussed throughout the 

thesis. The weighting is dependent on the discount function, which is evaluated in Paper 3. 

Different policies and targets lead to very different emission metrics and weighting. Paper 2 

presents a level metric for the target of limiting the total global warming and a rate metric for 

the target of reducing the rate of this global warming. These two different targets may need 
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emission metrics with very different time horizons, since the rate target is most likely binding in 

the short-term and the level target binding in the long-term. The final selection is based on 

both scientific and value choices. Hence, giving advice to policy makers on emission metrics is 

not straightforward. The most important finding from communicating with policy makers (see 

preface), is the value of educating the policy makers on emission metrics. This will make the 

policy makers able to do reasonable choices, of which they understand the implications. The 

thesis shows that there is no perfect single emission metric and weighting that is suitable for all 

applications, as is shown mainly in the discussion of the rate and level targets in Paper 2. The 

emission metric values used should be linked to a research question or burning issue that 

concerns policy makers, as pointed out in Paper 3. If the absolute global temperature change is 

the major concern and seen as a relevant parameter for societal damage, an assessment should 

apply an emission metric directly linked to global temperature change, e.g., GTP. The GTP is the 

preferred emission metric in this thesis. Papers 6 and 7 focus on when the 2 °C threshold is 

likely reached and argue for applying AGTP with a time horizon of 50 years with sustained 

emissions, as the transport activity is likely to continue. Paper 2 claims that a level target leads 

to applying GTPs with a time horizon when the target is met. Further, a rate target must 

integrate the temperature change over the period when the rate constraint is binding. The 

applications of the emission metrics have given lessons on limitations and uncertainties, such as 

the oversimplified view of calculating the global temperature change due to global emissions 

over a century (see Paper 3). The large uncertainty is due to both physical uncertainties and 

structural uncertainties that arise when selecting emission metric and time horizon. These 

uncertainties should, nevertheless, not prevent policy makers from applying emission metrics, 

but make them use the metrics with care. Another important insight that policy makers should 

be aware of, is how large the impact of CO2 is regardless of political target, emission metric, and 

weighting over time. 

The fourth sub objective is to develop emission metrics for regional emissions of SLCFs based 

on multimodel experiment. Paper 3 presents shortly the topic of emission metrics based on 

regional emissions, while Paper 4 is dedicated to this objective. The latter study estimates 

global emission metrics for emissions in the regions Europe, East Asia, globally, as well as the 
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global shipping sector. This paper is the first to present regional emission metrics based on 

seasons, for NH summer (May-October) and winter season (November-April). For the aerosols, 

emissions are on average given a 60% larger weight when occurring in Europe than in East Asia. 

Summer emissions lead to more than a doubling of the impact compared to winter emissions. 

The influence of regionality and seasonality for BC is given in Figure 8. This example gives larger, 

but seemingly not significantly larger, GTP(20) values for summer than winter emissions, even 

though the impact of BC deposition on snow is larger in the winter, and the negative 

contribution for the semi-direct effect is larger in the summer. While Figure 8 indicates that the 

differences between seasons and regions are not significant, most of the models agree on 

which region and season should have the larger emission metric value. Variations between 

emission regions and seasons are also found for the ozone precursors, but in a more complex 

pattern than for the aerosols. These findings could have been useful for Papers 3 and 5-7, but 

Paper 4 was written after these other papers. If the seasonal and regional variations were 

included, this added information would not change, however, the main conclusions in the other 

papers. Nonetheless, Paper 4 helps the policy makers to identify which emissions cause the 

largest climate impact. This gives clues to the policy makers on what mitigation measures will 

be the most effective. The regional and seasonal aspects are in the research front, hence, the 

emission metric values come with larger uncertainty, due to limited physical and chemical 

understanding, and should therefore be used with greater care than emission metrics for global 

emissions. 
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Figure 8: GTP(20) values for BC emissions in Europe (EUR), East Asia (EAS), shipping (SHP), and 
global emissions (GLB) for NH summer (s) and winter (w) emissions, adapted from Figure 2 in 
Paper 4. 
Finally, the thesis discusses how LCAs are sensitive to choice of emission metrics, with 

transportation as a case study. Paper 5 is written to open a debate in the LCA community 

regarding how LCA applies the “global warming” indicator, which up to now seems to by default 

use the emission metric GWP with a time horizon of 100 years. The study focuses on emissions 

from passenger transport and finds that both the inclusion of the SLCFs, and the choice of 

emission metric and time horizon can alter results and change mitigation priorities. Figure 9 

shows the impacts of weighted LCA emissions based on GWP(100) for four selected transport 

modes. The largest difference compared to the literature is for air transport, due to the 

substantial warming effect of contrails and CIC. The inclusion of time, that is to evaluate the 

climate impact at different time horizons and to consider the timing of the emissions, also gives 

additional insight. Paper 5 is one of the earlier papers written in the thesis, and could have 

benefited from updated emission metric values and a discussion on, for instance, regionality 

and seasonality in emissions. 
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Figure 9: The impact per person km for four different transport modes based on GWP(100) and 
LCA emissions. The figure is the graphical abstract in Paper 5. 
55.2 Future outlook 

The thesis has focused on various issues related to developing, evaluating, and applying 

emission metrics. The emission metric values are continuously updated as new and better data 

on RFs, lifetimes, IRF of temperature responses, and efficacies as a function of latitude are 

provided from model studies, of which Paper 4 is an example. The uncertainties in the absolute 

metric values are largest for SLCFs, thus, the largest future changes are expected here. Paper 4 

assesses regionality and how different processes add up to the net emission metric value. The 

uncertainties and improvements possible are large for these factors. To reduce these 

uncertainties the RTPs and its forcing-response coefficients should be improved. The emission 

metric methodology also change, for instance by introducing new emission metrics either due 

to new or better scientific understanding, or new or other targets from policy makers. One 

interesting research question is whether emission metrics tend to be developed based on 

wishes from policy makers (e.g., the 1.5 or 2 °C target) or if policy making is driven by emission 

metrics (e.g., GWP(100)). The thesis develops the iAGTP (Paper 1) and rate metric (Paper 2). 
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Paper 2 applies the newly developed emission metric the Global Precipitation-change Potential 

for pulse (GPPP) (Shine et al., 2015) on global emissions. Further, Paper 4 estimates emission 

metric values for regional and seasonal emissions. As the number of emission metric choices is 

increasing, one research question is if there is one emission metric that is a good proxy for 

others. The thesis argues that different emission metrics are suitable for different applications, 

but prefers the GTP, which is in line with Knutti et al. (2016) on temperature as a good indicator 

for other climate parameters. 

A related issue is whether the 1.5 or 2 °C target, a part of the Paris Agreement, will and shall 

change the role of GWP(100). This emission metric is the leading one, but is not ideal for this 

specific climate target. A continued discussion on what emission metric and time horizon to 

apply is likely. In addition, the Paris Agreement aims towards “[…] a balance between 

anthropogenic emissions by sources and removals by sinks of greenhouse in the second half of 

this century […]”. This statement is not specified, but indicates the need for some sort of 

weighting to assure net zero emissions. One research question is how bio-energy with carbon 

capture and storage (BECCS) should be treated in an emission metric perspective. If we 

consider a climate agreement with a fixed budget of CO2-eq. emissions towards 2100, an 

emission metric could be developed based on specific net CO2-eq. emissions for every single 

year with a decreasing time horizon towards 2100. This would be a dynamical emission metric 

since it considers the timing of emissions relative to a policy target. The approach and its 

consequences should be communicated to the emitters and decision makers in order to 

optimize mitigation measures. An additional question is how to apply emission metrics after the 

long-term level target is reached. Some of the emissions occurring before the level target will 

also affect the climate after this target. Is it reasonable to neglect this committed future 

warming since it occurs after the target period? The level target in the Paris Agreement is 

evaluated for 2100, while the agreement does not give any details on climate change after 

2100. 

Emission metrics have been applied in emission trading. The question is what will happen after 

the second commitment period of the Kyoto Protocol and the implementation of the INDCs. 

There might not be a systematic common framework. If so, what is the role of emission 
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metrics? How should land use change and SLCFs be accounted for in a possible new regime with 

number of different positions, reflecting the diversity of the INDCs? Even if emission trading 

disappears, emission metrics will still be simple and useful tools to compare emission intensities 

and species. 

As emission metrics are applied heavily in this thesis, a natural follow up study is to assess how 

good emission metrics are compared to more advanced climate models. Is information based 

solely on emission metrics robust enough, or is something lost without more complex analysis 

tools? Emission metrics are supposed to be simple, flexible, and transparent because they 

should be applicable to non-specialists (Fuglestvedt et al., 2003), in contrast to the more 

complex, less flexible, and nontransparent ESMs. Such a comparison of emission metrics and 

ESMs should be based either on long-term ESM runs with small emission perturbations, or on 

shorter ESM runs with scaled up emissions. The latter setup might give results that are more 

robust in the ESMs, but with a question on the linearity of the findings. One related question is 

how far emission metrics can be applied. 

The specific climate impact of different transport modes is estimated in the thesis on average 

load factors and emission factors. A more dynamic approach could be considered. As the 

number of passengers increases, new buses, trains, and aircrafts are probably put into service 

similar to a staircase function. Since the specific climate impacts are also a function of emission 

factors, a comprehensive analysis including a more detailed look at how emission factors vary 

between vehicles and over time, would be interesting.  

The climate impacts of various activities and emissions have been assessed in this thesis. Some 

specific areas with large mitigation potential have been identified, such as travel by air. 

However, those areas might not be the easiest to cut. When developing policy packages that 

are consistent with various specific policy goals, or the 2 °C target in general, research is needed 

on what will lead to large emission reductions and still be feasible, policy effective and 

acceptable by the public. How will travelers respond to policy packages, especially concerning 

air transport? The thesis shows there is no silver bullet to mitigate the climate impact of 

personal travel. A range of strong and mutually supportive policies are required for mitigation 
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of the transport sector (Sims et al., 2014). While this thesis has concentrated on passenger 

transport, further analysis must also include freight transport. These research ideas need an 

interdisciplinary take much broader than this thesis. 
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Abstract
The Kyoto Protocol compares greenhouse gas emissions (GHGs) using the global warming

potential (GWP) with a 100 yr time-horizon. The GWP was developed, however, to illustrate

the difficulties in comparing GHGs. In response, there have been many critiques of the GWP

and several alternative emission metrics have been proposed. To date, there has been little

focus on understanding the linkages between, and interpretations of, different emission

metrics. We use an energy balance model to mathematically link the absolute GWP, absolute

global temperature change potential (AGTP), absolute ocean heat perturbation (AOHP), and

integrated AGTP. For pulse emissions, energy conservation requires that

AOHP = AGWP − iAGTP/λ and hence AGWP and iAGTP are closely linked and converge

as AOHP decays to zero. When normalizing the metrics with CO2 (GWP, GTP, and iGTP), we

find that the iGTP and GWP are similar numerically for a wide range of GHGs and

time-horizons, except for very short-lived species. The similarity between the iGTPX and

GWPX depends on how well a pulse emission of CO2 can substitute for a pulse emission of X

across a range of time-horizons. The ultimate choice of emission metric(s) and time-horizon(s)

depends on policy objectives. To the extent that limiting integrated temperature change over a

specific time-horizon is consistent with the broader objectives of climate policy, our analysis

suggests that the GWP represents a relatively robust, transparent and policy-relevant emission

metric.

Keywords: emission metric, global warming potential, global temperature potential,

integrated global temperature potential, energy balance model

S Online supplementary data available from stacks.iop.org/ERL/6/044021/mmedia

1. Introduction

Multicomponent climate mitigation policies, such as the

United Nations Framework Convention on Climate Change

(UNFCCC), need a method to compare the climate response

of different emissions. Possibly based on an ‘inadvertent

consensus’ between the IPCC and policymakers under the

UNFCCC [1], the Kyoto Protocol compares emissions of

the well-mixed greenhouse gases (GHGs) using the global

warming potential (GWP) with many short-lived climate

forcers excluded. The GWP was presented in the IPCC

First Assessment Report (FAR) as a ‘simple approach . . . to

illustrate the difficulties inherent in the concept, to illustrate

the importance of some of the current gaps in understanding

and to demonstrate the current range of uncertainties’ [2].

To represent different climate responses, the IPCC presented

11748-9326/11/044021+09$33.00 c© 2011 IOP Publishing Ltd Printed in the UK
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three different time-horizons (20, 100 and 500 yr) ‘as

candidates for discussion [that] should not be considered

as having any special significance’ [2]. Given these careful

waivers on the use of the GWP, it is perhaps surprising that

the GWP, with a 100 yr time-horizon, has become entrenched

as a robust method to compare GHGs.

Within the scientific community, there have been many

critiques and discussions of the GWP concept [3–7].

A key issue is what the GWP represents in terms of

a physical climate response [1, 8] and whether this is

consistent with the objectives of climate policy [9, 10].

The GWP concept originated as a climate analogue of

the ozone depletion potential (ODP) which compares the

steady-state ozone depletion for a sustained emission relative

to a reference gas [11]. Early development of the GWP

considered the ratio of the steady-state forcing [12, 13] or

temperature [14, 15] to a sustained emission. It was often

assumed that for small perturbations temperature change

was proportional to atmospheric abundance [13, 14]. This

early literature suggests that the GWP was intended to

represent steady-state temperature for a sustained emission;

or equivalently, integrated temperature change for a pulse

emission (see supporting information available at stacks.

iop.org/ERL/6/044021/mmedia). During later developments,

integrated forcing from a pulse emission was used [2, 16] and

the direct link to temperature seems to have become lost.

In contrast to the ODP, a challenge with the GWP was

the long-term response of the reference gas CO2, which

did not reach a steady-state and required some arbitrary

cut-off [14, 16] or time-horizon [2]. The IPCC FAR gave

some tentative interpretations of the GWP depending on the

time-horizon [2, 14]; a small time-horizon focuses on near

term effects like rates of temperature change, while a long

time-horizon focuses on cumulative impacts like sea level

rise [2]. However, perhaps due to the similarity with the ODP,

physical interpretations of the GWP often led to steady-state

temperature change for a sustained emission (cf, [8]). Much

later, O’Neill showed more concretely that the GWP can be

interpreted as representing integrated steady-state temperature

change for a pulse emission, if emissions are removed after the

time-horizon [8]. The work of O’Neill, and analogies with the

ODP, all lead to integrated temperature interpretations of the

GWP, however we are unaware of attempts to consider this

more directly or to interpret the non-steady-state behaviour of

the GWP.

The motivation of this paper is to reinvigorate debate

into the interpretation of, and relationship between, different

emission metrics. The critiques of the GWP, a range of

alternatives, and the likely development of a new climate

regime, suggest that it is an opportune time to discuss

alternative emission metrics. In particular, a more solid

foundation for the relationship between the GWP and

integrated temperature change can assist in assessing if the

GWP is consistent with the broader objectives of climate

policy. Our aim in this paper is to show the connections

between the GWP and the integrated temperature change. We

link various metrics via a single equation using an analytical

energy balance model (EBM). This allows the emission

metrics to be consistently compared and explored, and hence

provides a foundation upon which to discuss alternative

metrics.

2. Simple emission metrics

Simple emission metrics are usually derived for a pulse

emission as pulses can characterize other emissions via

a convolution [17]. The atmospheric response to a pulse

emission is often represented by a sum of exponentials (SE)

impulse response function,

Ri(t) =
K∑

k=1

ai,k exp(−t/τi,k) (1)

giving the fraction of atmospheric component i that

remains in the atmosphere after time t relative to a given

reference system, often taken as constant current atmospheric

conditions [18]. Most components have a single decay time

(K = 1), though CO2 decays over multiple timescales and

has a fraction that remains persistent in the atmosphere for

millennia [19]. For small perturbations, the radiative forcing

(RF) is usually assumed to develop linearly in proportion to

the present radiative efficiency, Ai,

RFi(t) = AiRi(t). (2)

The most common absolute emission metric is the

absolute global warming potential (AGWP) which is the

time-integrated RF,

AGWPi(t) =
∫ t

0

RFi(s) ds. (3)

As an alternative to the AGWP, the absolute global

temperature change potential (AGTP) was developed [9, 10],

AGTPi(t) =
∫ t

0

RFi(s)RT(t − s) ds (4)

where RT is the temperature impulse response function to an

instantaneous unit pulse of RF,

RT(t) =
K∑

k=1

gk

hk
exp (−t/hk) (5)

where the climate sensitivity λ = ∑
kgk and hk are the decay

times for the components of gk. RT can be thought of as a

simple climate model based on a SE, but parameterized to

emulate more complex climate models [20–22]. The rationale

behind the AGTP is that it moves closer to the relevant

response (temperature change), but at the expense of increased

uncertainty [5, 9, 10, 23].

We formally define the integrated absolute global

temperature change potential (iAGTP) as an integrated

version of the AGTP,

iAGTPi(t) =
∫ t

0

AGTPi(s) ds. (6)

The iAGTP has been discussed in relation to interpreting

the GWP [8] and a similar metric has been proposed called

2
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the mean global temperature change potential (MGTP), where

MGTP(t) = iAGTP(t)/t [24]. The AGTP for a sustained

emission (e.g., [9, 25]) is equivalent to the iAGTP for a

pulse emissions in a linear system (see supporting information

available at stacks.iop.org/ERL/6/044021/mmedia).

It is common to normalize the absolute metrics to an

index representing the climate response relative to a reference

gas, usually taken as CO2,

Mi(t) = AMi(t)

AMCO2(t)
(7)

where AM represents AGWP or AGTP leading to the

global warming potential (GWP), global temperature change

potential (GTP), or the integrated global temperature change

potential (iGTP). Multiplying a normalized metric with the

emission of component i, converts the emissions Ei into the

equivalent emissions of CO2 (CO2-eq(t) = Mi(t)Ei) that leads

to the same climate response for the given metric [6, 8].

3. The relationship between alternative simple
emission metrics

Metrics are often estimated with a SE impulse response

function [9, 10, 18, 22] and a SE maps to a box-diffusion

energy balance model (EBM) of the climate response [20].

Even though these EBMs are simplistic, they are still useful

tools to understand the temporal behaviour of more complex

models [20, 26, 27]. Consequently, we use an EBM as the

analytical framework to compare emission metrics. Each

‘box’ in the EBM can be interpreted as ocean layers at

different depths or different ocean timescales [20].

Consider an n-layer ocean EBM of the climate response

to a forcing (cf [27]), where Ti is the temperature perturbation

of layer i, ci is the specific heat capacity of layer i, and ki is the

advective and diffusive heat flux into the next layer (cf [28]).

The energy balance of the atmosphere–ocean mixed layer

requires that the rate of change of the energy perturbation

equals the energy added to the layer (forcing) minus the

energy that is either radiated to space or transported to the

next ocean layer,

c1
dT1

dt
= F1 − T1

λ
− k1(T1 − T2) (8)

where F1 is the RF at the top of the atmosphere and λ is

the climate sensitivity which incorporates radiative feedbacks

such as water vapour, clouds, sea ice and so on. In an

intermediate ocean layer, the rate of change of the energy

perturbation equals the energy transported from the layer

above minus the energy transported to the layer below,

ci
dTi

dt
= ki−1(Ti−1 − Ti) − ki(Ti − Ti+1) (9)

and in the bottom layer the rate of change of the energy

perturbation equals the energy added to the layer from the

layer above,

cn
dTn

dt
= kn−1(Tn−1 − Tn). (10)

Adding all the layers together and assuming ci is constant

gives the rate of change of the total energy perturbation of

the ocean and equals the energy added to the ocean minus the

energy radiated from the ocean back to space due to radiative

feedbacks [27],

dE

dt
= F1 − T1

λ
(11)

where E = ∑
ciTi is the total energy perturbation of the ocean

and the energy content of each layer is Ei = ciTi.

As we are interested in simple emission metrics, we force

the EBM with a pulse emission. Integrating equation (11) for

a pulse emission and assuming λ is constant leads to

AOHP(t) = AGWP(t) − 1

λ
iAGTP(t) (12)

where three metrics are included: the AGWP, the absolute

ocean heat perturbation (AOHP) and the iAGTP. The AOHP

can be linked to the AGTP

AOHP(t) = c1AGTP(t) +
n∑

i=2

ciTi(t). (13)

For a 1-layer EBM, AOHP = c1AGTP [9]. It has been

argued that the ocean heat content (hence its perturbation,

AOHP) is a better measure of the response of the climate

system to anthropogenic forcing compared to surface

temperature (e.g., [29, 30]).

These equations can be used to give a more physical

representation of each absolute metric:

• AOHP(t) is the net energy perturbation in the system at t;
• AGTP(t) is the temperature perturbation of the

atmosphere–ocean mixed layer at t;
• AGWP(t) is the cumulative energy added to the system

from 0 to t;
• iAGTP(t)/λ is the cumulative energy radiated from the

system back to space due to radiative feedbacks from

0 to t.

4. Comparison of GWP, GTP, and iGTP

We now explore the relationship between the various

metrics, and in particular the iGTP and GWP, as a

function of time-horizon for different species with different

radiative efficiencies and adjustment times. Using SE for the

atmospheric and temperature responses to a unit impulse,

we took analytical expressions for AGWP and AGTP, hence

GWP and GTP from an earlier study [5] and by integrating

the AGTP we derived analytical expressions for iAGTP and

iGTP (see supporting information available at stacks.iop.

org/ERL/6/044021/mmedia). The AOHP is calculated from

equation (12). The radiative efficiencies and adjustment times

are from earlier work [5]. We parameterize the EBM using

the SE temperature response from the Hadley model [22],

though we perform a sensitivity analysis with different

parameterizations.

We compare four species, in addition to CO2, to

demonstrate our results. CO2 has multiple decay times (1.2,

3
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Figure 1. The absolute metric values for BC, CH4, N2O and SF6 showing the relationship between AOHP and c1AGTP in addition to how
iAGTP/λ converges to AGWP depending on the atmospheric adjustment times (cf figure SI1 available at stacks.iop.org/ERL/6/044021/
mmedia). In this figure all the metrics have the same unit.

18.5, 172.9 yr) [18] and does not converge to zero at

infinity creating problems in metric specification [8]. We

chose species with adjustment times covering five orders of

magnitude: a very short adjustment time (black carbon, BC,

0.02 yr or 1 week), short adjustment time (methane, CH4,

12 yr including indirect effects), medium adjustment time

(nitrous oxide, N2O, 114 yr), and long adjustment time (sulfur

hexafluoride, SF6, 3200 yr). Figure SI1 available at stacks.iop.

org/ERL/6/044021/mmedia shows the atmospheric response

of these species together with the components of the response

for CO2, demonstrating that the decay profile of CO2 has

components that approximate the atmospheric decay of CH4

(18.5 yr CO2, 12 yr CH4) and N2O (172.9 yr, 114 yr). All

our figures use a log scale for time from 0.01 to 10 000 yr to

capture the temporal evolution of both BC and SF6, though

we recognize that emission metrics and climate models are

unreliable at these extreme times. We also recognize that for

very short- and short-lived species the forcing and response

is regional [31, 32] and thus assuming a global forcing and

response is idealized.

4.1. Temporal evolution of AGWP, AGTP, iAGTP and AOHP

Figure 1 shows the absolute metric values (AGWP, AGTP,

iAGTP and AOHP) as a function of time for pulse emissions.

For the species shown, energy is added to the system via

the RF with a single adjustment time. The RF eventually

decays to zero, independent of the climate model, and the

cumulative energy added to the system is AGWP. Whilst

the RF is in place, energy is continually transported into

the ocean layers (AOHP and c1AGTP increase). As the RF

decays back to zero, the energy in the system (AOHP) also

decays back to zero as energy is radiated back to space

(iAGTP/λ) at different timescales dependent on the climate

system (figure SI2 available at stacks.iop.org/ERL/6/044021/

mmedia). The AOHP eventually decays to zero, and to retain

energy balance, the energy that is radiated back to space

(iAGTP/λ) eventually equals the energy that was added

(AGWP), equation (12).

When the RF is present, energy is continually added to

the first layer, but the energy is lost from the first layer in

two directions (equation (8)): (1) back to space dependent

on T1/λ, and (2) into the deeper ocean dependent on the

temperature gradient k1(T1 − T2). The ocean acts to increase

the duration of the energy release back to space [27, 33]. The

first component, T1/λ, dictates how energy is lost from the

system, and due to the inertia in the ocean, energy remains

in the system (AOHP) even after the forcing decays to zero.

The second component, k1(T1 − T2), puts energy into the

deeper ocean dependent on the temperature gradient. Even for

the very short-lived BC, energy moves into the deep ocean

(figure 1). In many climate model parameterizations, T1/λ and

k1(T1 − T2) are comparable in magnitude (table SI1 available

at stacks.iop.org/ERL/6/044021/mmedia).

As the RF decays towards zero, the energy perturbation

remaining in the ocean causes a persistent temperature

response in the top layer. The slowest timescale of the

ocean, hn, usually the deepest layer, dictates the duration

of the temperature persistence. The persistence is relatively

longer for species with a short adjustment time. As an

example, even though BC has an atmospheric adjustment

time of around 1 week and CH4 12 yr, the duration of the

temperature perturbation following a pulse emission is still

more than 500 yr for both in the EBM used here. When

energy moves from the deep ocean through the surface layer

and back to space, the surface temperature is approximately

constant (figures SI3–4 available at stacks.iop.org/ERL/6/

044021/mmedia). Hence, the flux into the top layer from the

deep ocean k1(T1 − T2) is approximately equal to the flux to

space T1/λ. Consequently, the top layer does not accumulate

4
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more energy when energy is transported from the deep ocean

back to space (figure 1). The temperature in the top layer only

decreases when the energy in the top layer is reduced.

The relative values of the parameters, hence timescales,

used to replicate the climate system only change when

different processes occur and do not change the qualitative

conclusions. The absolute metric values in figure 1 depend on

the species adjustment time and the timescales of the climate

response. Energy is added to the system with the adjustment

time of the species τX(F), while energy is radiated back to

space (Ti/λ) with the timescales of the EBM modulated by the

species’ adjustment time (equations (SI9) and (SI10) available

at stacks.iop.org/ERL/6/044021/mmedia). For the two layered

EBM used here, three situations can arise: (1) τX < h1,

(2) h1 < τX < h2, and (3) h2 < τX. In the first case (BC)

the timescales of the EBM (h1 and h2) dominate AGTP

and hence iAGTP, in the second case (CH4 and N2O) τX

and h2 dominate, and in the third case (SF6) τX dominates

(see figures SI2 available at stacks.iop.org/ERL/6/044021/

mmedia). The unevenness of the responses to a pulse emission

in figure 1 is due to the interaction of the timescales of the

forcing and the climate system.

4.2. The relationship between iGTP and GWP

Based on equation (12), iAGTP/λ eventually converges to

AGWP since the AOHP will progressively become relatively

small in relation to AGWP and iAGTP/λ. However, this

does not necessarily imply that the normalized metric

iGTP converges to GWP, or if they converge, it does not

imply it happens at the same timescale. This distinction is

important since the normalized metrics compare the response

of the system to a forcing by X with the forcing due to

a CO2-equivalent forcing designed to mimic the response

of X. The difference between iGTP and GWP requires

understanding how the system responds to a forcing of X

compared to a CO2-equivalent forcing, and potentially, how

these differences interact with the timescales of the climate

system.

Figure 2 shows the relationship between iGTP and GWP

by plotting them together with their relative difference, and

table 1 shows the metric values for common time-horizons.

The metric values are within about 10%, except for BC. The

metric values will eventually converge due to the long-term

divergence of iAGTPCO2. Qualitatively, the largest differences

occur around the time constants of the climate system

and atmospheric adjustment time of the different species

dependent on the relationships between h1, h2, and τX as

described earlier. In the case of BC, large differences occur

at early times and persist much longer than for the adjustment

time of BC.

The numerical difference between the metric values can

be expressed as

DX(t) = GWPX(t) − iAGTPX(t)

iAGTPCO2(t)

= GWPX(t) × iAGTPCO2(t) − iAGTPX(t)

iAGTPCO2(t)
. (14)

Table 1. The GWP, iGTP and GTP values for time-horizons of 20,
50, 100 and 500 yr. The iGTP and GWP become more similar for
species with greater adjustment times. The GTP and GWP are
generally dissimilar, except when CO2 is able to reproduce the
forcing profile of the species, such as for N2O (figure 3).

TH GWP iGTP iGTP/GWP GTP GTP/GWP

Black carbon (adjustment time, 0.02 yr)

20 1 595 2 254 1.41 462 0.29
50 770 913 1.19 77 0.10

100 453 510 1.12 64 0.14
500 138 156 1.13 29 0.21

Methane (adjustment time, 12 yr)

20 72 81 1.12 57 0.80
50 42 48 1.14 12 0.29

100 25 28 1.11 3.8 0.15
500 7.7 9 1.13 1.7 0.21

Nitrous oxide (adjustment time, 114 yr)

20 290 282 0.97 303 1.05
50 308 306 0.99 322 1.05

100 299 302 1.01 265 0.89
500 154 165 1.08 51 0.33

Sulfur hexafluoride (adjustment time, 3200 yr)

20 16 228 15 507 0.96 17 485 1.08
50 19 485 18 760 0.96 23 331 1.20

100 22 767 22 180 0.97 27 948 1.23
500 32 544 31 798 0.98 38 659 1.19

This can be expressed equivalently in terms of AOHP by

using equation (12) and noting that by definition AGWPX =
GWPX ×AGWPCO2. The denominator (iAGTPCO2) is always

positive and grows towards infinity with time and thus it

only acts to reduce the magnitude of the difference as time

progresses; hence GWP and iGTP will converge with time

since iAGTPCO2 diverges.

At smaller times before iAGTPCO2 dominates the

difference, the numerator on the right-hand side of

equation (14) dictates the size of the difference between GWP

and iGTP,

NX(t) = GWPX(t) × iAGTPCO2(t) − iAGTPX(t) (15)

NX(t) =
∫ t

0

{∫ s

0

[GWPX(t)RFCO2(u) − RFX(u)]

× RT(u − s) du

}
ds (16)

which shows that the difference DX depends on how

N∗
X(t, u) = GWPX(t)RFCO2(u) − RFX(u) (17)

interacts with the timescales of the climate system given by

RT . The second term on the right-hand side of equation (17) is

the actual forcing of X, while the first term can be defined as

the ‘CO2 equivalent forcing of X with respect to the GWP’,

RFX(CO2)(t, u) = GWPX(t) × RFCO2(u) (18)

where t is the fixed time-horizon and u is variable. Integrating

equation (17) with respect to u, and evaluating at t, replicates

the AGWP by definition, AGWPX = GWPX × AGWPCO2.
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Figure 2. A comparison of iGTP, GWP, (left axes) and their relative difference (right axes) for BC, CH4, N2O and SF6 showing that iGTP
and GWP are numerically similar for a wide range of time-horizons, except for the case of BC.

Figure 3. The RF for a pulse emissions of X, RF(X), and a CO2-eq emission of X for different fixed time-horizons (TH),
GWP(X) × RF(CO2). The CO2-eq forcing, as a function of time, reproduces the AGWP values (integral of the curves) for the given
time-horizon (black circles) despite the potentially large differences between RF(X) and GWP(X) × RF(CO2).

The similarity between different metrics, therefore,

depends on how well RFX(CO2) can substitute RFX for the

given t and how these differences interact with the timescales

of the climate model. Figure 3 shows RFX and RFX(CO2)

for a pulse emission and different time-horizons. Each dotted

curve, RFX(CO2), is the forcing with the same normalized

response curve as CO2 but scaled by GWPX. When RFX(CO2)

is integrated to the given time-horizon, black circles, it leads

to equal values of AGWPX and AGWPX(CO2). The figure

shows that for most species and time-horizons, CO2 is unable

to represent the temporal behaviour of the forcing of the

different species even though it leads to the same AGWP.

More mathematically, RFX and RFX(CO2) have by definition

equal integrals, but they have different forcing pathways to

arrive at those integrals. RFX(CO2)will at some times overstate

RFX and at other times understate RFX, but these differences

balance leading to equal integrals at the chosen time-horizon.

In the most extreme case of BC, RFX(CO2) always overstates

the RFX for timescales greater than 0.1 yr. For the other

species, the times that RFX(CO2) overstates and understates

RFX is more evenly distributed over the timescales of the

climate system. It is the differences in RFX(CO2) and RFX that

leads to the differences in iGTP and GWP.
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CO2 is characterized by several adjustment times (fig-

ure SI1 available at stacks.iop.org/ERL/6/044021/mmedia),

all of which, together, must represent the response of a species

with a single adjustment time. CO2 is unable to reproduce

the very short adjustment time of BC, and to compensate for

this, RFX(CO2) has a relatively small but persistent forcing

profile. The different forcing profiles leads to AOHPX(CO2)

being higher than AOHPX (figure SI2 available at stacks.

iop.org/ERL/6/044021/mmedia), and hence more energy is

radiated back to space or transported to the deeper ocean for

the CO2-eq forcing. These two fluxes out of the first layer

explain the difference between GWP and iGTP (figure 2). The

same issues arise for CH4, but since the CO2-eq forcing is

more similar to the pulse of CH4, the differences are not as

pronounced and hence GWP and iGTP differ less for CH4.

In the case of N2O, RFX(CO2) represents a pulse of N2O

reasonably well, leading to a smaller relative difference in

GWP and iGTP (figure 2). The small difference between

RFX and RFX(CO2) also means that GWP and GTP are

similar for N2O (table 1). In the case of BC, CH4, and N2O,

when the time-horizon is greater than the adjustment time

of the species, the CO2-eq forcing does not decay to zero

(figure 3) and continually puts more energy into the system

leading to a larger AOHPX(CO2) at these times (figure SI2

available at stacks.iop.org/ERL/6/044021/mmedia). SF6 has

a longer adjustment time than CO2 and hence SF6 initially

puts more energy into the system, though this changes as

the time-horizon exceeds the adjustment time of SF6. In

all cases, since RCO2 does not decay to zero, iAGTPCO2

eventually dominates the difference between GWP and iGTP

and cancels any persistent differences in AOHP. Hence, for

sufficiently long time-horizons iGTP converges to GWP.

Thus, the differences between the iGTP and GWP for a pulse

emission of X and a CO2-eq pulse emission of X depend

on how well CO2 can represent the adjustment times of X.

Additional simulations showed that different timescales in the

background climate system do not change these conclusions,

the timescales only shift when differences occur.

To determine whether our findings are dependent on

the timescales of RFCO2, we repeated our analysis with

different reference gases. First, we artificially modified RFCO2

to include a component with short adjustment times similar

to BC. This did not improve CO2 as a reference gas since

CO2 has a variety of adjustment times (figure SI1 available

at stacks.iop.org/ERL/6/044021/mmedia), and RFX(CO2) must

include a compensation across all these adjustment times.

Second, we used reference gases with a single adjustment

time, such as BC, CH4, N2O and SF6, and the same issues

persist as the reference gas may be able to represent one

adjustment time well, but not others. This highlights that

selecting a reference gas to cover species with many order of

magnitude differences in adjustment times is difficult. This

suggests the use of multi-basket approaches [34, 35], where

each basket has a different reference gas.

To ensure our results are robust and assess uncertainties,

we repeated our analysis for a variety of SE impulse

response functions in the literature covering 1-, 2- and 3-layer

models [9, 20, 21, 28], table SI1 (available at stacks.iop.org/

ERL/6/044021/mmedia). We found the results qualitatively

robust across the different IRFs, despite some variations

due to the different timescales in each IRF. We found that

the iGTP values are relatively robust (low variation) despite

large variations in response functions (figure SI6 available

at stacks.iop.org/ERL/6/044021/mmedia). We found larger

variations in GTP values than iGTP (figure SI7 available

at stacks.iop.org/ERL/6/044021/mmedia), and this could be

expected since GTP is an instantaneous metric and iGTP

is integrated. Gillett and Matthews [24] proposed a similar

metric MGTP(t) = iAGTP(t)/t that when normalized to CO2

shows similar numerical values to the GWP when t = 100 yr.

Jacobson [25] develop a metric ‘surface temperature response

per unit continuous emissions’ (STRE) which is equivalent to

the iAGTP for a pulse emission (see supporting information

available at stacks.iop.org/ERL/6/044021/mmedia), and finds

similar values to GWP. Based on these assessments, we

believe that the similarity between iGTP and GWP is likely

to be robust across a range of parameter values and climate

models. Though, further modelling would be required to

confirm these observations.

4.3. Comparison with O’Neill [8]

O’Neill [8] gave a well-defined interpretation for the AGWP

in terms of the iAGTP, however, under a restrictive set of

assumptions. He assumed that the emissions did not affect

RF beyond the time-horizon, that is, emissions went to zero

at the time-horizon. Next, O’Neill showed that continuing the

integration to infinity leads to equal integrated temperatures.

This is a direct consequence of the energy balance in

equation (12). To see this, suppose that AGWPTH
X (t) is the

integrated forcing for a pulse emission of X from time

zero to TH, and AGWPTH
X(CO2)(t) is the equivalent for the

CO2-equivalent forcing. It follows that

AGWPTH
X (t) = AOHCTH

X (t) + 1

λ
iAGTPTH

X (t) (19)

and likewise for CO2. Since the ocean does not permanently

store energy, and the emissions are truncated at TH, then it

follows that AOHPTH
X converges to zero as time progresses

and thus,

AGWPTH
X (t → ∞) = 1

λ
iAGTPTH

X (t → ∞). (20)

Since emissions are removed after TH, AOHPTH
X(CO2)(t)

also converges to zero. By construction, AGWPTH
X (t > TH) =

AGWPTH
X(CO2)(t > TH), and hence it follows directly by

energy conservation that, iAGTPTH
X (∞) = iAGTPTH

X(CO2)(∞).

5. Discussion

We used a layered EBM of the climate system to link

the metrics AGWP, iAGTP, AGTP and AOHP via one

equation to allow a transparent discussion of emission

metrics. The similarity between AGWP and iAGTP is since

they measure approximately the same physical quantity; the
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AGWP represents the total energy added to the system and the

iAGTP/λ the total energy lost. Since the energy perturbation

currently in the system (AOHP) eventually tends to zero for

a pulse emission, then iAGTP/λ must converge to AGWP by

energy conservation. We found that the GWP and iGTP were

similar numerically to within about 10% for a wide range

of species and time-horizons, except for species with very

short adjustment times such as BC. Differences between GWP

and iGTP arise when CO2 is unable to adequately substitute

the temporal behaviour of the RF of the different species, as

highlighted in the case of BC. It is expected that the GWP and

GTP would be different as one is an instantaneous property

(GTP) and the other is an integrated property of the system

(GWP); that is, for the GTP the pathway of the forcing is

most important while for GWP the integral is most important.

The parameters used to model the climate system do not

change the qualitative conclusions, only the time at which the

differences occur.

Whilst this article has focused primarily on the GWP

and iGTP, we do not wish to place any particular preference

to one metric over another. Metrics require a variety of

value-based and scientific choices [6, 36], and the value-based

judgements are beyond the scope of this paper. In terms of

the scientific choices, a continuing debate in the emission

metric literature is the trade-off between simple metrics (like

the GWP, GTP and iGTP) and the use of more complex

metrics [3, 4, 8]. Since metrics such as the GTP and iGTP

include a climate model, it would be expected that they have a

greater uncertainty; however, we find that the instantaneous

metric GTP is more sensitive to the climate model than

the integrated metric iGTP (see figures SI6–7 available at

stacks.iop.org/ERL/6/044021/mmedia). Despite the potential

limitations of the GWP, an advantage is that it is transparent

and only requires models of the atmospheric response of

different components without the need for a climate model

(unless including feedbacks) and hence it would be expected

to have less uncertainty than the GTP or iGTP. The GWP

is often placed at the ‘forcing step’ in the cause effect

chain [6], however, its relationship to the iGTP suggests that it

should be interpreted in the context of integrated temperature.

The iGTP interpretation of the GWP is also consistent with

its early development [14, 15]. To the extent that limiting

integrated temperature change over a specific time-horizon is

consistent with the broader objectives of climate policy, our

analysis suggests that the GWP represents a relatively robust,

transparent and policy-relevant emission metric.
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Abstract. In the context of climate change, emissions of dif-
ferent species (e.g., carbon dioxide and methane) are not
directly comparable since they have different radiative effi-
ciencies and lifetimes. Since comparisons via detailed cli-
mate models are computationally expensive and complex,
emission metrics were developed to allow a simple and
straightforward comparison of the estimated climate impacts
of emissions of different species. Emission metrics are not
unique and variety of different emission metrics has been
proposed, with key choices being the climate impacts and
time horizon to use for comparisons. In this paper, we present
analytical expressions and describe how to calculate common
emission metrics for different species. We include the climate
metrics radiative forcing, integrated radiative forcing, tem-
perature change and integrated temperature change in both
absolute form and normalised to a reference gas. We consider
pulse emissions, sustained emissions and emission scenarios.
The species are separated into three types: CO2 which has a
complex decay over time, species with a simple exponential
decay, and ozone precursors (NOx, CO, VOC) which indi-
rectly effect climate via various chemical interactions. We
also discuss deriving Impulse Response Functions, radiative
efficiency, regional dependencies, consistency within and be-
tween metrics and uncertainties. We perform various applica-
tions to highlight key applications of emission metrics, which
show that emissions of CO2 are important regardless of what
metric and time horizon is used, but that the importance of
short lived climate forcers varies greatly depending on the
metric choices made. Further, the ranking of countries by
emissions changes very little with different metrics despite
large differences in metric values, except for the shortest time
horizons (GWP20).

1 Introduction

Multi-component climate policies require a method to com-
pare the climate impact of emissions of different species (Fu-
glestvedt et al., 2003; O’Neill, 2000; Forster et al., 2007).
While it is most common to compare different long-lived
greenhouse gases (LLGHGs), e.g., CO2 and CH4, it may also
be useful to compare short lived climate forcers (SLCFs),
e.g., black carbon (BC) and organic carbon (OC), and to
compare LLGHGs and SLCFs, e.g., CO2 and BC. Different
species have different radiative efficiencies and remain in the
atmosphere over different time scales (Forster et al., 2007).
Thus, a direct comparison of species by weight does not cor-
relate with the climate impact. As a consequence, emission
metrics were developed as a simple means to compare the
relative climate impacts of the emission of different species
(Wuebbles, 1989; Derwent et al., 1990; Lashof and Ahuja,
1990; IPCC, 1990).

The most straightforward way to compare the impacts of
emissions of different components is with Radiative Forcing
(RF), and most emission metrics use RF as a starting point.
A well-known application of the RF is to compare the RF at
two points in time, such as the change in RF between cur-
rent and pre-industrial times (Forster et al., 2007, Fig. 2.20).
Some transient features of the RF can be included by inte-
grating the RF over time leading to the most common method
of comparing GHGs, the Global Warming Potential (GWP).
The GWP compares the integrated RF of a pulse emission
of a given species relative to the integrated RF of a pulse
emission of CO2. The GWP with a 100 yr time horizon is
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
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as a “simple approach. . . to illustrative the difficulties inher-
ent in the concept, to illustrate the importance of some of the
current gaps in understanding and to demonstrate the cur-
rent range of uncertainties” in the IPCC First Assessment
Report (IPCC, 1990). It is not entirely clear how the GWP
received widespread acceptance given the very cautious na-
ture of its introduction (Shine, 2009) and, perhaps not sur-
prisingly, it has since been critiqued from many angles (Fu-
glestvedt et al., 2000, 2003; Manne and Richels, 2001; Man-
ning and Reisinger, 2011; Shine, 2009; Victor, 1990; Smith
and Wigley, 2000a, b). Most critiques focus on the physi-
cal interpretation of the GWP in terms of the climate impact
and if this is broadly consistent with the objectives of climate
policy.

In response to the critiques of the GWP, several alterna-
tives have been proposed. The Global Temperature change
Potential (GTP) (Shine et al., 2007, 2005b) is increasingly
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 pulse
emission of a species i relative to the temperature change due
to a pulse emission of CO2. The GTP combines the tempo-
ral change in the RF of different species with the temporal
behaviour of the temperature response of the climate system,
thus, going beyond a key limitation of the GWP.

Numerous other emission metrics have been proposed (see
Tanaka et al., 2010 for a review), but these are in less com-
mon usage than the GWP and GTP. Many of the alterna-
tive emission metrics are not easily represented in a reduced
mathematical form as they depend on inverse modelling
(e.g., Wigley, 1998) or economic modelling (e.g., Manne and
Richels, 2001). While these more complex emission metrics
may give more realistic responses for a given climate impact,
they lack the transparency of simple reduced form metrics.
Reduced form metrics are generally parameterised with more
complex models, and within the range of the parameterisa-
tion, are expected to be sufficient for most applications. The
definition of “sufficient” depends on criteria for evaluation
(O’Neill, 2000), and in this article we limit our discussion to
emission metrics that can be easily represented in a reduced
mathematical form, while fully acknowledging that alterna-
tives exist. Our aim is to discuss key assumptions and issues
in the calculation and use of these reduced form emission
metrics.

All of the IPCC Assessment Reports have had a section on
emission metrics (IPCC, 1990, 1995, 2001, 2007), and sev-
eral other IPCC related reports have contributed additional
background information (Isaksen et al., 1992; IPCC, 1994,
2009; Enting et al., 1994). In addition to updating the sci-
entific progress on emission metrics, each new IPCC report
typically updates radiative efficiencies and atmospheric life-
times, which are core components of most emission met-
rics. The motivation for this paper is to present the rele-
vant background, key assumptions, and equations used to
estimate common emission metrics. While the metric equa-

tions are not new (Fuglestvedt et al., 2010; Peters et al.,
2011a), here we combine them together in a consistent
framework and provide ancillary information on their inter-
pretation and application. The parameters used in this paper
are based on the IPCC Fourth Assessment Report (Forster et
al., 2007) for consistency, but as new input becomes avail-
able, it is straight forward to update the metric values using
the material presented in this paper.

This paper is structured as follows. In Sect. 2, we first
give a background overview of emission metrics, followed
by a presentation of the key components used to construct
emission metrics. Section 3 shows the analytical expressions
for common emission metrics. In Sect. 4, some cross-cutting
issues relevant for all metrics are presented. Section 5 dis-
cusses methods for using metrics in emission scenarios. Sec-
tion 6 demonstrates the use of emissions metrics in some
common applications. We conclude in Sect. 7.

2 Metric overview, key components, and assumptions

Emission metrics have numerous different applications (Fu-
glestvedt et al., 2003; Tanaka et al., 2010), but the main ones
are to (1) provide an “exchange rate” on how to weigh the
emissions of different species for mitigation policies, as in
the Kyoto Protocol, and to be able to report emission un-
der the UNFCCC (Skodvin and Fuglestvedt, 1997), (2) per-
form comparisons of different activities and technologies that
emit species at different rates such as in Life Cycle Assess-
ment (LCA) (Peters et al., 2011b; Pennington et al., 2004;
Boucher and Reddy, 2008; Tanaka et al., 2012), and (3) com-
pare the climate impacts of the emissions of different species
to gain greater scientific understanding (e.g., Collins et al.,
2010; Shindell et al., 2009). Due to the variety of applica-
tions, there is no obvious scientific need to have one single
metric for all applications, and a range of different metrics
may even be used in one application.

2.1 General structure of a metric

It is worthwhile to start with a general formulation of an
emission metric (Kandlikar, 1996; Forster et al., 2007)

AMi =
TH∫
0

[
(I (�Cr+i (t)) − I (�Cr (t)))g (t)

]
dt (1)

where I (�i(t)) is a function describing the “impact” of a
change in climate (e.g., concentration, temperature, precip-
itation), �C, at time t , with a discount function, g(t), and
compared to a reference system, r , on which the perturbation
occurs, i. To compare two emission perturbations i and j , the
climate impact can be compared as a function of time using
AMi(t) and AMj (t). It is also possible to consider normalised
metrics, Mi = AMi /AMj where j is a reference gas, and Mi

compares the climate impact of one species i relative to the
reference gas j as in the case of CO2-equivalent emissions.
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The key factors defining a particular emission metric are
the impact function I – with key examples including RF,
temperature, and damages – and the discount function. The
discount function, g(t), is generally considered to be an ex-
ponential function, g(t) = e−rt , but in emission metrics sev-
eral alternatives are used, such as no discounting, g(t) = 1,
step functions for a given time horizon, g(t ≤ TH) = 1, g(t >

TH) = 0, and instantaneous evaluation at a given time hori-
zon using a Dirac delta function1, g(t) = �(t). The Ozone
Depletion Potential, which serves a similar purpose to the
GWP for ozone depletion (IPCC, 1990), did not use any
discounting, g(t) = 1, in effecting choosing an infinite time
horizon (Cox and Wuebbles, 1989). A particular challenge
with climate-based emissions metrics is that some sort of dis-
counting is necessary due to the long-term behaviour of CO2
(Lashof and Ahuja, 1990). Since a pulse emission of CO2
does not decay to zero, then without discounting, the metric
value for CO2 diverges. The GWP uses a step function for
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
is used in the GWP, then this implies different discount rates
(for a given damage function) for the various gases. The GTP
uses a Dirac delta function as a discount function which eval-
uates the AMi at one point in time only (also labeled TH).
Several studies have also used a time-varying TH, where the
TH changes as it moves towards a target year (TE), TH = TE-
t (Shine et al., 2007). The time-varying metric shows the
characteristic features of many emission metrics from the
economic literature (Manne and Richels, 2001; Johansson,
2012; Reisinger et al., 2013).

We develop the different emission metrics based around
the use of Eq. (1). While seemingly abstract, the applica-
tion of Equation 1 can be applied by following some sim-
ple steps, and here we give an illustrative example of con-
centration and RF. An emission into the atmosphere leads
to an increase in the atmospheric concentration of that com-
ponent. The atmospheric concentration has a “direct” decay
dependent on the efficiency that the species is removed from
the atmosphere, which is described by an impulse response
function (IRF). Due to chemical reactions in the atmosphere,
some emissions of one type of component can lead to an
“indirect” increase or decrease in the concentration of an-
other type of component (e.g., ozone precursors). While the
species is resident in the atmosphere, the direct increase in
the atmospheric concentration of the species causes an ad-
ditional RF, which for emission metrics is usually expressed
in a linearized form about a reference concentration (the ra-
diative efficiency). The radiative forcing caused by indirect
changes in other species is estimated analogously. The re-

1A Dirac delta function centred at TH, δ(TH), is zero every-
where except for t = TH and, thus, the impact, I (�i(t)), is evalu-
ated at a single point, t = TH.

Table 1. Parameters used in the metric equations.

Time horizon (years) H

Radiative efficiency (W(m2kg)−1); RF due to a marginal
increase in atmospheric concentration

Ax

Parameters for the exponential Impulse Response Function
(IRF) for atmospheric decay of each species

Weight on each exponential (unitless) ai,�ai = 1
Decay times of each exponential (years) τi
Number of exponentials (unitless) I

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

Components of the climate sensitivity (K(Wm2)−1) cj ,λ = �ci

Decay times due to each component of ci (years) dj

Number of decay terms (unitless) J

Ozone precursor specific parameters

Radiative efficiency (W(m2kg yr)−1) for perturbation S AS
OP

Primary mode methane adjustment time (years) τPM
Short-lived ozone lifetime (years, typically 0.267 yr) τO3

sponse considered in the metrics is governed by the tem-
poral evolution of the RF, which is dependent on the radia-
tive efficiency and removal rate from the atmosphere leading
to �C(t). The impact I can be directly related to the RF
through simple climate or economic models, with the dis-
count function putting different weights on different time pe-
riods. Each of these steps is described in more detail below.

While we here focus on simple analytical metrics us-
ing simple parameterisations of the climate system, there
is a variety of alternative approaches to develop emission
metrics (Tanaka et al., 2010). One can conceptualise “cli-
mate models” as spanning from simple analytical models to
complex general circulation models or earth-system models
(IPCC, 2001; Held, 2005). Reisinger et al. (2010), Tanaka et
al. (2009), and Azar and Johansson (2012) are examples of
studies that use reduced complexity carbon cycle and energy
balance models. In general, the more complex the models
are, the better they represent the processes in the climate sys-
tem, but at the cost of increasing computational time making
them unsuitable for many common metric applications. Sim-
ple climate models with shorter computational times are used
in some emission metrics (Tanaka et al., 2009; Wigley, 1998;
Manne and Richels, 2001), but these are often difficult to rep-
resent in reduced analytical form. We focus in this article on
analytical expressions to be able to provide a single consis-
tent and transparent analytical framework that can handle a
broad range of metric calculations. Despite the simplicity of
these metrics, the key parameters are based on more complex
climate models ensuring the metric values are realistic.

We now describe the key components of reduced form an-
alytical emission metrics, and then develop the equations for
common emission metrics. All the parameters used in the
metrics are defined in Table 1. We develop the equations for
emission pulses as this is most common for emission metrics,
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since these can be used as building blocks for other applica-
tions. However, we later discuss the equations and results for
sustained emissions and emission scenarios.

2.2 Impulse Response Function (IRF)

Once pollutants are emitted into the atmosphere, the pollu-
tants will initially increase the atmospheric concentration be-
fore gradually being removed from the atmosphere leading to
a decrease in concentration. In simple representations, the re-
moval from the atmosphere for a pulse emission can be rep-
resented by a single or a sum of exponentials. Exponentials
are particularly useful as they can be easily used in convo-
lutions to represent the behaviour of arbitrary emissions sce-
narios (Enting, 2007), be converted into a set of differential
equations for efficient solutions (Wigley, 1991), and in some
cases the time scales in the IRF have physical interpretations
(Li and Jarvis, 2009; Li et al., 2009). Most species can be rep-
resented by a single exponential (time-scale), though CO2 is
usually represented using multiple exponentials.

2.2.1 Multiple time-scales (CO2)

For CO2, the IRF is usually represented with multiple time
scales (Archer et al., 2009), and it is assumed a fraction re-
mains in the atmosphere indefinitely,

IRFCO2 (t) =
I∑

i=0

ai exp
(

− t

τi

)
(2)

where �ai = 1 and τ0 = ∞. Using this parameterisation, the
decay of CO2 does not reach zero at infinity, but converges to
a non-zero value of a0. The time scales in the decay param-
eterisation are not directly linked to any physical processes
(Li et al., 2009); however, the time scales can be loosely
interpreted as the uptake in land biosphere and the surface
layer of the ocean for the short and decadal time scales, the
surface layer mixing with the deep ocean for the century
time scale, and the slow geological processes representing
the millennia time scale (Archer and Brovkin, 2008; Archer
et al., 2009). The literature suggests that “about 50 % of an
increase in atmospheric CO2 will be removed within 30 yr,
a further 30 % will be removed within a few centuries and
the remaining 20 % may remain in the atmosphere for many
thousands of years” (Archer et al., 2009; IPCC, 2007). As the
climate changes, the IRF will also change, as land and ocean
may take up less CO2 in a warmer climate (Friedlingstein
et al., 2006).

The IRF for CO2 that is used in emission metrics in the
literature is usually based on the Bern carbon cycle model
(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

al., 2013), a control and perturbation run. First, for the con-
trol, the carbon cycle model is run with historical emissions
until time t , and from t the emissions are calculated to keep a
constant CO2 concentration. Second, in the perturbation run,
the emissions from the control are used, but a pulse emission
is placed in t+5 and the model is allowed to run until near
equilibrium. The pulse size is meant to be marginal (e.g., 1 kg
CO2) according to most metric definitions, but larger pulses
(e.g., 100 GtC) are often used to get a good signal-to-noise
ratio (Joos et al., 2013). The IRF is based on the normalised
version of the difference between the perturbation and con-
trol run, after which a sum of exponentials is fitted.

Uncertainties in the carbon cycle and choices in the ex-
perimental setup, can have a large effect on the IRF (Wueb-
bles et al., 1995; Enting et al., 1994; IPCC, 1994; Archer et
al., 2009; Eby et al., 2009; Joos et al., 2013). Different car-
bon cycle models lead to large differences in the IRFs, with
differences of around 0.2 in a0 after 500 yr (IPCC, 1994,
Fig. 5.4; Enting et al., 1994, Fig. 9.1; Archer et al., 2009;
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
Matthews, 2010; Reisinger et al., 2010).

The Bern Carbon Cycle model was used for the IRF in the
Second, Third, and Fourth IPCC Assessment Reports, and
the use of one model may give biased results compared to
a model ensemble (Joos et al., 2013). Figure 1 shows the
IRFs from the first four IPCC assessment reports and from
a recent model intercomparison. In SAR, TAR, and AR4, the
Bern Carbon Cycle was used, though each time it was im-
proved making it difficult to determine if variations are due to
model differences or changes in the background concentra-
tion. Using an experimental set up with a constant or scenario
background to calculate the IRF, can lead to a difference in
the IRF of 20 % after 500 yr (IPCC, 1994, Fig. 5.5; Enting
et al., 1994, Figs. 9.1 and 9.2; Joos et al., 2013). In addition,
the IRF will change depending on time the pulse is released
in the experimental set up (IPCC, 1994, Fig. 5.5). Different
pulse sizes also lead to different IRFs (Archer et al., 2009),
but for use in metrics these are normalised to 1 kg to rep-
resent a marginal perturbation (Joos et al., 2013). Thus, the
background, and its evolution, is an important determinant in
the calculation of the IRF. The IPCC assessment reports are
based on a constant background on which to allow transpar-
ent comparisons (Enting et al., 1994; IPCC, 1994). A recent
model intercomparison shows that the response of the Bern
model is similar to the model mean (Joos et al., 2013), as was
the case for an earlier version of the Bern model (Enting et
al., 1994).
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Fig. 1. The Impulse Response Function from the first four IPCC As-
sessment Reports. The values for the IRFs are from (IPCC, 1994)
for FAR, IPCC (1995) for SAR, WMO (1999) for TAR which is the
SAR IRF with a different parameterisation, IPCC (2007) for AR4,
and Joos et al. (2013).The FAR IRF (dotted) is based on an un-
balanced carbon-cycle model (ocean only) and, thus, is not directly
comparable to the others. The SAR IRF is based the CO2 response
of the Bern model (Bern-SAR), an early generation reduced-form
carbon cycle model (Joos et al., 1996), and uses a 10GtC pulse
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 (WMO1999). The AR4 IRF is based
on the Bern2.5CC Earth System Model of Intermediate Complexity
(EMIC) (Plattner et al., 2008) and with a pulse size of 40 GtC and
includes temperature feedbacks. The Joos et al. (2013) data is based
on the model mean of a carbon cycle-climate model intercompari-
son project, which spans the full model hierarchy, and has specific
pulse experiments. In each new IRF, the model has improved, so it is
difficult to determine if the variations are due to improved scientific
knowledge or changes in the background concentrations.

2.2.2 Single time-scales (non-CO2 components)

Most species are assumed to follow a simple exponential de-
cay with one time-scale:

IRFx (t) = exp
(

− t

τ

)
(3)

Though, in practice, the decay may happen on different time
scales for different processes and, thus, the atmospheric ad-
justment time may differ from the lifetime (Prather, 2007).
Effects which change the adjustment time of a species are
usually included among the “indirect effects” (e.g., Forster et
al., 2007; Fuglestvedt et al., 1996). The time scale for chemi-
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
mention several illustrative examples of species modelled
with simple decay times here. N2O removal in the atmo-
sphere is mainly due to photolysis and reaction with meta-

stable O(1D), both in the stratosphere leading to a time de-
lay for transport to the stratosphere (Prather, 2007). Parti-
cles, such as black carbon, are removed by wet and dry de-
position, hence, adjustment times are regionally dependent
(Shindell and Faluvegi, 2009; Berntsen et al., 2006). CH4 is
removed from the atmosphere from three processes (Denman
et al., 2007): (1) oxidation by hydroxyl radicals (OH) in the
troposphere, (2) biological CH4 oxidation 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
that interact with OH (Prather, 1994, 1996) causing its life-
time to be time-dependent in many applications (Wigley et
al., 2002). The metric values we present for CH4 are based
on the adjustment lifetime of 12 yr, as given by Forster et
al. (2007).

We have considered CH4 as an independent species, but
it is also possible to link CH4 with the ozone precursors via
a system of differential equations (c.f. Prather, 2007). Un-
certainties in the lifetimes are due to uncertainties in the
emission estimates and atmospheric chemistry (Prather et al.,
2012).

2.2.3 Temperature

The temperature response to a given radiative forcing can be
estimated using a range of complex or simple climate mod-
els. For emission metrics, a simplified IRF based on more
complex models is usually used for the temperature response
to an instantaneous unit pulse of RF, IRFT (Shine et al.,
2005b; Boucher and Reddy, 2008). Such an IRF does not take
into account what species lead to the RF (see Sect. 4.2) or
does not include any information on regional variations (see
Sect. 4.1). A simple exponential parameterisation is usually
used,

IRFT (t) =
J∑

j=1

cj

dj

exp
(

− t

dj

)
(4)

where the cj add to give the climate sensitivity and dj are the
corresponding time scales. IRFT can be mapped to a simple
box-diffusion energy balance model, which aids in its inter-
pretation (Peters et al., 2011a; Li and Jarvis, 2009; Berntsen
and Fuglestvedt, 2008). The exponential term with the short-
est time scale maps to the mixed atmosphere-ocean layer, the
next largest time scale maps to the next deepest ocean layer
and so on. The climate sensitivity can be determined by es-
timating the equilibrium response to a step (sustained) RF,

λ =
∞∫

0

IRFT (t)dt =
J∑

j=1

cj (5)
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Fig. 2. The temperature response to a unit RF (log scale in temper-
ature) from the Hadley model (Boucher and Reddy, 2008), and the
CMIP3 ensemble mean with one exponential term and two expo-
nential terms with different a priori values (Olivié et al., 2012). The
IRF A uses an a priori estimate of 10 and 400 yr, while the IRF B
uses an a priori estimate of 10 and 100 yr.

The time scale to converge to the climate sensitivity is given
by the largest di , and this can be more than several hundred
years (Olivié et al., 2012). Since the time horizon is often
less than the longest time scale, the climate sensitivity is not
necessarily the most important parameter for emission met-
rics. Rather, the combination of cj and dj , particularly for
the shorter time scales, are most relevant for the temperature
response.

The parameters for IRFT are usually calculated as a re-
sponse in the global temperature to a pulse of RF, or experi-
ments that allow a pulse to be estimated such as the C3MIP
and C5MIP 1 % increasing CO2 emission scenarios (Olivié et
al., 2012). Most temperature based emission metrics use an
IRF based on the Hadley model (Boucher and Reddy, 2008)
response derived from more than 1000 yr of an experiment in
which atmospheric CO2 concentrations were quickly ramped
up to 4 times the pre-industrial levels before being held con-
stant. The parameters are derived from a curve fit to the re-
sponse.

Olivié et al. (2012) estimated IRFT for a range of mod-
els from the CMIP3 collection, Fig. 2, which indicates the
model spread and dependence on experimental set up. Using
a single exponential term does not give a realistic response
compared to using 2 or 3 exponential terms, a similar con-
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 (Olivié et al., 2012),
but for longer simulations three terms may be more repre-
sentative (Li and Jarvis, 2009). The differences between the
Hadley model and the CMIP3 ensemble, Fig. 2, represents
both model variations and different integration lengths, with
the Hadley model integrated to 1000 yr.
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Fig. 3. The IRF from the Hadley model (Boucher and Reddy, 2008)
compared to the Hadley IRF (λ = 1.06) scaled to λ = 0.8 and with
the λ changed in a two-layer energy balance model (EBM) leading
to different time constants.

Until the work of Olivié et al. (2012); Olivié and Pe-
ters (2012), there has been relatively few IRFT ’s available
for different models. It is possible to modify the IRFT of one
model to match some aspects of another model, for exam-
ple, the climate sensitivity. If the time constants of the IRFT

are assumed to be fixed, then the climate sensitivity can be
scaled to match another model using a uniform scaling (e.g.,
IRFT ,new = λnew × IRFT /

∑
c, see Eq. 4). However, a dif-

ferent climate model is likely to have different time scales
(Olivié et al., 2012) making the IRF parameters dependent on
each other (Li and Jarvis, 2009; Peters et al., 2011a; Berntsen
and Fuglestvedt, 2008) and, hence, modifying the climate
sensitivity could also modify the time scales. Figure 3 shows
the result of a simply scaling of the Hadley IRF to have a cli-
mate sensitivity of 0.8, a process which simply shifts the IRF
vertically. If a two-layer box-diffusion model (Peters et al.,
2011a) is based on the parameters of the Hadley model (spe-
cific heat capacities and vertical diffusivity), but the climate
sensitivity of 0.8, then the IRF is different (Fig. 3) and the
time scales change from 8.4 to 7.0 yr and 409.5 to 369.0 yr.
This process assumes the specific heat capacities and verti-
cal diffusivity are the same for the given λ, which is unlikely
to be true. Thus, a better approach is to estimate an IRF for
the specific climate model (Olivié et al., 2012). The applica-
tions presented in this paper use the IRF from Boucher and
Reddy (2008).

2.3 Radiative efficiencies

Once a species is in the atmosphere and contributes to an
increase in the atmospheric concentration of that compo-
nent, it causes a radiative imbalance of energy in the earth
system. The RF is usually calculated by complex radia-
tive transfer models (Forster et al., 2007), but for emission

Earth Syst. Dynam., 4, 145–170, 2013 www.earth-syst-dynam.net/4/145/2013/



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

1850 1900 1950 2000 2050 2100
0.005

0.01

0.015

0.02

YearR
ad

ia
tiv

e 
E

ffi
ci

en
cy

 (
W

/m
2 /p

pm
)

 

 

History
RCP2.6
RCP4.5
RCP6.0
RCP8.5

1850 1900 1950 2000 2050 2100
−60

−40

−20

0

20

40

Year

P
er

ce
nt

 c
ha

ng
e 

(%
)

Fig. 4. The radiative efficiency (RE) for CO2 as a function of con-
centration for the historic period and the Representative Concen-
tration Pathways (RCPs) to be used in the IPCC Fifth Assessment
Report. Constant current (2005) concentrations are represented by
the 0 % line.

metrics simplifications are usually made, often based on the
current state of the atmosphere. The RF is defined as the
change in net irradiance at the tropopause after allowing for
stratospheric temperatures to readjust to radiative equilib-
rium, while surface and tropospheric temperatures and state
are held fixed at the unperturbed values (Ramaswamy et al.,
2001; Hansen et al., 2005). The Radiative Efficiency (RE)
is a linearisation of the modelled RF and is defined as the
RF due to a unit increase in the concentration of a trace gas
(IPCC, 1990).

In many papers, the RE is given with the unit
W m−2 ppb−1, while the calculations in this paper is based
on W m−2 kg−1. The conversion factor from ppb to kg is

CX (kg) =
(

MA

MX

)
×

(
109

TM

)
× CX(ppb) (6)

where MA is the mean molecular weight of air
(28.96 kg mol−1), MX molecular weight of molecule
X, and TM total mass of the atmosphere (5.15 × 1018 kg)
(Shine et al., 2005b). Recently, Prather et al. (2012) argued
– after adjusting for water vapour in the atmosphere and
transport into the stratosphere – that TM is overestimated by
1–2 %.

2.3.1 Carbon Dioxide (CO2)

The RF for CO2 can be approximated using the expression
based on radiative transfer models (Myhre et al., 1998),

RF = α ln
(

C0 + �C

C0

)
(7)

where C0 is the unperturbed atmospheric concentration of
CO2, �C is a perturbation over C0, and α = 5.35 is a con-

Table 2. The two methods of calculating radiation efficiency for
CO2 is compared for different steps. The standard step for CO2 is
1 ppm. The unperturbed concentration here is 378 ppm, which was
measured in 2005 (Forster et al., 2007). As �C increases, the error
in the step method increases almost linearly.

% � from d(RF)/dC

�C step to �c step method

100 ppm −12
10 ppm −1.3
1 ppm −0.13
1 ppb −1.3e–4
1 ppt −3.1e–6

stant. Forster et al. (2007) assessed this equation to be accu-
rate within 10 %. The RE can be transparently defined as the
marginal change in the RF as a function of the concentration
increase,

ACO2,marginal = d(RF)

d(�C)

∣∣∣∣
�C=0

= α

C0
(8)

and this approach has been used in several studies (Caldeira
and Kasting, 1993; Lelieveld and Crutzen, 1992). The IPCC
Assessment Reports, however, have estimated the RE using
a small perturbation (�C)

ACO2,average = α ln
(

C0 + �C

C0

)
/�C (9)

In the Fourth Assessment Report, �C is taken as 1 ppm
(Forster et al., 2007), while in the Third Assessment Re-
port it is taken as the magnitude of the CO2 pulse (IPCC,
2001; WMO, 1999). For small perturbations, the difference
between approaches is negligible in comparison to the un-
certainty in RF (see Table 2). In the metric calculations pre-
sented here, we use the small perturbation approach with
�C = 1 ppm.

Since the background concentration is constantly chang-
ing, the RE is technically a function of time (Fig. 4). As C0
increases, the RE decreases and, hence, additional CO2 be-
comes relatively less important. Compared to pre-industrial
times, the RE in 2005 is 40 % lower and may be 50–100 %
lower in 2100 depending on the future scenario (Fig. 4). Even
if emission metrics are based on a constant background con-
centration, the background is usually different when metric
values are updated (Reisinger et al., 2011) leading to a dif-
ferent RE. For a scenario background, the RE will change as
a function of time within the metric calculation. In both con-
stant and scenario backgrounds, the changes in concentra-
tion and hence RE are partially offset by changes in the IRF
as a function of concentration (Caldeira and Kasting, 1993;
Reisinger et al., 2011). For impact assessment, it can be ar-
gued to base the RE on a pre-determined fixed concentration
such as pre-industrial concentrations (e.g., Huijbregts et al.,
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2011). This would ensure that the metric values only change
due to updated scientific information, but would mean that
the relative weights of GHGs are based on pre-industrial con-
ditions.

2.3.2 Methane (CH4), Nitrous Oxide (N2O), and other
LLGHGs

As for CO2, the RF estimates of CH4 and N2O are based on
radiative transfer models (IPCC, 2001; Myhre et al., 1998):

RFCH4=αCH4

(√
M − √

M0

)
− [f (M,N0) − f (M0,N0)] (10)

and

RFN2O=αN2O

(√
N − √

N0

)
− [f (M0,N) − f (M0,N)] (11)

where αCH4 = 0.036 and αN2O = 0.12, M is the CH4 con-
centration in ppb and N is the N2O concentration in ppb, and
the subscript 0 denotes the unperturbed concentration. The
function f is

f (M,N) = 0.47ln
[
1 + 2.01 × 10−5 (MN)0.75

+5.31 × 10−15M (MN)1.52
]

(12)

Further, the specific forcing of CH4 is increased by a factor
1.4, due to effects on tropospheric ozone and stratospheric
water vapour (IPCC, 2001; Forster et al., 2007). The RE is
estimated using these equations, and as for CO2, it is possible
to estimate the RE using a marginal approach or the change
due to a small perturbation.

The RE for other LLGHGs with low atmospheric con-
centrations, such as hydrochlorofluorocarbons (HCFCs) and
hydrofluorocarbons (HFCs), can be estimated directly from
their infrared absorption spectra of those species (Pinnock et
al., 1995; Hodnebrog et al., 2013) and have constant RE with
changing atmospheric concentrations. The uncertainty in the
RE estimates for the LLGHGs is about 10 % (Forster et al.,
2007).

2.3.3 Short-Lived Climate Forcers (SLCFs)

The RE for short-lived components is based on chemical
transport models and RF calculations using Radiative Trans-
fer Models (RTM) (Myhre et al., 2009; Skeie et al., 2011).
The common approach to calculate the RE is to run a model
perturbation which reduces the emissions by a certain frac-
tion for one species at a time and then calculates the differ-
ence in radiative balance between this perturbed case and the
reference simulation (Fuglestvedt et al., 2008; Forster et al.,
2007). The RE is, then, calculated as the ratio between the
calculated RF and change in burden. When we assume global
average RF values for the SLCFs, even though there may be
large regional variations, this simplification will lead to dif-
ferent REs and lifetimes (see Sect. 4.1). For some SLCFs,
there are some non-standard issues in calculating the RE and
the main ones are now explored.
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Fig. 5. For SLCFs with adjustment times much less than a year, the
RF is usually calculated based on a sustained emission, RFSS, and
then remapped back to the radiative efficiency, Ax .

Estimating RE for SLCF with adjustment times
significantly less than one year

When the lifetime of the SLCF is significantly less than one
year (e.g., a week or less), then some authors calculate the
radiative efficiency (e.g., Ax) in two steps: first, calculate the
RF after one year of constant steady-state emissions (RFss),
and second, by converting this to the radiative efficiency
(e.g., Ax) for a pulse emission (Fuglestvedt et al., 2008). The
main reason for using this method is that it provides an an-
nual averaged value, avoiding variations in when the emis-
sions occur. Figure 5 shows how RFss and Ax (defined in
Table 1) compare for an arbitrary SLCF. Since the RF at time
t for a sustained emissions is equivalent to the integrated RF
up to time t of a pulse emissions (see Sect. 5.1), we can esti-
mate the correct RE, Ax , as

RFss(H = 1) =
1∫

0

Axe
− t

τ = −τAx

(
e− 1

τ − 1
)

≈ τAx (13)

where we assumed exp(−1/τ ) is negligible since τ � 1,
hence,

Ax ≈ RFss

τ
(14)

2.4 Inclusion of indirect effects

2.4.1 Chemical reactions

Emissions of chemically active species can have both direct
and indirect effects on radiative forcing. Indirect effects are
a consequence of chemical reactions which lead to changes
in concentrations of other species which have radiative ef-
fects. The most relevant indirect effects are emissions linked
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Fig. 6. The GWPCH4 as a function of time, showing how it is af-
fected by AGWP for both CH4 and CO2 with changing time hori-
zons.

to tropospheric ozone formation or destruction, enhancement
of stratospheric water vapour, changes in concentrations of
the OH radical (which controls the lifetime of several ra-
diatively active species; e.g., CH4, HCFCs), and secondary
aerosol formation. CH4, as discussed earlier, has both direct
effects due to CH4 itself and indirect effects due to chemi-
cal reactions which increase the lifetime of CH4 and lead to
O3 production (Forster et al., 2007; Fuglestvedt et al., 2010).
Recently, it has been suggested that the oxidation of fossil
fuel based CH4 to CO2 should be included as an indirect ef-
fect (Boucher et al., 2009) and even the carbon cycle feed-
backs on CO2 (Collins et al., 2013). Emissions of VOC, NOx,
and CO have no direct radiative effects, but through chemi-
cal reactions lead to O3 production and changes in OH, and
hence radiative effects. Shindell et al. (2009) further find that
including interactions with aerosols increases the best esti-
mate of the GWP100 value for CH4 and CO and decreases
the value for NOx. Some species have only indirect effects
(for example, VOC, NOx, and CO), while others are dom-
inated by direct effects. Given the complexity of interac-
tions, choices are required to decide which interactions are
included as indirect effects. The metric values we present for
CH4 includes the direct effect of CH4 and the indirect effect
via OH by using the adjustment time instead of the lifetime.
Further, by adjusting the RE to account for the indirect ef-
fects on tropospheric ozone and stratospheric water vapour,
these two indirect effects are also included. For NOx, CO,
and VOC, we include the indirect short-lived O3 effect, CH4
effect, and CH4-induced O3 effect. We do not include the ox-
idation of CH4 to CO2.

2.4.2 Black Carbon on snow and ice

For BC, there is an indirect effect of BC deposited on
snow and ice as BC reduces the albedo of such surfaces
(Warren and Wiscombe, 1980; Jacobson, 2001; Hansen and
Nazarenko, 2004; Rypdal et al., 2009; Doherty et al., 2010).
The indirect effect of BC on snow and ice raises the impact

by 10–15 % depending on the location of emissions (Rypdal
et al., 2009; Bond et al., 2011).

2.4.3 Ozone depleting substances (ODS)

Chlorine- and bromine-containing halocarbons cause ozone
depletion in the stratosphere. While the direct effect of the
ODS is warming, they also have a cooling effect via reduc-
tion of stratospheric ozone, which may be included in metrics
(Daniel et al., 1995).

2.4.4 Contrails and cirrus

Aviation also leads to indirect impacts on climate through
formation of contrails and aviation induced cirrus (AIC) due
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
flight paths (both horizontally and vertically). The uncer-
tainty on the RF of contrails is in the order of 1.5 to 2 and
for AIC about an order of 3 (Fuglestvedt et al., 2010). An-
thropogenic aerosols will also influence upper tropospheric
clouds through ice nucleation (Penner et al., 2009; Liu et al.,
2009; Hendricks et al., 2011).

2.4.5 Aerosol Indirect Effect (AIE)

Aerosols have both direct and indirect effects on RF. The
direct effects are due to scattering and absorption of ra-
diation, while the indirect effects modify the microphysi-
cal and, hence, the radiative properties, amount and lifetime
of clouds. The semi-direct effect includes heating from the
aerosols, which result in a cloud burn-off. Aerosols will also
impact mix-phase and ice clouds, but the RF from that ef-
fect is uncertain (Lohmann and Feichter, 2005). The AIE
have usually been split into “cloud albedo effect” (first in-
direct effect) and the “cloud lifetime effect” (second indirect
effect) (Forster et al., 2007). It is difficult to separate which
aerosols contribute to the AIE. The central estimate in Forster
et al. (2007) indicates that the indirect effect is roughly 40 %
larger than the direct effect, with a factor of 1.5–2 to account
for AIE relative to just the direct effect of sulfate aerosols
(though uncertainty is large).

3 Metric equations

3.1 Absolute metrics

In the following sections, we present analytical expressions
for the different metrics. Emission metrics are obtained by
combining the information on the radiative efficiency with
IRFs, and, thus, emission metrics only approximate the re-
sponse of more complex models. However, on the assump-
tion that the emission metrics are applied to marginal emis-
sion changes and the metrics are applied to background
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conditions consistent with the derivation of the metric pa-
rameters, these responses should agree to within first-order
of the actual response. The largest differences are expected
for short-lived species where the location and timing of emis-
sions are important (Lund et al., 2011).

3.1.1 Radiative forcing (RF) as function of t

For emission metrics, the radiative forcing (RF) for all com-
ponents is calculated as

RF = RE × IRF. (15)

In the context of Eq. (1), the impact is RF, and the discount
is a Dirac delta function at time t leading to an end-point
metric. Based on the equations above, the RF for CO2 is

RFCO2(t) =ACO2

{
a0+

I∑
i=1

ai

(
1−exp

(
− t

τi

))}
(16)

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

RFx (t) = Ax exp
[
− t

τ

]
(17)

The RF for the ozone precursors (OP: NOx, CO, VOC con-
sidered here) is, however, more complex. Due to their short
lifetime, it is assumed that the pulse emission lasts one year
with constant emissions through the year followed by decay
in concentration after end of year 1 (see Sect. 2.3.3) (Fu-
glestvedt et al., 2010). Hence, the parameterisation of RF is
split into two parts, the RF that is due the first year of emis-
sions (t < 1) and the RF due to the decaying concentration
afterwards. The OPs have an insignificant direct effect on
RF; however, there are three indirect effects due to chem-
ical reactions. The short-lived O3 effect occurs for all the
species as a positive RF due to the formation of tropospheric
O3. CO and VOC (NOx) cause a positive (negative) RF by
decreasing (increasing) the OH levels and, thus, increasing
(decreasing) the CH4 levels, which is the CH4 effect. Since
the CH4 concentration is perturbed, a secondary effect im-
pacts the O3, called the CH4-induced O3 effect. Hence, CO
and VOC (NOx) will have a positive (negative) RF due to in-
creased (decreased) O3 caused by the CH4 perturbation. The
perturbations for each of the three effects are

RFS
OP (t) =

{
AS

OP

(
1 − exp

(− t
τ

))
0 < t < 1

AS
OP

(
1 − exp

(
− 1

τ

))
exp

(
− t−1

τ

)
t ≥ 1

(18)

where OP is the ozone precursors and S is one of the three
perturbation effects: (1) short-lived O3 effect, (2) CH4 effect,
and (3) CH4-induced O3 effect. The lifetime τ is τO3 for the
short-lived O3 perturbation and τPM for the CH4 perturbation

and CH4-induced O3 perturbation. τPM is the primary mode
methane adjustment time. This formulation differs slightly
from Fuglestvedt et al. (2010), as they assumed that the very
small contribution from the CH4-induced O3 perturbation in
year 1 to be included in the short-lived O3 response, whereas
we do not make this assumption. The final RF from the three
effects is

RFOP (t) =
S∑

s=1

RFS
OP (19)

where OP is either NOx, CO, or VOC.

3.1.2 Absolute Global Warming Potential (AGWP)

The absolute Global Warming Potential (AGWP) for species
i is the integrated RF,

AGWPi (H) =
H∫

0

RFi (t)dt (20)

In the context of Eq. (1), the impact is RF, with the discount-
ing as a step function (no discounting for t < H and full dis-
counting for t > H ). Fuglestvedt et al. (2003) estimated an
equivalent exponential discount function that gave the same
AGWP and found that different species implicitly had differ-
ent discount rates. The IPCC did not give a direct physical
interpretation of the AGWP, but gave some tentative inter-
pretations for three time horizons (20, 100, 500 yr) (IPCC,
1990). They describe that for some environmental impacts
it is important to evaluate the cumulative warming over an
extended period after the emissions. For instance, the evalua-
tion of sea level rise needs a time horizon of 100 yr or longer.
For short term effects, a time horizon of a few decades could
be used, such as the response to RF over continental areas.

The AGWP for CO2 is

AGWPCO2(H) = ACO2{
a0H+

I∑
i=1

aiτi

(
1 − exp

(
−H

τi

))}
(21)

and for pollutants with a simple exponential decay

AGWPx (H) = Axτ

(
1 − exp

(
−H

τ

))
(22)

The formulas are more complex for the ozone precursors
(NOx, CO, VOC), since they have a short-lived O3 effect,
CH4 effect, and CH4-induced O3 effect. Those effects are
parameterised as

AGWPS
OP (t) = (23)

{
AS

OP

{
H − τ

[
1 − exp

(−H
τ

)]}
0 < t < 1

AS
OP

{
1 − τ

[
exp

(
− (H−1)

τ

)
−exp

(−H
τ

)]}
t ≥ 1
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with different RE AS
OP and lifetime τ for the different pertur-

bations, see Eq. (18). The total effect of the ozone precursor
is

AGWPOP (t) =
S∑

s=1

AGWPS
OP (24)

3.1.3 Absolute Global Temperature change Potential
(AGTP)

The absolute Global Temperature change Potential (AGTP)
for species i is the global temperature change (�T ) at time t

(Shine et al., 2005b),

AGTPi (H) =
t∫

0

RFi (t) IRFT (H − t)dt, (25)

In terms of Eq. (1), the impact is temperature (the whole in-
tegral) with a Dirac delta function used for discounting (an
end-point indicator) with an evaluation time of t . The ex-
pression for AGTP also helps to interpret the AGWP. If it
is assumed (unrealistically) that IRFT = 1, then the AGTP
equation simplifies to the AGWP. Thus, the AGWP integrates
(“remembers”) the RF for all times up to H . If it is assumed
(realistically) that IRFT �=1 and is a monotonically decreas-
ing function, then IRFT can be interpreted as a physical dis-
counting (as energy radiated back to space is modulated by
the thermal inertia and mixing in the ocean). Using these
analogies for IRFT helps explain why SLCFs generally have
higher GWP values compared to GTP values; the GWP inte-
grates all the RF in a given time period, while the GTP allows
a physical discounting (via ocean inertia), so that RF values
at earlier time periods receive less weight (see Peters et al.,
2011a).

The AGTP for CO2 is

AGTPCO2 (H) = ACO2

{
J∑

j=1

a0cj

[
1 − exp

(
−H

dj

)]

+
I∑

i=1

J∑
j=1

aiτicj

τi − dj

[
exp

(
−H

τi

)
− exp

(
−H

dj

)]}
(26)

For pollutants with a simple exponential decay

AGTPx (H) =
J∑

j=1

Axτcj(
τ − dj

)
[

exp
(

−H

τ

)
− exp

(
−H

dj

)]
(27)

The formulas are more complex for the ozone precursors
(NOx, CO, VOC), since they have a short-lived O3 effect,
CH4 effect, and CH4-induced O3 effect. For all these ef-
fects, there is a perturbation from the RF for t < 1 (this deter-
mines the temperature response of the emissions that occur

in the first year) and from the RF for t ≥ 1 (this determines
the temperature response of atmospheric perturbation lasting
past one year). Thus, AGTPOP for H > 1 is comprised of two
components (AGTP(H )= AGTPS,<1

OP (H) + AGTPS,>1
OP (H )):

a. For perturbation from RF occurring t < 1

AGTPS,<1
OP (H) = AS

OP

J∑
j=1

{
cj

[
exp

(
1 − H

dj

)

−exp
(

−H

dj

)]
+ cj τ

τ − dj

[
exp

(
−H

dj

)

−exp
(

1 − H

dj

)
exp

(
− 1

τ

)]}
(28)

b. For perturbation from RF occurring t ≥ 1

AGTPS,>1
OP (H) = AS

OP

[
1 − exp

(
− 1

τ

)] J∑
j=1

τcj

τ − dj[
exp

(
1 − H

τ

)
− exp

(
1 − H

dj

)]
(29)

The RE AS
OP and lifetime τ differ between the different per-

turbations, see Eq. (18). These formulas are only valid when
H > 1, and for continuity it is possible to make a linear in-
terpolation (aH +b) between year 0 (where the perturbation
is AGTPS

OP (0) = 0) and year 1. This step is not necessary
based on physical processes, but is done to ensure continuity
in graphical presentation and for calculating the integrated
AGTP (next section). For all the three different ozone pre-
cursor perturbations, the perturbation for 0 < H < 1 is given
by

AGTPS
OP (H) = AGTPS

OP (1)H, for 0<H<1 (30)

It is possible to extend the AGTP into a regional form (c.f.
Shindell, 2012),

ARTPr
i (H) =

∫ t

0

∑
s

(
K rs

i RFs
i

)
IRF

T
(H − t)dt, (31)

where “r” represents the region with the response, “s” the
region of the RF, and K rs 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,
from regional emissions to regional responses.

3.1.4 Integrated Absolute Global Temperature change
Potential (iAGTP)

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

iAGTPi (H) =
∫ t

0
AGTPi (t)dt (32)
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Fig. 7. A schematic regional relationship between emission, RF,
and temperature perturbation for SLCFs for the regions: The South-
ern Hemisphere extratropics (90–28◦ S, SHext), the tropics (28◦ S–
28◦ N), the Northern Hemisphere mid-latitudes (28–60◦ N, NHml),
and the Arctic (60–90◦ N). Values for the emission-RF relationship
is inspired by Naik et al. (2005) and the RF-temperature relationship
is based on Shindell (2012).

Similar metrics have been proposed before. Gillett and
Matthews (2010) introduced the Mean Global Temperature
Potential, MGTP(H) = iAGTP(H )/H . Jacobson (2010) in-
troduced the “surface temperature response per unit continu-
ous emissions” (STRE), which is mathematically equivalent
to the iAGTP, though Jacobson (2010) uses a single decay for
CO2, which is different from what is done in the other studies
and by IPCC (Forster et al., 2007; Archer et al., 2009; Joos
et al., 2013).

In terms of Eq. (1), the impact is temperature, and the
discount function is no discounting for t < H and full dis-
counting for t > H . The iAGTP has been discussed indi-
rectly by some authors (O’Neill, 2000; Gillett and Matthews,
2010), but in more detail in Peters et al. (2011a); Azar and
Johansson (2012). Preliminary work on the GWP was also
based on integrated temperature change (Wuebbles, 1989;
Derwent et al., 1990), but the link to temperature did not
make it into the First Assessment Report (IPCC, 1990). Pe-
ters et al. (2011a); Azar and Johansson (2012) investigated
whether the GWP was similar to the iGTP and found close
agreement for a wide range of time horizons, but not for very
SLCFs like BC. The similarity is since AGWP represents the
total energy added to the system and iAGTP/λ the energy lost
from the system. Since the energy currently in the system is
small relative to AGWP, it follows that AGWP is approx-
imately iAGTP/λ. Given these quantitative relationships, it
can be argued to interpret the AGWP as iAGTP.

The iAGTP for CO2 is (Peters et al., 2011a)

iAGTPCO2 = ACO2

{
J∑

j=1

a0cj

[
H − dj

(
1 − exp

(
−H

dj

))]

+
I∑

i=1

J∑
j=1

aiτicj

τi − dj

[
τi

(
1 − exp

(
−H

τi

))

−dj

(
1 − exp

(
−H

dj

))]}
(33)

While the iAGTP for species with a single decay time is

iAGTPx (H) =
J∑

j=1

Axτcj(
τ − dj

)
[
τ

(
1 − exp

(
−H

τ

))

−dj

(
1 − exp

(
−H

dj

))]
(34)

For the ozone precursor perturbations, the linear interpo-
lation between year 0 and year 1 for AGTP turns into a
quadratic form ( a

2 H + bH 2) for the iAGTP. In the range
0 < H < 1, the perturbation is

iAGTPS
OP (H) = 1

2
AGTPS

OP (1)H 2 (35)

This formula is used when H ≤ 1. For all other times,
iAGTPS

OP (1) has to be added into the formula. For H > 1,
iAGTPS

OP has to be summed for the RF from t < 1 and
for the RF from t > 1. Thus, iAGTPS

OP for H > 1 is com-

prised of two components (iAGTP(H ) = iAGTPS,<1
OP (H ) +

iAGTPS,>1
OP (H )):

a. For perturbation from RF occurring H < 1

iAGTPS,<1
OP (H) =

iAGTPS
OP (1) + AS

OP

J∑
j=1

{
cj dj

[
1 − exp

(
1 − H

dj

)
+ exp

(
−H

dj

)
− exp

(
− 1

dj

+ cj dj τ

τ − dj

)]
[

exp
(

− 1

dj

)
− exp

(
−H

dj

)
−

(
1 − exp

(
1 − H

dj

))

exp
(

− 1

τ

)]}
(36)

b. For perturbation from RF occurring H ≥ 1

iAGTPS,>1
OP (H) =

iAGTPS
OP (1) + AS

OP

[
1 − exp

(
− 1

τ

)]

J∑
j=1

τcj

τ − dj

[
τ

(
1 − exp

(
1 − H

τ

))

−dj

(
1 − exp

(
1 − H

dj

))]
(37)
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As previously, the RE AS
OP and lifetime τ differ between

the different perturbations, see Eq. (18).

3.2 Normalised metrics

The absolute metrics for a species are often normalised to the
corresponding absolute metric for a reference gas, normally
CO2,

Mx (t) = AMx (t)

AMCO2 (t)
(38)

where AM stands for AGWP, AGTP, or iAGTP and M is
GWP, GTP, or iGTP, respectively. Emissions Ex are usually
converted into “CO2 equivalent emissions” by multiplying
with this normalised metric,

CO2eq(t) = Mx (t) × Ex (39)

that would ideally result in the same climate response for
the given metric. Thus, the normalised metric value can be
considered as a conversion factor from the unit of the emis-
sion (e.g., kg CH4) to the “equivalent” emission of CO2 that
would ideally lead to the equivalent climate impact for the
given TH and underlying assumptions (Fuglestvedt et al.,
2003; O’Neill, 2000). But this equivalence is not present for
other climate variables beyond what the metric measures and
how it measures it. The choice of reference gas is a value
based choice, but an obvious choice is to use the trace gas
of primary concern, namely carbon dioxide (IPCC, 1990).
There is no natural need to have only one reference gas or
let CO2 always be the reference gas. A two-basket or multi-
basket approach to climate policy could be used to treat
species with different lifetimes differently, and each basket
may have a different reference gas (e.g., Smith et al., 2012;
Daniel et al., 2012).

The normalised metric is dependent on the absolute met-
ric of CO2, since the absolute metric of CO2 is the denomi-
nator. In a multiple baskets approach, several different refer-
ence gases could be used. We show the importance of the de-
nominator, here CO2, in the case of CH4 for GWP in Fig. 6.
For time horizons (H ) less or around a species’ lifetime (τ),
GWP is affected by AGWP for both the species and CO2, as
both AGWPs are sensitive of time horizon. However, as time
horizon increases, the changes in the GWP depend only on
the changes in AGWP for CO2 since the AGWP for CH4
converges to its steady-state value soon after the lifetime
(dependent on the e-folding time). The same is true for all
SLCFs, where species reach this threshold increasingly faster
with decreasing lifetimes. Hence, for τ � H , the changes in
the GWP value of a species depends only on the behaviour
of CO2 (e.g., BC the order of months, or CH4 the order of
decades).

3.3 Metrics based on economic models

Some emission metrics have been based on economic mod-
els. Manne and Richels (2001) investigated how constraints

will affect the “price ratio” of different LLGHGs and com-
pared with the GWP. Recently, the Global Cost Potential
(GCP) and Cost-Effective Temperature Potential (CETP)
were developed (Johansson, 2012), which show similar char-
acteristics to the Manne and Richels (2001) study. The time-
dependent version of the GTP (Shine et al., 2007) puts more
weight on SLCFs and shorter-lived LLGHGs as the target
is approached, a characteristic seen in many economic ap-
proaches (Manne and Richels, 2001; Johansson, 2012). Since
this property occurs in the purely physical based metric, it
may suggest that this property is a result of moving towards
a target and not a consequence of including an economic
model in the metric. For a cost-benefit framework, the Global
Damage Potential (GDP) is suitable, which looks at the
marginal damages of emissions (Kandlikar, 1995; Boucher,
2012; Tol et al., 2012).

4 Cross-cutting issues

There are a variety of cross-cutting issues which affect most
metrics in a similar way. For example, the RF can be allowed
to vary by region leading to regional metric values. We dis-
cuss a variety of the most relevant cross-cutting issues here.

4.1 Regional metric values

While the location of emissions does not have an impact on
the RF for LLGHGs, it does for SLCFs (Fuglestvedt et al.,
1999; Naik et al., 2005; Berntsen et al., 2006; Shindell and
Faluvegi, 2009) leading to a regional distribution of RF for a
given emission (Berntsen et al., 2006; Bond et al., 2011). For
all forcings, even the relatively homogeneous ones caused
by LLGHGs, there is a distinct pattern in the temperature
response controlled largely by the response pattern of the cli-
mate feedbacks (Boer and Yu, 2003; Shindell and Faluvegi,
2009; Shindell, 2012). Combing these two effects for a given
emission of a SLCF, the heterogeneity in RF may cause fur-
ther inhomogeneity in the climate response.

A schematic presentation of the regional effects is given
in Fig. 7. Those SLCFs that have an atmospheric residence
time of a couple of weeks or less will not have time to be
evenly distributed in the global atmosphere and, hence, re-
sult in the largest concentration perturbations near the point
of emission and its latitude band. In general, strong climate
feedbacks at higher latitudes increase the temperature pertur-
bations from RFs, with about 45 % enhancement for extra-
tropical relative to tropical CO2 RF (Shindell and Faluvegi,
2009). The enhanced regional sensitivities at higher latitudes
are a result of higher sensitivity in the energy budget in those
regions, which is governed by local cloud, water vapour and
surface albedo feedbacks. Vertical profiles of radiative forc-
ing efficiencies are also a source of regional differences. For
example, black carbon, which is found low in the atmosphere
near emission sources and higher up in transport regions, has
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a steeply increasing forcing efficiency with altitude (Samset
and Myhre, 2011). The relative position of BC to clouds is
also important, as are seasonal changes in cloud fraction, in-
solation, wind and precipitation. Similar considerations exist
for other SLCFs. In addition to variability in physical and
chemical key parameters, there are strong nonlinear relations
in the atmospheric chemistry (Shindell and Faluvegi, 2009).

While most parameterisations of impacts parameters are
for global means, metric research has also focused on met-
rics accounting for regional variations (Shine et al., 2005a;
Lund et al., 2011) or regional metrics (Berntsen et al., 2005;
Fuglestvedt et al., 2010; Fry et al., 2012; Collins et al., 2013).
Shindell and Faluvegi (2009) separate the world into four lat-
itude bands and estimated regional responses from regional
RFs for some selected LLGHGs and SLCFs, though it is
feasible to do this at smaller scales (Henze et al., 2012).
This work has been extended by introducing the Absolute
Regional Temperature Potential (ARTP) (Shindell, 2012;
Collins et al., 2013).

4.2 Efficacy

The temperature perturbation from the RF can also depend
on the type of forcing agent, leading to the concept of effi-
cacy, which is defined “as the ratio of the climate sensitivity
parameter for a given RF agent (λi) to the climate sensitivity
parameter for CO2 changes, that is, εi = λi/λCO2” (Forster
et al., 2007). The efficacy moves one step closer to the actual
temperature response by accounting for differences in how
various components trigger feedbacks. Efficacies are usually
between 0.75 and 1.25 for most components; however, for
absorbing aerosols the range is larger and even the idea of
an efficacy becomes complicated (Forster et al., 2007). Fu-
glestvedt et al. (2003) proposed and Berntsen et al. (2005);
Berntsen and Fuglestvedt (2008) applied the efficacy concept
to simple emission metrics.

4.3 Consistency across assumptions

Despite the wide-spread use of emission metrics, there has
not been a systematic and fully consistent estimation of the
numeric values of particular metrics. It is routine to combine
different, and potentially inconsistent, models in a given met-
ric; for example, it is common that the AGTPCO2 uses the
Bern model for the carbon cycle and the Hadley model for
the temperature response. There is no consistency on which
feedbacks and indirect effects to include implying that the
IRF for one species may include temperature feedbacks (e.g.,
CO2) and another species may not (e.g., CH4 and N2O). Re-
cent research has included additional indirect effects, such as
those on aerosols (e.g., Shindell et al., 2009), effects of O3
on vegetation (Collins et al., 2010), and temperature feed-
backs (Gillett and Matthews, 2010; Collins et al., 2013). Dif-
ferent assumptions can also be used to estimate the parame-
ters for metrics, such as different background concentrations

and pulse sizes (Joos et al., 2013). It is not clear how large
these consistency issues may be, nor how model dependent
they may be.

Many of these consistency issues can be overcome by a
clear set of definitions for each metric, particularly on how
to treat indirect effects and feedbacks. One way of achiev-
ing more consistency is through model intercomparisons
(e.g., Olivié and Peters, 2012; Joos et al., 2013). Through
a model intercomparison, or the use of individual models
(e.g., Reisinger et al., 2010; Gillett and Matthews, 2010),
the same model can be used to estimate all metric values.
Joos et al. (2013), for example, estimate the AGWPCO2 and
AGTPCO2 directly from pulse emissions of CO2 and, thus,
ensuring consistency.

4.4 Relative uncertainty from parameters and choices

Several recent studies have investigated uncertainty in met-
ric values (Reisinger et al., 2010; Boucher, 2012; Olivié and
Peters, 2012). These approaches have been either based on
model comparisons or Monte-Carlo approaches. The studies
suggest that uncertainties are significantly larger than pre-
viously reported (e.g., Forster et al., 2007), the relative un-
certainties for the GTP are larger than for the GWP, and re-
visions of the GWP and GTP values should be expected as
scientific knowledge advances (e.g., Reisinger et al., 2011).
Uncertainties in GWPCH4 are generally found to be of the
order of 40 % (for 5–95 % confidence interval) for a 100 yr
time horizon.

It is possible to assess uncertainty more generally using
standard methods of uncertainty propagation. For a general
function, f , with two independent variables, x and y, the un-
certainty in f can be approximated as

�f =
√(

∂f

∂x

)2

�x2 +
(

∂f

∂y

)2

�y2 (40)

This allows the combination of different pieces of informa-
tion on uncertainty (e.g., from independent studies) to assess
the main causes of the uncertainty in emissions metrics (e.g.,
RE versus IRF). We demonstrate the use of this approach us-
ing CH4 as an example. The uncertainty in each of the metric
components propagates to the total uncertainty in the metric
parameterisations. For instance, the uncertainty for AGWP is
given by

�AGWP =
√(

∂AGWP

∂A

)2

�A2 +
(

∂AGWP

∂τ

)2

�τ 2 (41)

assuming Gaussian distributions and no correlation between
A and τ . For CH4, the relative uncertainty in τ is estimated
to be 38 % (Prather et al., 2012, our conversion to 5–95 %
confidence interval) and 20 % for A (Forster et al., 2007, our
conversion to 5–95 % confidence interval). Using Eq. (41)
with these uncertainties, the total uncertainty for AGWPCH4
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is 31 % for a 20 yr time horizon (for 5–95 % confidence in-
terval), 43 % for 100 yr, and 43 % for 500 yr, with twice as
large contribution from the second term relative to the first
term. The uncertainty in the AGWPCO2 can be obtained us-
ing the 20 % estimated uncertainty in RE (Forster et al., 2007,
our conversion to 5–95 % confidence interval) and uncer-
tainty in the integrated IRFCO2 of 29, 49, and 56 % (for 5–
95 % confidence interval) for a 20, 100, and 500 yr time hori-
zon (Joos et al., 2013). The uncertainty for a product (i.e.,
RECO2 × ∫

IRFCO2), in this case AGWPCO2 , is given by

�AGWPCO2

AGWPCO2

=
√(

�RECO2

RECO2

)2

+
(

�
∫

IRFCO2∫
IRFCO2

)2

(42)

leading to an uncertainty of AGWPCO2 of 35, 53, and 59 %
(for 5–95 % confidence interval), respectively, with the un-
certainty dominated by the uncertainty in the integrated
IRFCO2. Combining the relative uncertainty in the AGWPCH4

and AGWPCO2 (using the sum of the squares uncertainty
propagation), the uncertainty in GWPCH4 is 47, 68, and 73 %
(for 5–95 % confidence interval) for a 20, 100, and 500 yr
time horizon. The uncertainty is given by both, but with an
overweight on AGWPCO2 for the longer time horizons. The
uncertainties we find are similar to those reported in other
studies (Reisinger et al., 2010; Boucher, 2012). The simple
analysis described here gives a general idea of the uncertainty
in GWPCH4 and highlights which terms contribute most to
the uncertainty.

Irrespective of the uncertainties, the effect of choice of
metric and time horizon is generally larger than the uncer-
tainties. For example, Reisinger et al. (2010) find that the
GWPCH4 is between 55–93 (90 % range) for a 20 yr time
horizon, 17–35 for a 100 yr time horizon, and the GTPCH4 is
between 4–15 for 100 yr. In addition, the decision on which
indirect effects to include can also change metric values, e.g.,
Shindell et al. (2009) find that the GWPCH4 increases from
25 to 34 by including indirect effects of aerosols. Thus, while
the scientific uncertainties are large and need to be reduced,
larger variations are due to value judgments. This further em-
phasises the importance of a clear definition of each metric
and ensuring that impact assessment studies are robust to the
choice of metric by exploring results for a range of metrics.

5 Methods for sustained emissions and emission
scenarios

Pulse emissions are used due to their simplicity and general-
ity. The response of a pulse emission can be seen as the build-
ing block of the response for an emission scenario through
the use of convolutions (Enting, 2007; Wigley, 1991). A par-
ticular type of scenario often used in emission metrics is a
sustained emission which assumes emissions continue indef-
initely at a pre-defined level. In this section, we discuss how
emission metrics for pulse emissions can be applied in more

general situations; first, for the specific case of sustained
emissions, and second in the more general case.

5.1 Sustained emissions

A simple “emission scenario” is to have continuous (or sus-
tained) emissions. The absolute metric of a sustained emis-
sion can be calculated as the integral of the absolute metric
of a pulse emission. Sustained emissions are a specific type
of scenario that neglects changes due to economic growth,
technology improvements, mitigation policies, or the lifecy-
cle of infrastructure. It is often assumed for simplicity that
sustained emissions do not change the background concen-
trations (as for pulse emissions, they are marginal); hence,
all factors influencing the metric calculations stay constant.
From a policy perspective, sustained emission may seem
more relevant, since in reality, emissions are unlikely to stop
instantaneously as in a pulse emission. However, from a sci-
entific perspective, processes easily observable in a pulse
emission can be masked by a sustained emission. The choice
between a pulse and sustained emission scenario for a mix
of species is an important value judgment as they place very
different weights on SLCFs and LLGHGs.

In the following, we show the equations for the different
metrics with sustained emissions. The RF for species with a
simple exponential decay and sustained emission is

RFx,s (H) = Axτ

(
1 − exp

(
−H

τ

))
(43)

This equation is identical to the AGWP for a pulse emission.
The AGWP for a sustained emission is

AGWPx,s (H) = Axτ

[
H − τ

(
1 − exp

(
−H

τ

))]
(44)

The AGTP for a sustained emission is

AGTPx,s (H) =
J∑

j=1

Axτλ

(
1 − exp

(
−H

dj

))
+ AGTPx (H) (45)

And finally, the iAGTP for a sustained emission is

iAGTPx,s (H) =
J∑

j=1

Axτλ

(
H − dj

(
1 − exp

(
−H

dj

)))

+iAGTPx (H) (46)

Similar equations can be derived for CO2 and 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-
tions with a linear response and the Heaviside step function
(equivalent to a sustained emission), can be used to show that
the RF of a sustained emission (RFs, left hand side) is equal
to the integrated RF of a pulse emission (AGWP, right hand
side),

RFx,s (t) =
∫ t

0
H (s)Rx (t − s)ds =

∫ t

0
Rx (s)ds =

∫ t

0

RFx,p (s)ds = AGWPx (t) (47)
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Further, the same is true for a linear temperature response,

�Tx,s (t) =
∫ t

0
RFx,s (s)RT (t − s)ds =

∫ t

0
AGWPx (s)

RT (t − s)ds = iAGTPx (t) (48)

so that the instantaneous temperature perturbation to a sus-
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

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
emissions, and this has been shown to be similar to the GWP
(Peters et al., 2011a; Azar and Johansson, 2012), thus, con-
firming the findings of Shine et al. (2005b).
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Table 3. A list 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

CO2, CH4, N2O, HCFC-141b, HCF-142b, HFC-23,
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

Forster et al. (2007)

BC, OC, SO2, contrail, aircraft induced cirrus Fuglestvedt et al. (2010)

Aircraft NOx Stevenson et al. (2004), as given by Fuglestvedt et al. (2010)

Surface NOx The global run in Wild et al. (2001), as given by Fuglestvedt et al. (2010)

Shipping NOx 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(SO2) 1.75*SO2, Forster et al. (2007)

Shipping AIE (SO2) 8.3*SO2. Average of Lauer et al. (2007), as given by Fuglestvedt et
al. (2010)

5.2 General emission scenarios

For emission scenarios, the RF, AGWP, AGTP, and iAGTP
values can be calculated with a convolution,

(f × g)(t) =
∫ ∞

−∞
f (s)g (t − s)ds (49)

where f and g are functions and g represents the emission
metric for a pulse emission. For instance, the temperature
response for a scenario is the convolution of the emission
scenario and AGTP for a pulse emission:

�T i (t) =
t∫

0

Ei (τ)AGTPi (t − τ)dτ (50)

In this case, the AGTP is an IRF representing the link from
emissions to temperature (IRFT is the link from forcing to
temperature). The convolution can be estimated by numerical
integration, though, most numerical integrations have prob-
lems with species with a short lifetime (e.g., BC), typically
when the time step is larger than the residence time (�t > τ).
This problem can be solved by reducing the time step.

If the IRF is based on a sum of exponentials, then the con-
volution can be written as an equivalent ordinary differential
equation (ODE) (Wigley, 1991).

dF (H)

dt
=

K∑
k=1

dFk (H)

dt
= E(H)

K∑
k=1

αk −
K∑

k=1

Fk

τk

(51)

The ODE can be solved numerically and we find this to be a
more robust and efficient method than the direct estimation
of the convolution numerically. This method requires a re-
sponse based on exponential functions and, thus, cannot be
applied directly to emission metrics as in Eq. (50). However,
a step-wise series of convolutions and integrations can per-
form the necessary calculations; for example, the RF can be
determined using this method with integration leading to the
integrated RF.

6 Sample applications

In this section, we present some specific and policy relevant
applications using the emission metrics described above. The
emission metrics presented in this article are based on simple
parameterisations of more complex models (e.g., the global
mean temperature response from Hadley CM3 is reduced to
four parameters) and so the metric values only approximate
the actual responses.

6.1 Data and assumptions

As input data, we use the 2008 emissions from the Emissions
Database for Global Atmospheric Research (EDGAR) (EC,
2011), with the exception of BC and OC from 2005 (Shindell
et al., 2012). BC and OC emissions from biomass burning
are not included, in contrast to e.g. Lamarque et al. (2010).
Although new input exists for some species, we prefer to use
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 % China 17.1 % 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 Indonesia 9.5 % Indonesia 5.1 % India 5.6 % India 4.8 % India 4.5 %
5 India 5.8 % India 4.9 % Indonesia 4.7 % Indonesia 4.4 % 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 %

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). The
parameters used in the metrics presented here can be found
in Forster et al. (2007); Fuglestvedt et al. (2010).

The IRF for CO2 is based on the Bern Carbon Cycle Model
(Joos et al., 2001) as reported in Forster et al. (2007), and a
recent model intercomparison shows that the Bern model is
likely to be close to the model mean (Joos et al., 2013, Fig. 1).
The IRF for temperature is based on the Hadley CM3 climate
model (Boucher and Reddy, 2008), and a recent model com-
parison shows that the Hadley IRF lies within the 5–95 %
range in a model intercomparison (Olivié and Peters, 2012).
The remaining RE and lifetimes for the long-lived green-
house gases are from Forster et al. (2007), for BC, OC, direct
SO2, contrail, and aircraft induced cirrus from Fuglestvedt et
al. (2010). The parameters for aircraft NOx are from Steven-
son et al. (2004), for surface NOx the global run from Wild et
al. (2001), for shipping NOx from Fuglestvedt et al. (2008),

for CO from Derwent et al. (2001), and for VOC from Collins
et al. (2002), as given by Fuglestvedt et al. (2010). Since
Collins et al. (2002) give the metric parameterizations for
VOC per unit C and not VOC, the emissions from EDGAR
have been multiplied with a factor of 0.6 (IPCC, 2006). The
metric values for NH3 are based on Shindell et al. (2009).
The BC parameterisation here does not consider the impact
of BC in snow (see Sect. 2.3.3). An overview of species in-
cluded and references used is given in Table 3.

The aerosol indirect effect (AIE) is normally applied in the
metrics by scaling it relative to the direct (sulfate) aerosol
effect. The scaling is obtained using globally averaged cen-
tral estimate values and is crudely set to 1.5–2, as the AIE is
larger than the direct aerosol effect. The direct aerosol effect
and indirect aerosol effect have radiative forcings of about
−0.5 and −0.7 W m−2, respectively (Forster et al., 2007).
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
various types of aerosols. Our default case is to assume the
AIE is entirely due to SO2. We have scaled AIE in shipping
as the indirect effect of SO2 given by the average of Lauer et
al. (2007), which scales AIE to be 830 % of the direct effect.
For all other sectors, the AIE can be estimated to be about
175 % of the direct effect of SO2 (Forster et al., 2007). We
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
based the AIE on a mix of BC (10 %), OC (30 %) and SO2
(60 %) to test the robustness of the ranking given the ranges
for AIE. The ranking of sectors for global emissions differs
little between the parameterisations, and these variations are
only observed for the shortest time horizons.

6.2 Metric values as a function of time horizon

The GWP, GTP and iGTP values for a range of pollutants are
shown in Fig. 8 based on equations in Sects. 3.1.2, 3.1.3 and
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-
curred at previous times, while the GTP puts less weight on
the RF at earlier times as the ocean modulates the transport
of energy radiated back to space. GTP is an end-point met-
ric that only looks at the climate system at a specific time.
As shown in earlier work, there is a similarity between the
GWP and iGTP, but neither is similar to the GTP (Peters et
al., 2011a). The GTP values are generally lower for the same
time horizon. Organic carbon (OC) and SO2 have negative
RF and, hence, negative metric values for all times. NOx has
a net value that is initially positive and, then, change sign
as different responses take effect. Almost all species become
less important with time relative to CO2, with the exception
of N2O and other LLGHGs with similar or longer lifetimes.
For N2O, it takes about 50 yr before its GTP value begins to
decrease.

It is also possible to have metrics with a variable time hori-
zon, where the evaluation year (TE) is fixed and the time
horizon is reduced as the evaluation year is approaching,
TH(t) = TE-t (Shine et al., 2007). Metrics with such a vari-
able time horizon can be visualised as the mirror image of
Fig. 8 (along the time horizon axis), also see Fig. 1 in Shine
et al. (2007). As the evaluation year is approached, the met-
ric values of species with lifetimes similar to CH4 and shorter
increase. For the other LLGHGs, the metric values are rather
constant throughout the period.

6.3 Ranking of countries by total emissions using
different metrics

Figure 9 shows the CO2-equivalent emissions for global
emissions in 2008, including both SLCFs and LLGHGs,
and using different emission metrics. The importance of the

Table 5. The share of methane relative to the total emissions for
top ten emitters when using different emission metrics. Due to the
strong negative climate response (cooling) of SLCFs in some coun-
tries, the shares of CH4 can be greater than 100 % for some metrics
with short time horizons. This is not due to CH4 dominating the to-
tal climate impact, but due to cancelation effects between warming
and cooling effects (see Fig. 10). For China, there is a net cooling
for GWP20; thus, a methane share is not available.

Share of
methane
for countries GWP20 GWP100 GTP20 GTP50 GTP100

China N/A 29.7 % 51.2 % 10.2 % 3.4 %
US 31.7 % 10.8 % 21.7 % 5.1 % 1.7 %
Russia 91.6 % 28.5 % 48.8 % 12.9 % 4.4 %
India 182.2 % 41.2 % 62.8 % 17.2 % 6.1 %
Indonesia 39.7 % 13.9 % 26.7 % 6.6 % 2.2 %
Japan 16.3 % 4.1 % 8.7 % 1.8 % 0.6 %
Brazil 72.7 % 35.9 % 56.2 % 19.1 % 7.1 %
Germany 22.5 % 7.3 % 15.4 % 3.4 % 1.1 %
Canada 111.5 % 22.9 % 41.1 % 9.5 % 3.2 %
UK 35.0 % 12.4 % 25.1 % 5.9 % 1.9 %

SLCFs decreases with increasing time horizon and their rel-
ative contributions are small when using a GTP with a 100 yr
time horizon. CO2 dominates the metric weighted emissions
in all cases, even when GTP20 is used. For the shortest time
horizons, the effect of the sum of SO2 and AIE can be larger
than the effect of CO2.

In Table 4, we rank countries according to climate impact
by using different emission metrics. There are few changes in
ranking with the use of different emission metrics since CO2
emissions dominate the total climate response, with the ex-
ception of GWP20. The relative share of global emissions
attributed to individual countries can differ; China’s share
of global emissions varies between 17 and 21 % using the
GWP100 and GTP100, while China’s share is negligible for
GWP20. A key reason for the differences using a GWP20
is that the metric values of SLCFs change rapidly for small
times; for instance, the cooling from SO2 and AIE is signif-
icant with GWP20 and SO2 emissions vary significantly be-
tween countries. The top ten emitters are almost independent
of the metric, with the exception of GWP20.

Within each country, the relative weights of SLCFs and
LLGHGs can change significantly with different metrics. Ta-
ble 5 shows the relative share of CH4 in the total emis-
sions using different emission metrics for the top ten emit-
ters (as for GWP100). The share attributed to methane de-
creases with time horizon, as CH4 has a much shorter re-
sponse time than CO2. Many developing countries have rel-
ative large CH4 emissions and are particularly affected by
changing metrics. Using a GWP100, CH4 represents about
36 and 41 % of the total emissions in Brazil and India, respec-
tively, but this increases to about 56 and 63 % with GTP20.
China and the Russian Federation have 30 and 29 % allocated
to CH4 for a GWP100, but increasing to 51 and 49 % with
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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 Fig. 10.
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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-CO2 effects will be relative larger compared to CO2. “Synthetic” 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 CH4 is largest for GWP20 due
to the shorter perturbation lifetime of CH4, and for GWP20
the contribution of CH4 can be greater than 100 % due to
the presence of SLCFs with cooling effects. Thus, changing
emission metric may have a significant impact on the dis-

tribution of emissions allocated to each country, and conse-
quently, this may have significant effects on calculated miti-
gation costs and ranking of measures.
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6.4 Application of metrics to sectorial and regional
emissions

Figure 10 shows the estimated temperature perturbation
based on time dependent AGTP as calculated by Eq. (49) for
pulse and sustained emissions of EDGAR year 2008 accord-
ing to species for China, the USA and globally. The sustained
emission scenario assumes constant 2008 emissions into the
future, and we further assume – consistent with the applica-
tion of metrics (to compare GHGs) – that this does not affect
the background concentration. While the SLCFs are impor-
tant for the temperature perturbation in the first years after a
pulse emission, CO2 dominates in the long run, which is due
to long response time for CO2. In general, the climate impact
is governed by species with strong, but short-lived impact
and weak, but long-lived impacts. In the sustained emission
case, the emissions continue into the atmosphere indefinitely;
hence, the temperature perturbation from SLCFs is not re-
duced as time increases, but instead reaches approximately
a steady-state. However, the concentration of CO2 increases
with time as it does not decay to zero and, thus, accumu-
lates in the atmosphere, leading to a near linear increase in
the temperature perturbation from CO2 emissions. The dif-
ferences between countries are rather small.

The same estimated temperature perturbation is divided
according to sectors in Fig. 11. Instantaneous pulse emis-
sions for 2008 emissions from all sectors give rise to warm-
ing, with the exception of cooling from the energy and indus-
try sectors in the first 5–20 yr and a small cooling from ship-
ping in the first 40 yr. The cooling is due to emissions of SO2
and is more persistent in China due to the higher emissions of
SO2 relative to CO2. If we exclude the AIE, the cooling oc-
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 for
both pulse and sustained emissions, as CO2 dominates over
the cooling components. Only the shipping sector has a con-
tinuous negative contribution in the sustained case; however,
note that this assumes no changes in emissions or technology
into the future.

While Figs. 10 and 11 consider emissions by species and
sector separately as a function of time; Fig. 12 shows the
contribution of the different sectors by species after 50 yr for
China, USA, EU and the World. Globally, the largest sectors
according to AGTP50 are energy , industry, biomass burn-
ing and road transportation. CO2 has overall the largest im-
pact, while CH4 dominates the sectors animal husbandry and
waste and N2O dominates agriculture. Emissions of synthetic
gases come mainly from the industry sector.

7 Conclusions

We have presented the parameterisations and analytical
expressions of radiative forcing, integrated radiative forc-
ing, temperature and integrated temperature change in
both absolute and normalised forms for three types of
species: (1) species with a simple exponential decay (e.g.,
CH4), (2) CO2 which has a complex decay over time, and 3)
ozone precursors (e.g., NOx, CO, VOC). Since the purpose of
using metrics differs depending on context and the questions
being addressed, different metrics and time horizons may be
preferable for different applications. We have discussed key
issues and assumptions in the various parameterisations, par-
ticularly in relation to deriving Impulse Response Functions,
radiative efficiencies, lifetimes, and a range of indirect ef-
fects. Finally, we applied the metrics in a variety of different
applications to show the importance of metrics and the re-
lated choices in policy-relevant applications, such as ranking
of emissions from countries, sectors and different species.
We have focused on simple reduced form emission metrics
based on simple analytical expressions with parameters de-
rived from more complex models. There are a range of alter-
native approaches to develop emission metrics that include
more detailed representations of the climate or economic sys-
tem. The sample applications show that CO2 is important re-
gardless of what metric and time horizon is used, but that the
importance of SLCFs varies greatly depending on the metric
used. The ranking of the top ten countries by emissions varies
little with different metrics (except for GWP20). We hope
that this document acts as a valuable documentation for fu-
ture metrics calculations, comparisons, further development
and will be useful for various applications.
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François-Marie Bréon for identifying an error in an early version
of the paper. We also appreciate the valuable comments given by
Daniel Johansson, an anonymous referee, and the editor.

Edited by: S. Smith

www.earth-syst-dynam.net/4/145/2013/ Earth Syst. Dynam., 4, 145–170, 2013



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

References

Archer, D. and Brovkin, V.: The millennial atmospheric life-
time of anthropogenic CO2, Climatic Change, 90, 283–297,
doi:10.1007/s10584-008-9413-1, 2008.

Archer, D., Eby, M., Brovkin, V., Ridgwell, A., Cao, L., Mikolajew-
icz, U., Caldeira, K., Matsumoto, K., Munhoven, G., Montene-
gro, A., and Tokos, K.: Atmospheric lifetime of fossil fuel car-
bon dioxide, in: Annual review of earth and planetary sciences,
Annual review of earth and planetary sciences, Ann. Rev., Palo
Alto, 117–134, 2009.

Azar, C. and Johansson, D. J. A.: On the relationship between met-
rics to compare greenhouse gases –the case of IGTP, GWP and
SGTP, Earth Syst. Dynam., 3, 139–147, doi:10.5194/esd-3-139-
2012, 2012.

Berntsen, T. and Fuglestvedt, J. S.: Global temperature responses to
current emissions from the transport sectors, Proc. Natl. Acad.
Sci., 105, 19154–19159, doi:10.1073/pnas.0804844105, 2008.

Berntsen, T., Fuglestvedt, J. S., Joshi, M., Shine, K., Stuber, N., Li,
L., Hauglustaine, D., and Ponater, M.: Climate response to re-
gional emissions of ozone precursers: Sensitivities and warming
potentials, Tellus B, 57, 283–304, 2005.

Berntsen, T., Fuglestvedt, J. S., Myhre, G., Stordal, F., and Berglen,
T. F.: Abatement of greenhouse gases: Does location matter?,
Climatic Change, 74, 377–411, 2006.

Boer, G. B. and Yu, B. Y.: Climate sensitivity and response, Clim.
Dynam., 20, 415–429, doi:10.1007/s00382-002-0283-3, 2003.

Bond, T. C., Zarzycki, C., Flanner, M. G., and Koch, D. M.: Quan-
tifying immediate radiative forcing by black carbon and organic
matter with the Specific Forcing Pulse, Atmos. Chem. Phys., 11,
1505–1525, doi:10.5194/acp-11-1505-2011, 2011.

Boucher, O.: Comparison of physically- and economically-based
CO2-equivalences for methane, Earth Syst. Dynam., 3, 49–61,
doi:10.5194/esd-3-49-2012, 2012.

Boucher, O. and Reddy, M. S.: Climate trade-off between black
carbon and carbon dioxide emissions, Energ. Pol., 36, 193–200,
2008.

Boucher, O., Friedlingstein, P., Collins, B., and Shine, K. P.:
The indirect global warming potential and global temperature
change potential due to methane oxidation, Environ. Res. Lett.,
4, 044007, doi:10.1088/1748-9326/4/4/044007, 2009.

Caldeira, K. and Kasting, J. F.: Insensitivity of global warming po-
tentials to carbon dioxide emission scenarios, Nature, 366, 251–
253, 1993.

Collins, W. J., Derwent, R. G., Johnson, C. E., and Stevenson, D.
S.: The oxidation of organic compounds in the troposphere and
their global warming potentials, Climatic Change, 52, 453–479,
doi:10.1023/a:1014221225434, 2002.

Collins, W. J., Sitch, S., and Boucher, O.: How vegetation impacts
affect climate metrics for ozone precursors, J. Geophys. Res.,
115, D23308, doi:10.1029/2010jd014187, 2010.

Collins, W. J., Fry, M. M., Yu, H., Fuglestvedt, J. S., Shindell, D.
T., and West, J. J.: Global and regional temperature-change po-
tentials for near-term climate forcers, Atmos. Chem. Phys., 13,
2471–2485, doi:10.5194/acp-13-2471-2013, 2013.

Cox, R. A. and Wuebbles, D.: Scientific assessment of stratospheric
ozone: 1989. Volume 1, Chapter 4. Halocarbon ozone depletion
and global warming potentials, World Meteorological Organiza-
tion, Geneva, Switzerland, 1989.

Daniel, J. S., Solomon, S., and Albritton, D. L.: On the evaluation
of halocarbon radiative forcing and global warming potentials, J.
Geophys. Res., 100, 1271–1285, doi:10.1029/94jd02516, 1995.

Daniel, J., Solomon, S., Sanford, T., McFarland, M., Fuglestvedt,
J., and Friedlingstein, P.: Limitations of single-basket trading:
Lessons from the montreal protocol for climate policy, Climatic
Change, 111, 241–248, doi:10.1007/s10584-011-0136-3, 2012.

Denman, K. L., Brasseur, G., Chidthaisong, A., Ciais, P., Cox, P.
M., Dickinson, R. E., Hauglustaine, D., Heinze, C., Holland, E.,
Jacob, D., Lohmann, U., Ramachandran, S., Dias, P. L. D. S.,
Wofsy, S. C., and Zhang, X.: Couplings between changes in the
climate system and biogeochemistry, in: Climate change 2007:
The physical science basis. Contribution of working group i to
the fourth assessment report of the intergovernmental panel on
climate change, edited by: Solomon, S. D., Qin, D., Manning,
M., Chen, Z., Marquis, M., Averyt, K. B., Tignor, M., and Miller,
H. L., Cambridge University Press, Cambridge, United Kingdom
and New York, NY, USA, 2007.

Derwent, R. G., Environmental, U. K. A. E. A., and Division, M. S.:
Trace gases and their relative contribution to the greenhouse ef-
fect, AEA Technology, Atomic Energy Research Establishment,
1990.

Derwent, R. G., Collins, W. J., Johnson, C. E., and Stevenson, D.
S.: Transient behaviour of tropospheric ozone precursors in a
global 3-D CTM and their indirect greenhouse effects, Climatic
Change, 49, 463–487, doi:10.1023/a:1010648913655, 2001.

Doherty, S. J., Warren, S. G., Grenfell, T. C., Clarke, A. D.,
and Brandt, R. E.: Light-absorbing impurities in Arctic snow,
Atmos. Chem. Phys., 10, 11647–11680, doi:10.5194/acp-10-
11647-2010, 2010.

Eby, M., Zickfeld, K., Montenegro, A., Archer, D., Meissner,
K. J., and Weaver, A. J.: Lifetime of anthropogenic climate
change: Millennial time scales of potential CO2 and sur-
face temperature perturbations, J. Climate, 22, 2501–2511,
doi:10.1175/2008jcli2554.1, 2009.

EC: Emission database for global atmospheric research (EDGAR),
release version 4.2., edited by: European Commission, J. R. C.
J. N. E. A. A. P., available at: http://edgar.jrc.ec.europa.eu/ (last
access: 26 April 2013), 2011.

Enting, I. G.: Laplace transform analysis of the car-
bon cycle, Environ. Modell. Softw., 22, 1488–1497,
doi:10.1016/j.envsoft.2006.06.018, 2007.

Enting, I. G., Wigley, T. M. L., and Heimann, M.: Fu-
ture emissions and concentrations of carbon dioxide: Key
ocean/atmosphere/land analyses, CSIRO Division of Atmo-
spheric Research Technical Paper no. 31, 1994.

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fa-
hey, D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre, G.,
Nganga, J., Prinn, R., Raga, G., Schulz, M., and Dorland, R. V.:
Changes in atmospheric constituents and in radiative forcing, in:
Climate change 2007: The physical science basis. Contribution
of working group i to the fourth assessment report of the in-
tergovernmental panel on climate change, edited by: Solomon,
S., Qin, D., Manning, M., Chen, Z., Marquis, M., Averyt, K. B.,
Tignor, M., and Miller, H. L., Cambridge University Press, Cam-
bridge, United Kingdom and New York, NY, USA, 2007.

Friedlingstein, P., Cox, P., Betts, R., Bopp, L., von Bloh, W.,
Brovkin, V., Cadule, P., Doney, S., Eby, M., Fung, I., Bala, G.,
John, J., Jones, C., Joos, F., Kato, T., Kawamiya, M., Knorr,

Earth Syst. Dynam., 4, 145–170, 2013 www.earth-syst-dynam.net/4/145/2013/



B. Aamaas et al.: Simple emission metrics for climate impacts 167

W., Lindsay, K., Matthews, H. D., Raddatz, T., Rayner, P., Re-
ick, C., Roeckner, E., Schnitzler, K. G., Schnur, R., Strassmann,
K., Weaver, A. J., Yoshikawa, C., and Zeng, N.: Climate–carbon
cycle feedback analysis: Results from the C4MIP model inter-
comparison, J. Climate, 19, 3337–3353, doi:10.1175/jcli3800.1,
2006.

Fry, M. M., Naik, V., West, J. J., Schwarzkopf, D., Fiore, A.,
Collins, W. J., Dentener, F., Shindell, D. T., Atherton, C. S.,
Bergmann, D. J., Duncan, B. N., Hess, P. G., MacKenzie, I. A.,
Marmer, E., Schultz, M. G., Szopa, S., Wild, O., and Zeng, G.:
The influence of ozone precursor emissions from four world re-
gions on tropospheric composition and radiative climate forcing,
J. Geophys. Res., 117, D07306, doi:10.1029/2011JD017134,
2012.

Fuglestvedt, J. S., Isaksen, I. S. A., and Wang, W. C.: Estimates of
indirect global warming potentials for CH4, CO and NOx, Cli-
matic Change, 34, 405–437, 1996.

Fuglestvedt, J. S., Berntsen, T. K., Isaksen, I. S. A., Mao, H.,
Liang, X.-Z., and Wang, W.-C.: Climatic forcing of nitrogen
oxides through changes in tropospheric ozone and methane;
global 3D model studies, Atmos. Environ., 33, 961–977,
doi:10.1016/s1352-2310(98)00217-9, 1999.

Fuglestvedt, J. S., Berntsen, T., Godal, O., and Skovdin, T.: Climate
implications of GWP-based reductions in greenhouse gas emis-
sions, Geophys. Res. Lett., 27, 409–412, 2000.

Fuglestvedt, J. S., Berntsen, T. K., Godal, O., Sausen, R., Shine, K.
P., and Skodvin, T.: Metrics of climate change: Assessing radia-
tive forcing and emission indices, Climatic Change, 58, 267–331,
2003.

Fuglestvedt, J., Berntsen, T., Myhre, G., Rypdal, K., and Skeie, R.
B.: Climate forcing from the transport sectors, Proc. Natl. Acad.
Sci., 105, 454–458, doi:10.1073/pnas.0702958104, 2008.

Fuglestvedt, J. S., Shine, K. P., Berntsen, T., Cook, J., Lee, D. S.,
Stenke, A., Skeie, R. B., Velders, G. J. M., and Waitz, I. A.:
Transport impacts on atmosphere and climate: Metrics, Atmos.
Environ., 44, 4648–4677, 2010.

Gillett, N. P. and Matthews, H. D.: Accounting for carbon cy-
cle feedbacks in a comparison of the global warming ef-
fects of greenhouse gases, Environ. Res. Lett., 5, 034011,
doi:10.1088/1748-9326/5/3/034011, 2010.

Hansen, J. and Nazarenko, L.: Soot climate forcing via snow
and ice albedos, Proc. Natl. Acad. Sci. USA, 101, 423–428,
doi:10.1073/pnas.2237157100, 2004.

Hansen, J., Sato, M., Ruedy, R., Nazarenko, L., Lacis, A., Schmidt,
G. A., Russell, G., Aleinov, I., Bauer, M., Bauer, S., Bell, N.,
Cairns, B., Canuto, V., Chandler, M., Cheng, Y., Del Genio, A.,
Faluvegi, G., Fleming, E., Friend, A., Hall, T., Jackman, C., Kel-
ley, M., Kiang, N., Koch, D., Lean, J., Lerner, J., Lo, K., Menon,
S., Miller, R., Minnis, P., Novakov, T., Oinas, V., Perlwitz, J.,
Perlwitz, J., Rind, D., Romanou, A., Shindell, D., Stone, P., Sun,
S., Tausnev, N., Thresher, D., Wielicki, B., Wong, T., Yao, M.,
and Zhang, S.: Efficacy of climate forcings, J. Geophys. Res.,
110, D18104, doi:10.1029/2005jd005776, 2005.

Held, I. M.: The gap between simulation and understanding in
climate modelling, B. Am. Meteorol. Soc., 86, 1609–1614,
doi:10.1175/BAMS-86-11-1609, 2005.
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Abstract

For short lived climate forcers (SLCFs), the impact of emissions depends on where
and when the emissions take place. Comprehensive new calculations of various emis-
sion metrics for SLCFs are presented based on radiative forcing (RF) values cal-
culated in four different (chemistry-transport or coupled-chemistry climate) models.5

We distinguish between emissions during summer (May–October) and winter season
(November–April) for emissions from Europe, East Asia, as well as the global shipping
sector. The species included in this study are aerosols and aerosols precursors (BC,
OC, SO2, NH3), and ozone precursors (NOx, CO, VOC), which also influence aerosols,
to a lesser degree. Emission metrics for global climate responses of these emissions,10

as well as for CH4, have been calculated relative to CO2, using Global Warming Poten-
tial (GWP) and Global Temperature change Potential (GTP), based on dedicated RF
simulations by four global models. The emission metrics include indirect cloud effects
of aerosols and the semi-direct forcing for BC. In addition to the standard emission
metrics for pulse and sustained emissions, we have also calculated a new emission15

metric designed for an emission profile consisting of a ramp up period of 15 years fol-
lowed by sustained emissions, which is more appropriate for a gradual implementation
of mitigation policies.

For the aerosols, the emission metric values are larger in magnitude for Europe than
East Asia and for summer than winter. A variation is also observed for the ozone pre-20

cursors, with largest values in East Asia and winter for CO and in Europe and summer
for VOC. In general, the variations between the emission metrics derived from different
models are larger than the variations between regions and seasons, but the regional
and seasonal variations for the best estimate also hold for most of the models indi-
vidually. Further, the estimated climate impact of a mitigation policy package is robust25

even when accounting for correlations. For the ramp up emission metrics, the values
are generally larger than for pulse or sustained emissions, which holds for all SLCFs.
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For a potential SLCFs mitigation policy, the dependency of metric values on the region
and season of emission should be considered.

1 Introduction

Climate is impacted by various emitted gases and particles with a range of radiative ef-
ficiencies, lifetimes, and climate efficacies (e.g., Myhre et al., 2013). Emissions of CO2,5

N2O, and some of the gases included in the Kyoto Protocol are defined as long-lived
greenhouse gases (LLGHGs). In addition, emissions of BC, OC, SO2, NH3, NOx, CO,
and VOC cause changes in atmospheric levels of short lived climate forcers (SLCFs),
such as ozone and aerosols (BC, OC, sulphate and nitrate). CH4 is a well-mixed gas
as the LLGHGs, but is often categorized together with the SLCFs since its lifetime is10

shorter than a realistic time scale for stabilizing anthropogenic influence on climate.
There has recently been increased interest by policy makers to mitigate these SLCFs,
for instance as advocated by the Climate and Clean Air Coalition (CCAC) motivated by
co-benefits to climate and air quality (Schmale et al., 2014). The climate benefits for the
next few decades of reducing SLCFs today are comparable to a climate policy on LL-15

GHGs (Smith and Mizrahi, 2013). However, Myhre et al. (2011) point out that reducing
emissions of SLCFs today might potentially result in a delay in CO2 mitigation, which
may give unwanted long-term consequences (Pierrehumbert, 2014). Studies show that
climate change in the long term is mainly governed by CO2 emissions; however, mitiga-
tion of SLCFs may temporarily decrease the rate of warming (Shoemaker et al., 2013;20

Bowerman et al., 2013). Rogelj et al. (2014) argue that quantifying the climate impact
of actual mitigating policies targeted on SLCFs is difficult, as the sources are common
for a range of SLCFs and LLGHGs; thus, these linkages should be considered.

The impact of emissions of different SLCFs may be measured with the use of emis-
sion metrics which quantify an idealized climate impact per unit mass of emissions25

of a given species. Various applications exist (Fuglestvedt et al., 2003; Tanaka et al.,
2010; Aamaas et al., 2013), the main ones are to (1) provide an “exchange rate” be-
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tween different emitted species used in mitigation policies, (2) compare different ac-
tivities and technologies that emit species over time such as in Life Cycle Assess-
ment (LCA), and (3) compare in a simplified manner the climate responses of vari-
ous emissions to gain and communicate scientific understanding. The most common
emission metrics are time integrated radiative forcing (Absolute Global Warming Poten-5

tial, AGWP) (IPCC, 1990) and temperature perturbation (Absolute Global Temperature
change Potential, AGTP) (Shine et al., 2005, 2007), which normalized to CO2 become
GWP and GTP, respectively. Physically based metrics evaluate the idealized climate
impact (integrated global mean RF for GWP or global mean temperature change for
the GTP) over a certain time period (for the GWP) or at a given time after the emissions10

(for the GTP). This time period is called the time horizon and this choice is inevitably
influenced by value judgments. Here we present metric values for a range of time hori-
zons. Among the value choices are for instance looking at either temperature or forcing
and what time horizon to pick (Fuglestvedt et al., 2003; Tol et al., 2012; Myhre et al.,
2013). The Kyoto Protocol used GWP with a time horizon of 100 years.15

Emissions metrics have normally been calculated for global emissions. However,
due to short lifetimes compared to atmospheric mixing times, and because the chem-
istry and radiative effects on climate depends on the regional physical conditions, even
the global mean radiative forcing depends on the region of emissions (Fuglestvedt
et al., 1999; Wild et al., 2001; e.g., Berntsen et al., 2005; Naik et al., 2005). Then,20

the emission metric values will vary for different emission locations (Fuglestvedt et al.,
2010). In addition, a distinct pattern in the temperature response appear from all forc-
ings (Boer and Yu, 2003; Shindell et al., 2010). A growing literature investigates how
the weights of the emission metrics change as emissions from different regions of the
world are considered. Collins et al. (2013) assessed variations in emission metrics for25

four different regions (East Asia, Europe, North America, and South Asia) for aerosols
and ozone precursors, based on radiative forcings from consistent multimodel experi-
ments from the Hemispheric Transport of Air Pollution (HTAP) experiments given by Yu
et al. (2013); Fry et al. (2012). Collins et al. (2010) investigated also how emission met-
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ric values differ between regions, including vegetation responses. Bond et al. (2011)
quantified differences in RFs for BC and OC emissions from different locations and
types of emissions.

For SLCFs, the impact of emissions depends also on the seasons. As the chemistry
and radiative effects vary between summer and winter, the RF per unit emissions will5

differ between the seasons. An additional factor is that the magnitude of emissions fluc-
tuates between the seasons, which can also be the case for LLGHGs. E.g., emissions
of certain species from wood burning for domestic heating will be much larger in winter
than summer (Streets et al., 2003).

Bellouin et al. (2015) detail a comprehensive set of dedicated RF calculations with10

four models (ECHAM6-HAMMOZ, HadGEM3-GLOMAP, NorESM and OsloCTM2) for
emission perturbations in different regions (Europe, East Asia, shipping, as well as
global) and seasons (NH summer (May–October) and winter (November–April)) for
various SLCFs (BC, OC, SO2, NH3, NOx, CO, and VOC) and for global annual emis-
sions of CH4. Here, we present separate emission metric values for emissions during15

NH summer and winter emissions. In this study, we use the RF results from Bellouin
et al. (2015) to calculate emission metrics for the different regions and seasons. We
produce emission metrics for standard pulse emissions, but also for an emission pro-
file consisting of a ramp up period of 15 years followed by a sustained case, which can
illustrate a gradual implementation of technology standards. As the study is based on20

several models running the same experiments, this data allows us to investigate the
robustness in our findings. We analyze the robustness for individual species, as well
as for hypothetical policy mitigation packages. Finally, we discuss how the emission
metrics presented here can be used in mitigation policies.
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2 Material and methods

2.1 Radiative forcing

An overview of the 4 different coupled-chemistry climate models or chemical-transport
models presented by Bellouin et al. (2015), their resolution and species investigated
(SO2, BC, OC, NH3, NOx, CO, VOC, and CH4) is given in Table 1. Not all models have5

calculated RF for all species. While all four models give RFs for BC, OC, and SO2, only
the OsloCTM2 calculated RF for NH3. Three models (OsloCTM2, HadGEM3, NorESM)
have calculated RFs for the ozone precursors and CH4.

The calculations are based on different processes that affect RF, see Bellouin
et al. (2015). For aerosols and aerosol precursors, all four models calculate the aerosol10

direct and 1st indirect (cloud-albedo) effect, except ECHAM6 which only diagnosed di-
rect RF. For BC, OsloCTM2 estimated in addition the RF from BC deposition on the
snow and semi-direct effect. Only a few previous studies, such as Bond et al. (2013),
have included the semi-direct effect in emission metrics. For the ozone precursors and
CH4, the total RF consists of the aerosol direct and 1st indirect effects, short-lived15

ozone effect, methane effect, and methane-induced ozone effect. Only OsloCTM2 in-
cludes nitrate aerosols, but nitrate aerosol RF has been used to complement the esti-
mates by other models.

The best estimate of a species’ RF is given as the sum of all the processes, in which
the average across the models is used for each process. Not all processes, nor species,20

have been modeled by all models, and hence, the average for a process can be based
on anything from only one model to four models. ECHAM6 is not included in the best
estimate for OC and SO2, since this model does not diagnose the 1st indirect effect.
As this 1st indirect effect is significant compared to the direct effect in OsloCTM2 and
NorESM for OC and SO2, but to a much smaller degree for BC, we exclude ECHAM625

for the OC and SO2 averages, but not for the BC average.
For the high and low estimate, we sum the highest and lowest value, respectively, for

each individual process.
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These global-mean RFs of various species were calculated for emissions in different
regions. The three regions, following tier 1 HTAP regions, are Europe (Western and
Eastern Europe up to 66◦ N including Turkey), East Asia (China, Korea, and Japan),
and the global shipping sector. RF values are also available from remaining land ar-
eas outside of Europe and East Asia, for which results are presented for in Sect. 1 of5

the Supplement. Values for global emissions were also utilized. Emissions from ship-
ping are not included in the global estimates since only OsloCTM2 and NorESM in-
clude detailed estimates for the shipping sector. All estimates are given for Northern
Hemisphere (NH) summer and NH winter. As emissions globally and from the shipping
sector occur in both hemispheres, the two seasons are a mix of summer and winter10

conditions. For these two cases, we refer to NH winter and NH summer.

2.2 Emission metrics

In this study, we use the emission metrics GWP and GTP with varying time horizons.
In all perturbations, RF is annually and globally averaged, thus, the responses are also
annually averaged. AGWP for species i at time horizon H is defined as15

AGWPi (H) =

H∫

0

RFi (t)dt, (1)

where RF is the time varying radiative forcing following a unit mass pulse emission at
time zero. For aerosols, the radiative forcing values (RFss) (Wm−2(kgyr−1)−1) calcu-
lated by Bellouin et al. (2015) are based on assuming that the emissions are sustained
for a year and hence the concentrations are close to equilibrium values because of their20

short lifetimes. These RFss values have been converted into RF values (Wm−2 kg−1)
for an instantaneous emission for BC, OC, SO2, and NH3 by the formula (Aamaas et al.,
2013):

RF ≈ RFss

τ
, (2)
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where τ is the lifetime (yr) of the species. This conversion is only applicable when the
adjustment time of the species is significantly less than one year.

The AGTP is given as

AGTPi (H) =

H∫

0

RFi (t)IRFT (H − t)dt, (3)

where IRFT (H − t) is the temperature response at time H to a unit radiative forcing at5

time t. These emissions metrics (AGWP, AGTP) are given in absolute forms. They can
be normalized to the corresponding effect of CO2, where M is GWP or GTP, given as

Mi (t) =
AMi (t)

AMCO2
(t)

. (4)

To calculate the time-varying RF for a pulse emission of CO2 an impulse response
function (IRFC) for CO2 is needed. Here we use the IRFC based on the Bern Carbon10

Cycle Model (Joos et al., 2013) as reported in Myhre et al. (2013). The IRFT is based
on simulations with the Hadley Centre CM3 climate model (Boucher and Reddy, 2008).
These parameterizations have uncertainties, and the spread due to IRFT is larger for
SLCFs than for species with longer lifetimes (Olivié and Peters, 2013) The emission
metric parameterizations for CH4 comes from Myhre et al. (2013).15

Emission metrics for pulse emissions are in principle the most useful metrics, even
though emissions follow a given temporal profile. A pulse can be seen as an instan-
taneous emission, or constant emission during a short period (� H), followed by no
emissions. In real life, implementing mitigation can be a gradual process where emis-
sions are gradually reduced over some period, followed by a sustained level of emission20

reduction. This reflects regulations or technical improvements that are phased in over
a given period and then sustained indefinitely. Such an emission profile, or mitigation
profile, can be called a “ramp up”. These different types of emission profiles are shown
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in Fig. 1. For ramp up or any other emissions scenarios, the emission metric can be
calculated by a convolution. A temperature response is calculated as

ΔTi (t) =

t∫

0

Ei (t
′)AGTPi (t− t′)dt′. (5)

E is the emission scenario and AGTP gives the temporal temperature perturbation for
a unit of emissions. The absolute metrics for compound i for the ramp up scenarios5

(AMR
i ) are calculated according to

AMR
i (H) =

H∑
te=0

Ei (te)×AMp
i (H − te), (6)

where AMp
i H is the corresponding absolute pulse metric (e.g., AGWP or AGTP) for

time horizon H, and E(te) is the emission at time te. The integral in Eq. (5) is the
general notation, while we apply this in our calculations with the sum in Eq. (6). Note10

that the sustained case is a special case where E (t) = 1 for all t. For a ramp up period
of mitigation of TH years, change in emissions in year t in the first TH years are t×E (t)

TH
and after that E (t). We show results only for a ramp up period of TH = 15 years, but we
have also investigated other implementation rates. The total response for a scenario is
found by multiplying Eq. (6) with the total emission change. Note that since emission15

metric values for SLCFs increase with decreasing time horizon (because they are short
lived), their “ramp up” emission metrics values are significantly higher than the standard
pulse based values.

Emission metrics normalized to the corresponding absolute emission metric for ramp
up emissions of CO2(MR

i (H)) are calculated by20

MR
i (H) =

AMR
i (H)

AMR
CO2

(H)
. (7)
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Note that since the pulse metrics are given by region and season, so are the ramp up
metrics (MR

i (H)).
For policymakers to apply this concept to compare different (n) sets of mitigation

options (all following the same ramp up profiles over time, but with different mix of
species, regions, and seasons) the net impacts (In(H)) (i.e., AGWP or AGTP) for all5

options must be calculated according to

In(H) =
∑
j

∑
i

ΔEi (j )×MR
i (H). (8)

Here ΔEi (j ) denotes the total mitigation (at the end of the ramp up period) of compo-
nent i emitted in region j .

3 Results10

3.1 Emission metric values

3.1.1 Best estimates

First, we present the best estimate of emission metric values for pulse emissions, see
Table 2 for GTP(20) values. Additional values for GWP and for other selected time
horizons are given in Table S1 in the Supplement. Due to space constraints, we can15

only present values for a few time horizons. What emission metric and time horizon to
use depends on the application, and a range of different justified choices are possible
(Aamaas et al., 2013). If the focus is on temperature change in the next few decades,
GTP(20) can be applied. In Fig. 2, GTP(20) values are given for the different species,
decomposed by a range of processes. Figure 3 presents results for GWP(100) for the20

ozone precursors. We first focus on a few selected time horizons, but Sect. 3.1.5 shows
how emission metrics evolve for a range of time horizons.
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The uncertainties in Figs. 2 and 3 are given as the range across all contributing
models. The uncertainty is in general larger than the variation between different regions
and seasons. Thus, when including the uncertainty, it is less clear which region and
season give the largest and smallest emission metric values. However, we will show in
Sect. 3.1.3 and 3.1.4 that the best estimate is more robust than the uncertainty bars5

indicate.
The emission metric values for the shipping sector are based on only two models

(OsloCTM2 and NorESM). We do not provide uncertainty ranges for shipping due to
the low numbers of models. Further, the robustness of these values presented is lower
than for the other regions for the same reason.10

We find distinct differences between regions and seasons for all species. For the
aerosols BC, OC, and SO2, the magnitude of the total GTP(20) values are higher for
emissions during summer than winter and larger for Europe than for East Asia. Collins
et al. (2013) also estimated higher values for Europe than East Asia, while Fuglestvedt
et al. (2010) based on earlier calculations in the literature gave partly conflicting results.15

As a significant share of the emissions from the shipping sector, as well for global emis-
sions, are occurring in the Northern Hemisphere, the seasonal variation is similar for
these two categories except for BC for shipping. Seasonal variations are mainly driven
by aerosol RF, which is mainly located in the shortwave spectrum. Greater sunlight du-
ration in local summer yields stronger RFs (Bellouin et al., 2015). Seasonal differences20

in atmospheric lifetimes, caused by seasonality in precipitation, will also contribute.
For BC, the elevated aerosol direct effect in summer is partially cancelled out by

a cooling effect by the semi-direct effect (see Fig. 2). The semi-direct effect is due to the
absorption of solar radiation of particles, which affects the atmospheric static stability,
and impacts on clouds. The impact of BC deposition on snow is largest for emissions25

during winter and larger for Europe than East Asia. The BC surface albedo effect is
governed by the extent of snow and ice covered surface areas, but depends also on
the availability of solar radiation where the BC is deposited. For Europe, the snow
effect is 65 % of the direct effect in winter and 3.1 % in summer, while the corresponding
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percentages are 26 and 1.5 % for East Asia. The shares are similar for the shipping and
global, with lowest shares for global emissions. As explained by Bellouin et al. (2015),
this is due to atmospheric transport: according to the models, European emissions
of BC are preferentially transported to the Arctic, where they modify the albedo of
snow. Seasonality is driven by snow cover, which is larger in winter and early spring.5

In Europe, the semi-direct effect is −32 % of the direct effect in summer and −3.3 %
in winter, while it is −51 and 14 %, respectively, for East Asia. As the other regions
are a mix of summer and winter because both hemispheres are included, the semi-
direct effect is smeared out on the two seasons, but largest in absolute value for NH
summer. For NH3, the GTP(20) value is larger for Europe than East Asia, in summer10

but not for winter, as explained by Bellouin et al. (2015). Ammonium nitrate aerosol
formation is strongly dependent on relative humidity and temperature, and competes
for ammonium with sulphate aerosols, which has larger concentrations in local summer
(Bellouin et al., 2011). Those complex interactions may explain different seasonalities
in different regions, and will contribute to model diversity.15

For the ozone precursors, the variability between regions and seasons is smallest
for CO. For CO, GTP(20) values are higher for winter than summer. Due to the longer
lifetime of CO during winter, a large fraction of the CO emitted during winter will undergo
long-range transport and will be oxidized in relatively clean low-NOx environments.
There CO-oxidation will reduce OH and thus increase the methane lifetime. As can be20

seen in Fig. 2, it is the indirect methane effect that leads to higher metric values for
wintertime emissions. Furthermore, GTP(20) values of CO are slightly larger for East
Asia than Europe. For VOC, the seasonal variability is opposite with highest GTP(20)
values for summer. Further, GTP(20) values are higher for Europe than East Asia.
The overall picture is a bit more complex for NOx. The seasonal difference is very25

small for GTP(20) values in East Asia. However, for Europe, the GTP(20) value is more
negative for summer and less negative for winter. Shipping has the largest GTP(20)
values in magnitude for all ozone precursors, driven by a large methane effect. Collins
et al. (2013) observed the same annual pattern for Europe and East Asia as we do.
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For aerosols emissions and the major aerosols precursors, the relative ratios be-
tween the different regions and seasons are constant while varying the emission metric
and time horizon applied. On the other hand, the relative ratios between different emis-
sion metric values for the ozone precursors differ with varying emission metrics and
time horizons. The ratios for the aerosols are fixed since the aerosols have little effect5

on perturbations of atmospheric composition and components with long adjustment
times. By contrast, the ozone precursors affect processes with longer time constants.
By causing a change in OH-levels, methane with an adjustment time of about 10 years
is perturbed. Hence, we also show GWP(100) values for the ozone precursors (Fig. 3),
while similar figures for the other species are provided in the Supplement (Fig. S1). For10

the ozone precursors, the aerosol direct and indirect effect and the short-lived ozone
effect are given relatively more weight for GWP(100) than GTP(20) than the methane
effect and methane-induced ozone effect, since GWP integrates the RF up to the time
horizon, while GTP is an end-point indicator. As the time horizon increases, the relative
contribution from methane and methane-induced ozone increases and the contribution15

from aerosols and short-lived ozone decreases. The overall picture presented here for
GTP(20) and GWP(100) is mostly similar. But for NOx, no significant seasonal differ-
ence was observed in GTP(20) values for East Asia, the value in winter is almost twice
as negative as the summer values for GWP(100).

3.1.2 Comparison with literature20

As already observed, the variations with respect to regional emissions for emission
metric values are in line with Collins et al. (2013). Fuglestvedt et al. (2010) also pre-
sented emission metrics with respect to regional emissions based on earlier calcula-
tions in the literature, but with some conflicting results between available studies. Our
findings are therefore somewhat in line with Fuglestvedt et al. (2010). In general, the25

specific emission metric values are also comparable with Collins et al. (2013). How-
ever, a complete comparison is not possible as we have included the effect of aerosols
for the ozone precursors and the semi-direct and deposition on snow effect for BC.
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The findings are also generally similar to previous estimates for emission metrics of
global emissions (e.g., Fuglestvedt et al., 2010), with some discrepancies we will dis-
cuss here. A comparison of modeled GWP and GTP values with a selection from the
literature for some selected time horizons is given in Table S1.

For BC, Bond et al. (2011, 2013) presented about 50–60 % higher emission metric5

values, while other studies (Fuglestvedt et al., 2010; Collins et al., 2013) are in line
with this study and Hodnebrog et al. (2014) give significant lower values. As discussed
in Hodnebrog et al. (2014), the atmospheric lifetime of BC may be shorter and the BC
emissions may be larger than previously thought (e.g., Fuglestvedt et al., 2010) leading
to emission metric values almost halved compared to previous estimates (−44 % for the10

example given in Hodnebrog et al., 2014). The OC values in our study are almost 200 %
higher in magnitude than the literature, driven by the high values in one of the models
(NorESM). The OC values from NorESM are driven by a strong indirect effect. When
this indirect effect is excluded, the NorESM value is similar to the others as well as the
literature. For SO2, the emission metric values for the winter season are similar to the15

literature, while more than doubled for summer. As for OC, the more negative emission
metric values for SO2 are driven by the inclusion of the indirect effect. The one study
(Shindell et al., 2009) we found on NH3 gave emission metric values that are about the
double of our annual average. The literature shows a wide range in the emission metric
values for NOx depending on the source and region. Our estimates are within this range20

but, on the more negative side within the range, about 80 % stronger than the values
used for land-based emissions in Myhre et al. (2013). The emission metric values for
CO are roughly 0–30 % higher than in the literature, partly driven by the additional
positive impact of including the aerosol effect. For VOC, the emission metric values
are roughly the double or more than those found in the literature, even with a negative25

contribution from the aerosol effect (Bellouin et al., 2015). The emission metric values
for CH4 are mostly lower than those in Myhre et al. (2013) (29 and 19 % lower for
GTP(20) and GWP(100), respectively), mainly due to a shorter methane atmospheric
lifetime, as well as a smaller contribution from the indirect effect on ozone.
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3.1.3 Robustness for individual species

The differences in the emission metric values between the emission regions and sea-
sons of emissions, seen for the best estimate holds generally in each model, which
strengthens our confidence in the modeled variations between regions and seasons.
For emissions of aerosols and their precursors, the magnitude of GTP(20) values5

is higher in summer than winter in 88 % of the model cases and another 8 % are
marginally the other way. The consistency between the individual models and our best
estimate based on the models is 100 % for SO2. The metric values for European emis-
sions are larger in magnitude for most cases than East Asia. In summer, this is true for
92 % of the cases and 58 % in winter in addition to 17 % that are marginally the oppo-10

site. Yu et al. (2013) also observed that the regional dependency in RF was robust for
a number of models with the same regional pattern as in our study.

For the ozone precursors, the variation in GTP(20) values observed for the best
estimate also holds for most of the models. For both regional and seasonal variability,
83 % of the model cases agree with the best estimate. For CO, all cases agree that the15

GTP(20) values are larger for East Asian emissions than European emissions and for
winter than summer, even though the relative differences in GTP(20) values between
Europe and East Asia in summer and winter are relatively small. The findings for NOx
and VOC are also relatively robust, where the model cases agree 83 % for NOx and
67 % for VOC. The same tendencies in the regional pattern were also found by Collins20

et al. (2013).

3.1.4 Robustness in total climate impact

Emission metrics are used to quantify the climate impacts of different sets of emission
changes following either mitigation policies or changes caused by some other mecha-
nisms (e.g. technological development). However, the uncertainties given by the model25

ranges for individual regions, seasons and species shown in Figs. 2 and 3 do not pro-
vide a good indication for the robustness of the total impacts estimated by the emission
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metrics, because there might be significant correlations between species. By robust-
ness here, we mean how uncertain is the total climate impact of a given set of emission
changes (changes of multiple species, seasons and regions) and related to this how
robust would a ranking (in terms of net climate impact) of possible mitigation measures
be, given the individual uncertainties shown in Figs. 2 and 3.5

Models with more efficient vertical transport and/or slow removal of aerosols by wet
scavenging will tend to give longer lifetimes for the aerosols and thus stronger RF
per unit emission for all aerosol species, and thus emission metric values for the in-
dividual species and seasons would be correlated. This means that the ranking of
measures and the net impact of measures that lead to reduction in emissions of co-10

emitted species that cause a cooling effect could be more robust. Similar effects can
be expected across ozone precursors due to non-linear chemistry effects and removal
efficiencies; for instance, such correlations across models were observed for the cli-
mate effect of NOx emissions from aviation by Holmes et al. (2011). To investigate this
we first focus on the correlation. To put all species on a common scale we calculate15

the normalized variability (across species, regions and seasons) for the best estimate
(NVBE) and for the individual model estimates (NVm)

NVBE(r ,s, i ) =
MBE(r ,s, i )−MBE,min(i )

MBE,max(i )−MBE,min(i )
, (9)

and

NVm(r ,s, i ) =
Mm(r ,s, i )−MBE,min(i )

MBE,max(i )−MBE,min(i )
. (10)20

MBE(r ,s, i ) denotes the best estimate for the emission metric value for species i , region
r and season s, while Mm(r ,s, i ) denotes the emission metric value from a single model
m for species i , region r and season s.

The values of NVBE are numbers between 0 and 1. Figure 4 is a scatter plot between
NVBE and all the individual NVm values, where the colors indicate model and shapes25
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of the symbol indicate component. Since the processes that could lead to correlations
are somewhat different for aerosols and ozone precursors (e.g. non-linear chemistry
effects for the latter) the species are split into two separate panels.

Figure 4 clearly shows the correlation between the species for the individual model
emission metrics. For the aerosols, HadGEM and particularly NorESM tend to give5

higher (in absolute terms, i.e. more negative for cooling agents) emission metric values
compared to the best estimate, while ECHAM gives much lower values. For the ozone
precursors, the picture is the opposite, with NorESM being lower than the BE while the
OsloCTM is higher. This indicates that for both aerosols and ozone precursors there
are generic features in the models related to representation of key processes (e.g.10

vertical mixing, wet scavenging, ozone production efficiency etc.) that systematically
affects the emission metric values.

These correlations between the estimates for the individual species have to be taken
into account when the uncertainty in the net effect of a multi-component mitigation pol-
icy is estimated. Since different SLCFs are often co-emitted, most mitigation options15

will affect emissions of several species at the same time. The uncertainty in the esti-
mate of the net effect depends on the composition of the mitigation, i.e. mix of species,
regions, and sectors. To be useful for policymaking, the emission metrics should be
robust enough so that there is trust in the sign of the net effect of a mitigation measure
and that the uncertainty in the emission metrics does not hinder a ranking of differ-20

ent measures when cost-efficiency is considered. Figure 5 shows the estimates of the
net effect (here in terms of temperature change after 20 years, i.e. using AGTP(20) for
pulse emissions) when using the sets of emission metrics from the individual models.
First, we consider a global mitigation of a 10 % reduction in emissions of all SLCFs for
which the best estimate is positive for the AGTP(20) (BC, OC, and VOC – labelled B on25

Fig. 5), and then a 10 % global reduction of all SLCFs (an extreme case of also reduc-
ing the co-emitted cooling species OC, SO2, and NOx – case A on Fig. 5). The shipping
sector is not included in this sensitivity test as the best estimate is only based on two
models. ECHAM6 did not calculate RFs for the ozone precursors, therefore, values for
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the best estimate is given for those species. NH3 is not included, as only OsloCTM2
provided RF estimates of that. These scenario estimates are based on emission inven-
tories for 2008 (Klimont et al., 2015). For a 10 % reduction in emissions of the warming
SLCFs (BC, CO, and VOC), the best estimate gives a global reduction in temperature of
0.55 mK 20 years after a pulse, with a spread of −0.39 to −0.83 mK. When the cooling5

components are included, the best estimate gives a global warming of 0.48 mK, with
models ranging from 0.05 to 0.46 mK. Hence, all models agree that a reduction of those
six SLCFs will cause warming, but for two of the models only a marginal warming.

The black bars in Fig. 5 give the uncertainty in the net global temperature effect
assuming all the metric values are independent. This gives a similar or narrower un-10

certainty interval than the spread of the estimates using the individual model metrics,
again showing that there is considerable correlation between in the model estimates.
However, if the difference between the models were 100 % systematic (i.e. one model
always giving the lowest estimates by magnitude and another model giving the high-
est), then the model based interval would be given by the blue bar in Fig. 5. From this15

analysis, we conclude that the uncertainty for an estimate of the net temperature effect
of multi-component emission change is enhanced due to the correlations; however, for
mitigation measures that mainly change emissions of species with positive GTPs, the
sign of the global temperature signal is robust.

Since not all processes are included in all the models, the average of all models in20

Fig. 5 will differ from the best estimate. This deviation is observed in both scenarios,
but clearest for a mitigation scenario including both warming and cooling SLCFs, as
the net climate impact is a sum of large positive and negative numbers. The processes
not included are dominated by cooling. Three out of four models do not include the
cooling from the semi-direct effect of BC, as well as the mainly cooling from nitrate for25

the ozone precursors and SO2. As a consequence, the individual models tend towards
more cooling or less warming than the best estimate for a mitigation scenario of SLCFs.

Our findings show that the robustness is largest for individual species, i.e., what
region and season of emissions to mitigate for an individual species. Next follows

26106



D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

a
per

|

a subgroup of species that correlates, such as aerosols. Lowest robustness is given
for mitigation for all SLCFs. However, we observe that all models agree whether two
hypothetical mitigation scenarios give warming or cooling.

3.1.5 Variations with time horizon

We have until now presented emission metric values at certain fixed time horizons;5

however, these values vary greatly with time horizon. SLCFs impact the atmosphere
for a short time, as aerosols and aerosol precursors have atmospheric lifetimes of
about a week. Methane, however, has an atmospheric perturbation lifetime of about
12.4 years (IPCC, 2013). Due to the inertia in the climate system, the climate is im-
pacted for at least 10–20 years from a radiative forcing lasting only a week (Peters10

et al., 2011; Solomon et al., 2010; Fuglestvedt et al., 2010). The denominator in the
emission metrics is CO2, which impact the atmosphere for centuries (IPCC, 2013).
However, aerosols are very strong at perturbing the radiative balance of the Earth while
they are situated in the atmosphere; for instance, the radiative efficiency (Wm−2 kg−1)
of black carbon is about a million times larger than the radiative efficiency of CO2. Thus,15

the magnitude of the normalized emission metric values is very high for short time hori-
zons, but decreases rapidly with increasing time horizon. The aerosols have the highest
emission metric values in magnitude for the shortest time horizons, see Figs. 6 and 7
for GTP and GWP values in the first 50 years after a pulse emission. Additional figures
are provided in the Supplement. NOx often has a positive emission metric value for the20

first 5–10 years, followed by negative numbers, as the sum of the short-lived effects
are positive and the longer lived effect negative. However (see Fig. 7), we find cool-
ing already from year one for emissions in Europe during all seasons and East Asia
during winter as the cooling from the aerosol effect is as large as or larger than the
short-lived ozone effect. This aerosol effect is cooling for all regions except shipping.25

The time dimension is especially important for NOx and the other ozone precursors, as
different regions and seasons are given different weights with different time horizons.
For instance, shipping in summer has most positive GTP values for NOx of all cases in
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the first 10 years, but becoming the second most negative after 20 years. For a specific
region and season, the weighting between the aerosols and ozone precursors is also
changing with variable time horizon.

3.2 Global temperature response

We have applied the emission metrics on an emission dataset for year 2008 (Klimont5

et al., 2015). The variability discussed in the previous section is also found in the global
temperature response for regional and seasonal emissions (Fig. 8). A seasonal profile
is included in the emissions, with typically largest emissions in the winter season. As
for the emission metric GTP, the temperature response drops rapidly off due to the
short lifetimes of the SLCFs. In general, the total temperature response is governed10

by the SO2 emissions. Hence, the total climate impact is a cooling for all regions and
seasons, but largest for emissions in summer. The emission mix is different between
the regions. For instance, SO2 and NOx generally dominate for shipping. Europe and
East Asia have a broader mix of SLCFs that impact the climate. The temperature per-
turbation, dominated by cooling, is in agreement with Aamaas et al. (2013), who also15

showed that the warming of CO2 is larger than the net cooling from the SLCFs af-
ter only 15 years. We have presented the global temperature response, while regional
variations will occur beyond this global mean response (e.g., Lund et al., 2011).

3.3 Gradual implementation of mitigation

We have calculated emission metrics for pulse emissions, which is the typical way20

of presentation. However, changes in emissions are often gradual in real life. In this
section, we present how the emission metric values differ based on a gradual imple-
mentation of mitigation policy (see Fig. 9), which is calculated by convolution as given
in Eq. (6). We show results only for a ramp up period of 15 years, but we have also
looked at other implementation rates. The emission metric values presented here are25
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for Europe in the summer season. We complement with emissions of CH4, based on
parameterizations in Myhre et al. (2013).

For species that have a shorter influence on the climate system than CO2, the nor-
malized emission metric values will almost always be larger in magnitude for sustained
emissions than pulse emissions. The only exception is for species with competing pro-5

cesses on different timescales, such as for NOx in Fig. 9. The growth scenarios give
slightly higher normalized emission metrics than the sustained case, but those emis-
sion metric values approach each other in the long term. The longer the ramp up pe-
riod lasts, the larger the emission metric value becomes, but the value converges to
the sustained emission case for time horizons beyond the ramp up period. The normal-10

ized emission metric values are higher in the growth scenarios than the sustained case
since the impact of the shorter lived effects are given more weight than CO2. Hence,
a mitigation scenario that will have a gradually increasing effect over several years will
for most species have a higher metric value than for mitigation that instantly takes ef-
fect. What this means is that one obtains the benefit of mitigating SLCFs (i.e., higher15

CO2 equivalent emission reduction and thus higher value on an emission trading mar-
ket or in a cost-effectiveness analysis) now. The reason is the planned emission reduc-
tions of the shorter lived species close to the time horizon has a large impact. Hence,
these emission metrics for ramp up scenarios should be used with care. If there is
a chance that the emission reductions are reversable and will not be kept in place (or20

replaced by even stronger reductions) until the time horizon, the ramp up metrics will
overestimate the effects.

We also present the temporal evolution for all the regions and seasons for BC and
NOx in Fig. 10, while Fig. 9 only showed these emission metric values for Europe in
summer. While the regions and seasons are ranked the same for all time horizons25

for the aerosols, the ranking may differ for the ozone precursors for different emission
metrics and different time horizons due to competing processes on different timescales,
especially for NOx.
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The other significant difference between emission metrics based on pulse and ramp
up emissions is the sign switch for NOx (see Fig. 9). In the pulse case, the GTP values
are negative or turn negative within the first 6 years, with NOx from shipping during
summer taking 10 years. The sign switch is much slower for the ramp up scenario
emission metrics. Even after 10 years, 5 out of the 8 cases give positive GTP values5

(see Fig. 10). In the long run (> 22 years), all the GTP values with the exception of
shipping in summer, are negative. Thus, if a time horizon of 10 years is picked, the
mitigation policies of NOx will depend highly on the assumed emission scenario.

3.4 Policy implications

Emission metrics can be applied as an “exchange rate” between different emissions10

in climate polices, such as for different LLGHGs in the Kyoto Protocol. While the cal-
culations of how emissions impact the climate build on scientific knowledge, how to
use the emission metrics is given by political choices. There is no particular reason
why there should be one and only one goal for our climate policy (Fuglestvedt et al.,
2000; Rypdal et al., 2005; Daniel et al., 2012; Sarofim, 2012; Jackson, 2009; Victor15

and Kennel, 2014). In particular there may be harmful impacts of exceeding a long-
term temperature constraint (e.g., 2 ◦C), while at the same time there is more immedi-
ate concern about short term effects over the next decade or so. The rationale behind
a climate policy focusing on SLCFs must be that there are potential harmful effects of
climate change over the next few decades. However, CO2 and other LLGHGs should20

also be included in evaluation of possible mitigation measures under a short-term goal.
Historically, emission metrics within international climate policy have been applied to
emissions of LLGHGs. However, as the uncertainty for the emission metrics of SLCFs
is reduced and the values become more robust, this opens up for regimes that also
include non-methane SLCFs beyond CH4, e.g., CCAC. Recently, Mexico included BC25

in their Intended Nationally Determined Contribution (INDC) (Mexico, 2015).
A general difference between LLGHGs and SLCFs is that the location of the LLGHG

emissions does not matter, while we have shown that different locations, as well as tim-
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ing of emissions, will cause different impacts of SLCFs (Fuglestvedt et al., 1999; Naik
et al., 2005; Berntsen et al., 2005, 2006; Shindell and Faluvegi, 2009). In addition to dif-
ferences in the total global response, the spatial distribution of the impact depends on
the location and timing of the SLCFs emissions. Further, we have shown that individual
models may give significantly different emission metric values than other models.5

4 Conclusions

We have presented emission metrics for regional emissions of several SLCFs (BC, OC,
SO2, NH3, NOx, CO, and VOC) based on four different models. We have focused on the
emission regions Europe and East Asia, but also given numbers for the global shipping
sector and total emissions from all countries. Values have been estimated for emis-10

sions in both the summer and winter seasons. For the aerosols, the magnitude of the
emission metric values is larger for Europe than East Asia and for summer than win-
ter. The variability between the models is generally larger than the variations between
regions and seasons. However, most models agree that specific regions and seasons
have larger emission metric values than others. Hence, the robustness of this ranking15

is better than can be interpreted from the variability between models. The co-variability
between models is also seen for the ozone precursors. For CO, the emission metric
values are larger for East Asia than Europe and for winter than summer. The pattern
is the opposite for VOC with larger emission metric values in Europe and in summer.
NOx is more complex with more negative values in summer than winter for Europe.20

In East Asia, we model no significant difference between the seasons for GTP(20) for
NOx, while the GWP(100) for winter emissions is more negative.

We have also calculated emission metrics for transient scenarios where we consider
a ramp up of the emission over time. This emission metric will better represent the
effect of imposing a mitigation measure (i.e. a new technology standard) that is known25

to give a long term change of emissions. For species that have a shorter influence
on the atmosphere than CO2, the magnitude of the emission metric value is larger
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for a mitigation scenario with a gradually increasing effect over several years than for
the standard pulse based emission metric. The only exception is species that have
competing short and longer lived effects that are positive and negative, notably for
NOx.

We observe variability in the emission metrics between different regions and sea-5

sons, however, with varying robustness between the models. As the certainties in the
numbers increases, the regional and seasonal differences may be accounted for in
mitigation policies, agreements and potential trading schemes involving SLCFs. One
robust finding in our study is that, per unit mass of emissions, emissions of aerosols
and their precursors in Europe should likely be given more weight than emissions in10

East Asia, as well as emissions in summer likely more weight than in winter. When
emission metrics are applied, the selection of the specific emission metric and time
horizon is of significance. The emission metric values for SLCFs drop quickly with time
horizon. For the ozone precursors, the ranking between different regions and seasons
can vary with different time horizon. Thus, emission metrics must be used based on15

careful consideration of these factors.

The Supplement related to this article is available online at
doi:10.5194/acpd-15-26089-2015-supplement.
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Table 1. General circulation models (GCM) and chemistry transport models (CTM) used to
calculate radiative forcing in this study. Resolution shows the horizontal resolution and the
number of vertical layers. Radiative forcing has been calculated for emissions of these gases
and particles by Bellouin et al. (2015).

Model Type Resolution BC OC SO2 NH3 NOx CO VOC CH4 References

ECHAM6- GCM 1.8◦ ×1.8◦ X X X Stevens et al. (2013)
HAMMOZ L31
HadGEM3- GCM 1.8◦ ×1.2◦ X X X X X X X Hewitt et al. (2011)
GLOMAP L38
NorESM GCM 1.9◦ ×2.5◦ X X X X X X X Bentsen et al. (2013);

L26 Iversen et al. (2013)
OsloCTM2 CTM 2.8◦ ×2.8◦ X X X X X X X X Søvde et al. (2008);

L60 Myhre et al. (2009)
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Table 2. The best estimate given for GTP(20) values. The component of each species which the
mass emission refers to is shown in brackets. The regions are Europe (EUR), East Asia (EAS),
shipping (SHP), and global (GLB), for emissions occurring in NH summer, May–October, (s)
and NH winter, November–April, (w).

BC OC SO2 NH3 NOx CO VOC CH4
GTP(20) [C] [C] [SO2] [NH3] [N] [CO] [C] [CH4]

EUR, s 570 −220 −130 −16 −90 4.3 23 48
EUR, w 490 −110 −41 −10 −40 4.9 14 48
EAS, s 390 −140 −74 −7.7 −75 4.5 19 48
EAS, w 329 −50 −30 −15 −75 5.0 8.9 48
SHP, NH s 480 −620 −160 NA −230 4.7 32 48
SHP, NH w 510 −310 −110 NA −400 5.9 30 48
GLB, NH s 600 −200 −120 −7.2 −150 4.4 22 48
GLB, NH w 570 −160 −70 −11 −160 4.9 21 48
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Figure 1. Pulse, sustained, and ramp up emission profiles. The ramp up period can vary.
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Figure 2. GTP(20) values for the species, for all regions and seasons, decomposed by pro-
cesses. The regions included are Europe (EUR), East Asia (EAS), shipping (SHP), and global
(GLB), all for both NH summer, May–October, (s) and NH winter, November–April, (w). How the
best estimate of the net effect is calculated is given in Sect. 2.1. The uncertainty bars show the
range across models, which is not given for shipping as the best estimate is based on only two
models for that sector.
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Figure 3. GWP(100) values for the ozone precursors, for all regions and seasons, decomposed
by processes. The regions included are Europe (EUR), East Asia (EAS), shipping (SHP), and
global (GLB), all for both NH summer, May–October, (s) and NH winter, November–April, (w).
How the best estimate of the net effect is calculated is given in Sect. 2.1. The uncertainty bars
show the range across models, which is not given for shipping as the best estimate is based
on only two models for that sector.
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Figure 4. Scatter plot of the normalized variability of the model estimates (NVm) vs. NVBE for
the best estimate. Colors of the symbols indicate individual models (red: OsloCTM2, green:
NorESM, blue: HadGEM3, and light blue: ECHAM6) and the shape of the symbol indicate
individual species. Left panel: Aerosols and aerosol precursors (BC, OC, and SO2). Right panel:
ozone precursors (NOx, CO, and VOC). The black line is the one-to-one line. The estimates use
the GTP(20) emission metric.
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Figure 5. Emission metric-based estimate of change in global mean temperature by 10 % re-
duction in emissions of all SLCFs based on 2008 global emissions with positive best estimate
AGTP(20) values (BC, CO, and VOC, labelled B), and 10 % global reduction of all SLCFs (also
including OC, SO2, and NOx, labelled A). Colored symbols use sets of emission metrics from
individual models. The blue bar is given based on summing contributions using all MAXs and
MINs in Fig. 2. The black bar is the uncertainty assuming the metric estimates are all indepen-
dent.
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Figure 6. A comparison of GTP values for summer emissions in Europe (left) and East Asia
(right).
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Figure 7. GTPs (top) and GWPs (bottom) for BC (left) and NOx (right).
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Figure 8. The global temperature response 10, 20, 50, and 100 years after regional and sea-
sonal emissions in 2008. The regions from top to bottom are Europe, East Asia, the global
shipping sector, and global. NH summer season (May–October) is to the left, NH winter season
(November–April) to the right. Note that the yaxis differs between the regions.
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Figure 9. The emission metric values for different types of emission profiles for European emis-
sions in summer, GTP to the left and GWP to the right. The ramp up period is set to 15 years.
We include NOx, CO, and VOC (top) as ozone precursors that include processes that alter the
atmospheric chemistry both on monthly and yearly scales and BC (middle) representing parti-
cle emissions with an atmospheric lifetime of about a week. To set in perspective, we also show
for CH4 (bottom), which perturbs the atmosphere with a lifetime of roughly 12 years.
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Figure 10. The emission metric values for ramp up scenario emissions. GTP (top) and GWP
(bottom) are given for BC (left) and NOx (right).
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Not all details are given in the article. Exact emission metric values and additional figures are 1 
provided below. There is no single emission metric and time horizon that fits all applications, and the 2 
selection will depend on what aspects of climate change are considered to be most important 3 
(Aamaas et al., 2013). 4 

1. Emission metric values and comparison with literature 5 
Emission metric values for GWP and GTP with time horizons 20 years and 100 years are given in 6 
Table SI1. We provide also emission metric values for emissions on land outside of Europe and East 7 
Asia. This category is labelled “rest of the world”. Both values from our study and the literature are 8 
given. 9 

  10 



Table SI1: Emission metric values for a few selected emission metrics and time values. A comparison with other studies is 11 
included. The units used are given in the brackets, such as NOx are based on N basis. 12 

Species GWP(20) GWP(100) GTP(20) GTP(100) 
BC [C], this study 
BC, Europe, summer 2000 540 570 74 
BC, Europe, winter 1700 470 490 64 
BC, East Asia, summer 1300 370 390 50 
BC, East Asia, winter 1100 300 320 41 
BC, Rest of the world, summer 2200 610 650 83 
BC, Rest of the world, winter 24009 600 680 88 
BC, Shipping, NH summer 1700 450 480 62 
BC, Shipping, NH winter 1800 480 510 66 
BC, Global, NH summer 2100 570 600 78 
BC, Global, NH winter 2000 530 570 74 
BC, other studies 
Bond et al. (2013), BC, total, global. Metric 
values are given for total effect  

3200 900 920 130 

Collins et al. (2013), BC (four regions) 1200 345 420 56 
Collins et al. (2013), BC, Europe N/A N/A 530 71 
Collins et al. (2013), BC, East Asia N/A N/A 410 55 
Bond et al. (2011), BC, aerosol-radiation 
interaction + albedo, global 

2900 830 N/A N/A 

Fuglestvedt et al. (2010), BC, global 1600 460 470 64 
OC [C], this study 
OC, Europe, summer -760 -210 -220 -28 
OC, Europe, winter -390 -110 -110 -15 
OC, East Asia, summer -480 -130 -140 -18 
OC, East Asia, winter -180 -49 -52 -6.8 
OC, Rest of the world, summer -710 -190 -210 -27 
OC, Rest of the world, winter -720 -190 -210 -27 
OC, Shipping, NH summer -2100 -580 -620 -80 
OC, Shipping, NH winter -1100 -290 -310 -40 
OC, Global, NH summer -680 -180 -200 -25 
OC, Global, NH winter -570 -150 -160 -21 
OC, other studies 
Bond et al. (2011), OC -160 -46 N/A N/A 
Collins et al. (2013), OC (four regions) -160 -46 -55 -7.3 
Collins et al. (2013), OC, Europe N/A N/A -58 -7.7 
Collins et al. (2013), OC, East Asia N/A N/A -50 -6.7 
Fuglestvedt et al. (2010), OC, global -240 -69 -71 -10 

(continued on next page) 13 
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Table SI1 (continued) 15 

Species GWP(20) GWP(100) GTP(20) GTP(100) 
SO2 [SO2], this study 
SO2, Europe, summer -430 -120 -130 -16 
SO2, Europe, winter -140 -38 -41 -5.3 
SO2, East Asia, summer -255 -69 -74 -9.6 
SO2, East Asia, winter -104 -28 -30 -3.9 
SO2, Rest of the world, summer -490 -130 -140 -19 
SO2, Rest of the world, winter -320 -90 -92 -12 
SO2, Shipping, NH summer -560 -150 -160 -21 
SO2, Shipping, NH winter -390 -110 -110 -15 
SO2, Global, NH summer -410 -110 -120 -15 
SO2, Global, NH winter -230 -60 -70 -8.5 
SO2, other studies 
Collins et al. (2013), SO2 (four regions) N/A N/A -38 -5.1 
Collins et al. (2013), SO2, Europe N/A N/A -43 -5.7 
Collins et al. (2013), SO2, East Asia N/A N/A -31 -4.1 
Fuglestvedt et al. (2010), SO2, global -140 -40 -41 -5.7 
NH3 [NH3], this study 
NH3, Europe, summer -55 -15 -16 -2.0 
NH3, Europe, winter -36 -9.7 -10 -1.3 
NH3, East Asia, summer -27 -7.2 -7.7 -1.0 
NH3, East Asia, winter -51 -14 -15 -1.9 
NH3, Rest of the world, NH summer -21 -5.7 -6.0 -0.78 
NH3, Rest of the world, NH winter -32 -8.8 -9.4 -1.2 
NH3, Global, NH summer -25 -6.7 -7.2 -0.9 
NH3, Global, NH winter -37 -10 -11 -1.4 
NH3, other studies 
NH3, Shindell et al. (2009) -80 -23 -23 -3.2 

(continued on next page) 16 
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Table SI1 (continued) 18 

Species GWP(20) GWP(100) GTP(20) GTP(100) 
NOx [N], this study 
NOx, Europe, summer -110 -36 -90 -5.1 
NOx, Europe, winter -61 -19 -40 -2.7 
NOx, East Asia, summer -63 -22 -75 -3.3 
NOx, East Asia, winter -140 -41 -75 -5.8 
NOx, Rest of the world, summer -120 -44 -160 -6.6 
NOx, Rest of the world, winter -180 -61 -190 -8.9 
NOx, Shipping, NH summer 79 -2.2 -230 -1.3 
NOx, Shipping, NH winter -250 -98 -400 -15 
NOx, Global, NH summer -120 -42 -150 -6.2 
NOx, Global, NH winter -170 -55 -160 -8.1 
NOx, other studies 
Collins et al. (2013), NOx (four regions), 
based on Fry et al. (2012) with including 
stratospheric H2O 

-15.9 -11.6 -62.1 -2.2 

Collins et al. (2013), NOx, Europe, based on 
Fry et al. (2012) with including stratospheric 
H2O 

-39.4 -15.6 -48.0 -2.5 

Collins et al. (2013), NOx, East Asia, based 
on Fry et al. (2012) with including 
stratospheric H2O 

6.4 -5.3 -55.6 -1.3 

Shindell et al. (2009), NOx, global, including 
direct and indirect aerosol effects 

-560 -159 N/A N/A 

Surface 
Naik et al. (2005), Tropics, as given by 
Fuglestvedt et al. (2010) 

43 -28 -260 -6.6 

Wild et al. (2001), Tropics, as given by 
Fuglestvedt et al. (2010) 

130 -9.7 -220 -5.4 

Naik et al. (2005), Mid-lat, as given by 
Fuglestvedt et al. (2010) 

-43 -18 -54 -2.9 

Berntsen et al. (2005), UiO, Mid-lat, as given 
by Fuglestvedt et al. (2010) 

23 1.6 -37 -0.024 

Berntsen et al. (2005), LMDz, Mid-lat, as 
given by Fuglestvedt et al. (2010) 

23 -6.3 -55 -2.4 

Wild et al. (2001), Mid-lat, as given by 
Fuglestvedt et al. (2010) 

-3.7 -9.3 -48 -2.0 

Wild et al. (2001), Global, as given by 
Fuglestvedt et al. (2010) 

19 -11 -87 -2.9 

Shipping 
NOx, Shipping, Collins et al. (2010) -107 -73 -135 N/A 
Eyring et al. (2007), as given by Fuglestvedt 
et al. (2010) 

-76 -36 -130 -6.1 

Endresen et al. (2003), as given by 
Fuglestvedt et al. (2010) 

-47 -32 -190 -5.3 

Fuglestvedt et al. (2008), as given by 
Fuglestvedt et al. (2010) 

-31 -25 -160 -4.2 

(continued on next page) 19 
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Table SI1 (continued) 21 

Species GWP(20) GWP(100) GTP(20) GTP(100) 
Aircraft 
Stevenson et al. (2004), as given by 
Fuglestvedt et al. (2010) 

120 -2.1 -240 -2.2 

Wild et al. (2001) (as in Stevenson et al. 
(2004)), as given by Fuglestvedt et al. (2010) 

410 71 -200 7.6 

Köhler et al. (2008), as given by Fuglestvedt 
et al. (2010) 

470 6.9 -590 -9.5 

CO [CO], this study 
CO, Europe, summer 7.3 2.2 4.3 0.31 
CO, Europe, winter 7.9 2.4 4.9 0.34 
CO, East Asia, summer 8.3 2.4 4.5 0.34 
CO, East Asia, winter 8.5 2.5 5.0 0.36 
CO, Rest of the world, summer 7.5 2.2 4.4 0.31 
CO, Rest of the world, winter 8.1 2.4 4.9 0.34 
CO, Shipping, NH summer 8.4 2.5 4.7 0.35 
CO, Shipping, NH winter 8.6 2.6 5.9 0.37 
CO, Global, NH summer 7.6 2.3 4.4 0.32 
CO, Global, NH winter 8.2 2.4 4.9 0.35 
CO, other studies 
Collins et al. (2013), CO (four regions), based 
on Fry et al. (2012) with including 
stratospheric H2O 

5.4 1.8 3.5 0.26 

Collins et al. (2013), CO, Europe, based on 
Fry et al. (2012) with including stratospheric 
H2O 

4.9 1.6 3.2 0.24 

Collins et al. (2013), CO, East Asia, based on 
Fry et al. (2012) with including stratospheric 
H2O 

5.4 1.8 3.5 0.26 

Shindell et al. (2009), CO, global, including 
direct and indirect aerosol effects 

18.6 5.3 N/A N/A 

CO, surface, Berntsen et al. (2005) UiO Mid-
lat, as given by Fuglestvedt et al. (2010) 

7.2 2.3 4.1 0.33 

CO, surface, Berntsen et al. (2005) LMDz 
Mid-lat, as given by Fuglestvedt et al. (2010) 

9.3 3.3 6.1 0.55 

Derwent et al. (2001), as given by 
Fuglestvedt et al. (2010), CO, surface 

6.0 2.0 3.7 0.27 

(continued on next page) 22 
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Table SI1 (continued) 24 

Species GWP(20) GWP(100) GTP(20) GTP(100) 
VOC [C], this study 
VOC, Europe, summer 41 12 23 1.7 
VOC, Europe, winter 27 7.9 14 1.1 
VOC, East Asia, summer 42 12 19 1.7 
VOC, East Asia, winter 11 3.6 8.9 0.51 
VOC, Rest of the world, summer 38 11 22 1.6 
VOC, Rest of the world, winter 40 12 25 1.7 
VOC, Shipping, NH summer 47 14 32 2.1 
VOC, Shipping, NH winter 45 14 30 1.9 
VOC, Global, NH summer 38 11 22 1.6 
VOC, Global, NH winter 35 10 21 1.5 
VOC, other studies 
Collins et al. (2013), VOC (four regions), 
based on Fry et al. (2012) with including 
stratospheric H2O 

18.7 5.8 10.0 0.9 

Collins et al. (2013), VOC, Europe, based on 
Fry et al. (2012) with including stratospheric 
H2O 

18.0 5.6 9.5 0.8 

Collins et al. (2013), VOC, East Asia, based 
on Fry et al. (2012) with including 
stratospheric H2O 

16.3 5.0 8.4 0.7 

Collins et al. (2002), as given by Fuglestvedt 
et al. (2010), VOC, surface 

14 4.5 7.5 0.66 

CH4 [CH4], this study 
CH4, Global 77 23 48 3.3 
CH4, other studies 
Myhre et al. (2013) 84 28 67 4.3 
 25 
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GWP(100) values for the species not shown in Fig. 3 are given for all regions and seasons, 27 
decomposed by processes in Fig. SI1. 28 

  29 
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 31 

Figure SI1: GWP(100) values for the species not shown in the article, for all regions and seasons, decomposed by 32 
processes. The regions included are Europe (EUR), East Asia (EAS), shipping (SHP), and global (GLB), all for both NH 33 
summer, May-October, (s) and NH winter, November-April, (w). 34 

2. Variations with time horizon 35 
Emission metric values for the first 50 years are given for the species not shown in Figure 7 for GTP in 36 
Figure SI2 and GWP in Figure SI3. 37 
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Figure SI2: GTPs for the species.41 
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 44 

   45 
Figure SI3: GWPs for the species.46 

3. Gradual implementation of mitigation 47 
Figure 9 presented how the emission metric values evolve with pulse emissions, sustained emissions, 48 
and a case of 15 years of ramp-up to illustrate a gradual implementation of mitigation policy. We 49 
present the same in Figure SI4 for the species not shown in the article. The ramp-up case is given for 50 
the different regions and seasons in Figure 10. Here, we include for those species not presented in 51 
the article, see Figure SI5 and Figure SI6. 52 
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Figure SI4: The emission metric values for different types of emission profiles. GTP to the left and GWP to the right. 56 
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Figure SI5: GTPs for species with ramp-up emissions over 15 years. 61 
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 65 

Figure SI6: GWPs for species with ramp-up emissions over 15 years. 66 
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