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Abstract

Countries’ historical contributions to climate change have been on the agenda for more
than two decades and will most likely continue to be an element in future international
discussions and negotiations on climate. Previous studies have quantified the historical
contributions to climate change across a range of choices and assumptions. In contrast,
we quantify how historical contributions to changes in global mean surface temperature
(GMST) may change in the future for a broad set of choices using the quantification of
the shared socioeconomic pathways (SSPs). We calculate the contributions for five coarse
geographical regions used in the SSPs. Historical emissions of long-lived gases remain
important for future contributions to warming, due to their accumulation and the inertia of
climate system, and historical emissions are even more important for strong mitigation
scenarios. When only accounting for future emissions, from 2015 to 2100, there is
surprisingly little variation in the regional contributions to GMST change between the
different SSPs and different mitigation targets. The largest variability in the regional
future contributions is found across the different integrated assessment models (IAMs).
This suggests the characteristics of the IAMs are more important for calculated future
historical contributions than variations across SSP or forcing target.

Keywords Paris Agreement - Historical contribution - Brazilian proposal - Shared socioeconomic
pathways - Equity

1 Introduction

The Paris Agreement changed the role of historical responsibilities in international climate

negotiations (Skeie et al. 2017). Previously, the Kyoto Protocol was designed as a top-down
agreement with a total cap on emissions for the Annex B countries. While it had been
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suggested to use historical contributions to global mean temperature change to distribute
emission allocations to countries in the international climate agreement (the so-called “Brazil-
ian proposal” (UNFCCC 1997)), it was found to be difficult to use in the international
negotiations (e.g., Fuglestvedt and Kallbekken 2016). The process leading to the Paris
Agreement turned from designing a top-down agreement to a bottom-up agreement. Now,
individual countries decide how much they are willing to reduce their emissions. The
nationally determined contributions (NDCs) are national pledges that contribute to meeting
the objectives of the United Nations Framework Convention on Climate Change (UNFCCC).
With the Paris Agreement, historical responsibilities may again have a role to play: According
to the “Lima Call for Action” (UNFCCC 2014), NDCs should be fair and ambitious (Peters
etal. 2015), but it is up to parties themselves to demonstrate this, leaving open the potential use
of historical contribution as an argument on the international stage and also as an element in
countries’ domestic discussions of negotiating positions and ambitions. Because countries are
required to submit revised national contributions every 5 years, historical contribution to
climate change may become even more relevant in the future. Consideration of historical
contribution is also likely to play a key role in the future discussions about loss and damage
(James et al. 2019; Otto et al. 2017; Skeie et al. 2017).

Relative regional and national historical contributions to global warming have changed
considerably over recent decades. Estimated shares of historical contributions were quite
different when “historical responsibilities” were first put on the agenda in 1997 than they
are today. When considering CO, emissions from fossil sources from 1850, the historical
contribution in 1997 was 76% for the Annex I countries, while in 2012, this share had declined
to 68% (Skeie et al. 2017). There has been a rapid increase in emissions in developing
countries over the past decades (Le Quéré et al. 2018), and the regional share of total
greenhouse gas emission will change in the near future due to the differences in the trajectories
of income, population, resources, technologies, and capacity (Riahi et al. 2017), leading also to
changed historical contributions to global warming in the future (Hohne et al. 2011; Rive et al.
2006; Ward and Mahowald 2014).

A number of studies have focused on regional historical contribution to global warming for
various assumptions using simple or more complex models (den Elzen et al. 2005; den Elzen
etal. 2013; Hohne et al. 2011; Li et al. 2016; Matthews et al. 2014; Ward and Mahowald 2014;
Wei et al. 2012). A recent study by Skeie et al. (2017) showed systematically that different
adopted perspectives had a strong effect on the calculated historical contribution to global
warming. Here, we take a step further and illustrate, for different perspectives, how the
contributions to global mean surface temperature change may change over the coming decades
and discuss other perspectives that may need to be considered. The traditional method to
allocate emissions to countries is allocating the emissions occurring within the country’s
borders. Future flexible mechanisms and emission trading may challenge the use of traditional
territorial accounting when assessing contribution to climate change, as well as carbon dioxide
removal (Peters and Geden 2017). How should carbon dioxide removal be allocated between
the countries involved from biomass growth, harvest, energy production and CO, capture, and
eventual storage? For the flexible mechanisms, should the emission reduction be allocated to
the country buying quotas or to the country where the emission reduction occurs?

To illustrate potential future historical contributions to global temperature change, we use
the shared socioeconomic pathways (SSPs) (Riahi et al. 2017) and a simple climate model
(Skeie et al. 2017). The quantified SSPs are grouped into five geographical regions, allowing
the analysis of how future historical contributions are distributed across those regions. Further,
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the SSPs span five socioeconomic pathways, six levels of global warming, and six integrated
assessment models (IAMs), allowing a deeper analysis of how historical contributions depend
on these different dimensions.

2 Method

We follow the method used in Skeie et al. (2017), using a simple climate model and
emission inventories to calculate regional contributions to global mean surface temper-
ature (GMST) change. The results are presented as relative contribution to GMST
change, where the total is the sum of each individual region contribution to GMST
change. In addition to historical emission inventories, we use SSPs to illustrate and
discuss the future perspective of historical contribution to global warming (Fig. 1). A
main point in Skeie et al. (2017) was that various scientific and policy choices influence
the calculations of historical contributions for individual countries, and Skeie et al.
(2017) quantified the effects of different choices. In this study, we limit our analysis to
three different start years (1850: pre-industrial, 1992: UN Framework Convention on
Climate Change (UNFCCC), and 2015: the Paris Agreement) and two sets of components
(CO2FF: CO, from fossil fuel combustion and cement production and KP: Kyoto
Protocol gases, which in principle means CO2FF, CO, from land-use change (LUC),
CH,4 and N,O as the impacts of SF4, PFC and HFCs on calculated relative contributions
are negligible (Skeie et al. 2017)) using regional territorial-based emissions and GMST
as indicators of climate change. There are several other methodological choices that can
be made that will influence the results (Skeie et al. 2017); however, to make the analysis
tractable, we focus on a limited number of key dimensions.

Regional territorial-based emissions

Emissions:
CO2FF=
Co, FF

Future

KP=
CO, FF +
co, LuC +
CH, +
N,0

Emission
trading
etc.

1650 ﬂ Start y:‘:}soﬁ 2000 <— g\gjuoation yeazrlobo__/_,-”\'f—-—'x{ _/‘wwv\?‘
Fig. 1 Schematic overview of the setup of the simulation. The regional historical and future emissions
considered are grouped into two sets of components, CO2FF and KP. A wide range of future scenarios is
considered, generated by different IAMs, considering different SSPs and with different mitigation targets. The
calculations of relative contribution to global mean surface temperature change are performed with different start
years and results presented for different evaluation years. The historical relative contributions to global mean
surface temperature change are calculated based on the traditional territorial-based emissions, but emission
trading might confound the traditional territorial emission accounting. The five regions considered in this study
are indicated by colors and abbreviation in the map. The regions are the OECD, countries from the Reforming
Economies of Eastern Europe and the Former Soviet Union (REF), ASIA, the Middle East and Africa (MAF),
and Latin America and the Caribbean (LAM)

Historical
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2.1 Model

The CICERO Simple climate model (SCM) consists of an energy balance/upwelling diffusion
model (Schlesinger et al. 1992) and a carbon cycle model (Joos et al. 1996) as well as simplified
calculations from emissions via concentrations or directly to forcing. A detailed description of the
model is presented by Skeie et al. (2017). A recent study showed that methane forcing is
significantly stronger than previously thought (Etminan et al. 2016), and new expressions of CO,,
CH,, and N,O radiative forcing presented in that study are now implemented in the SCM. For CO,
and N,O, the change is minimal; however, for methane, the revision is significant, with 25%
stronger forcing than presented in the IPCC Fifth Assessment Report (Myhre et al. 2013). The
indirect aerosol forcing is now linearly scaled with SO, emissions, as studies indicate that the total
global effect is linear (Kretzschmar et al. 2017) rather than logarithmic as previously specified in the
model. A set of model parameters with an inferred effective climate sensitivity of 2.0 °C and the
corresponding aerosol forcing from Skeie et al. (2018) is used. Because the main focus of this study
is changes in the relative contribution to GMST change, uncertainties in model version are of limited
importance due to cancelations of the climate system response uncertainties when relative contri-
butions are calculated.

2.2 Setup

The future emissions scenarios used in this study are from the SSP V2.0 database (https:/
tntcat.iiasa.ac.at/SspDb/dsd?Action=htmlpage&page=about) (Riahi et al. 2017). These scenar-
ios are available for the following five geographical regions: OECD (defined as the OECD
members in 1990 and EU member states and candidates), REF (countries from the Reforming
Economies of Eastern Europe and the Former Soviet Union), ASIA (most Asian countries with
the exception of the Middle East, Japan, and Former Soviet Union states), MAF (the Middle
East and Africa), and LAM (Latin America and the Caribbean) (Fig. 1). We could not perform
the analysis at the country level since scenario emissions are not available at this level.

There are in total 127 scenarios grouped into six radiative forcing levels (FLs) or mitigation
targets (FL1.9: 1.9 Wm2, FL2.6: 2.6 Wm 2, FL3.4: 3.4 Wm2, FL4.5: 4.5 Wm 2, FL6.0: 6.0 Wm2,
and BASELINE) as well as five shared socioeconomic pathways (SSPs). We use the term “forcing
levels” as in the literature (O'Neill et al. 2016; Riahi et al. 2017) to distinguish from the specific
representative concentration pathways (RCPs) as used in the IPCC Fifth Assessment Report. The
five pathways are SSP1: sustainability, SSP2: middle of the road, SSP3: regional rivalry, SSP4:
inequality, and SSP5: rapid growth (O’Neill et al. 2014). Each SSP and forcing level has been
implemented across multiple [AMs. With six IAMs, six FLs, and five SSPs, there are in theory 180
scenarios, but not all [AMs tried every SSP and FL combination and some IAMs were unable to
meet the highest and lowest forcing levels for some SSPs (Rogelj et al. 2018). In total, there are 127
scenarios distributed across different forcing levels: FL1.9: 13, FL2.6: 19, FL3.4: 25, FL4.5: 25,
FL6.0: 19, and BASELINE: 26. The results from calculations of contributions are presented
according to the (i) forcing level, (ii) SSP, and (iii) IAM used to generate the scenario emissions.

Two sets of components are included; only CO; fossil fuel and the group of the main
Kyoto Protocol components total CO,, N,O, and CH4. Short-lived components including
aerosols are not included to make the analysis more tractable. Our previous study showed
that the relative contributions from the different countries did not change strongly from
the Kyoto Protocol component results if short-lived warming and cooling components
were included (Skeie et al. 2017).
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To calculate the climate impact of each region, we first run the SCM with all anthropogenic
emissions included and then run the SCM with emissions from each region removed one-by-
one, and the change in GMST is calculated as the difference between global (control) and
regional (perturbed) run. There are different approaches to account for the non-linearities in the
climate response as discussed in Trudinger and Enting (2005), and here, the emission
perturbations are scaled down to 10%. The relative contribution to GMST change is given
in relation to the sum of each individual region’s contribution to GMST change; hence, the
contribution from all regions adds to 100%. The background scenarios used in the SCM for the
control are one of the four RCPs (van Vuuren et al. 2011), chosen based on the total forcing in
2100 for each of the SSP scenarios: RCP2.6: < 3.6 Wm™2, RCP4.5: 3.6 to 5.2 Wm™2, RCP6.0:
5.2to 7.3 Wm™2, and RCP8.5:>7.3 Wm™.

In this study, we have chosen to use three different start years: 1850, 1992, and 2015
(corresponding to pre-industrial period, signing of UNFCCC, and the Paris Agreement). The
model is run with emission perturbation from the start year until 2100 and we focus on five
evaluation years, 1992, 2015, 2030, 2065, and 2100.

The historical emissions used in this study are from Le Quéré et al. (2018) for CO,
(fossil fuels and cement), Hoesly et al. (2018) for methane, and EDGARv432 (Janssens-
Maenhout et al. 2019) from 1970 to 2012 scaled backward using emission data from
MATCH (Hohne et al. 2011) for N,O. Historical emissions for CO, from land-use
change are taken from Houghton and Nassikas (2017). There are uncertainties in the
historical emission estimates, especially for CO, emissions from land-use change (Le
Quéré et al. 2018). This will especially influence results using 1850 as start year when
land-use change emissions are included. Results using 1992 as start year are obviously
less influenced by historical emissions, and 2015 as start year uses only (future) scenario
data. The focus of this paper is on the future developments and contributions, but we are
aware of the uncertainties in the historical emissions and their impacts on the calculated
regional relative contributions for early start years. The historical emissions are aggre-
gated to the five chosen regions.

The regional emissions in the last year of the historical inventory generally do not match the
scenario emissions for the same year. The differences between the historical inventory and the
scenario emissions are as follows: (1) different historical emission inventories are generally
used by each IAM and (2) the scenarios are often started in 2010 or 2015 and thus diverge
from historical emissions, which are up to a more recent year. It should also be noted that
uncertainties in the current anthropogenic emissions of CH, and N,O are substantial (Saunois
et al. 2020; Tian et al. 2020), particularly for land-use-related CO, emissions (Friedlingstein
et al. 2019). We have chosen to linearly interpolate the regional emissions between the end
year of the historical inventory (N,O: 2012, CHy: 2014, CO, FF: 2017, CO, LUC: 2015) and
year 2020 of the scenario (see supporting Fig. S1-S4) as our focus is future contribution to
warming and we want to avoid unnecessarily manipulating the original scenarios. Other
methods to harmonize historical emissions and scenarios exist (Gidden et al. 2018; Rogelj
et al. 2011). Different methods of harmonization will lead to slightly different results, but since
we focus on the future period (post-2015), this issue is minimized. The most problematic
variable is CO, LUC, where the regional emissions can even have the opposite sign to the
historical emissions in some scenarios (see supporting Fig. S5). A reasonable transition from
the historical regional emissions to the scenario emissions is hence difficult, and for this
reason, no harmonization on a regional scale is performed for CO, LUC in the Coupled Model
Intercomparison Project Phase 6 (Gidden et al. 2019).
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3 Results

We will first consider the effect on the calculated relative contribution to GMST change for the
choice of different evaluation years for the two sets of emission components (Fig. 2). Then, for
the same set of emission components, the impact of the choice of start year is illustrated
(Fig. 3). Further, the regional historical contribution (pre-2015) and the future contribution
(post-2015) to GMST change in 2100 are compared across all mitigation targets and SSPs
(Fig. 4). Finally, we will explore and compare the effects of SSPs, mitigation targets, and
TAMs on the regional relative contribution to GMST change in 2100 (Fig. 5).

In 1992, when the climate convention was signed, the main contributing region to global
mean temperature change was the OECD, with approximately 70% for start year 1850 and
CO2FF (Fig. 2a). Since then, the emissions have increased rapidly in other regions (Fig. S1),
and the relative contribution to GMST change from OECD is reduced for later evaluation
years up to and including 2065 (Fig. 2a), regardless of assumed start year except start year
2015 (Fig. S11a, S12a). For evaluation year 2100, the relative contribution for OECD is larger
than in 2065 for some scenarios with strong mitigation. In these scenarios, there is a large
amount of carbon dioxide removal in the second half of the twenty-first century (Fig. S1). The
carbon dioxide removal from bioenergy with carbon capture and storage (BECCS) is allocated
to CO2FF, while afforestation is included in the CO2LUC emissions in the SSP database. The
contribution from Asia has the opposite behavior, with increasing contribution for later
evaluation years and with similar relative contribution for evaluation year 2065 and 2100
(Fig. 2a). For MAF, the relative contribution increases for later evaluation years, also from
2065 to 2100 (Fig. 2a). For the evaluation years 2065 and 2100, the relative contribution to
GMST change for ASIA and OECD is similar for the weakest mitigation targets, but for
stronger mitigation scenarios, the OECD has larger contribution than ASIA (Fig. 2a).

When including the other Kyoto Protocol gases, the contribution of OECD is reduced for
all evaluation years (Fig. 2b) compared to the CO2FF case (Fig. 2a), a general finding from the
early study on regional historical contributions (den Elzen et al. 2005). As historical CO2FF
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Fig. 2 Relative contribution to GMST change for different evaluation years. Regional emissions of CO2FF (a)
and KP gases (b) from 1850 up to evaluation year are taken into account. The results for the different forcing
levels are offset on the x-axis, from FL1.9 to the left to BASELINE to the right. Results for each SSP are
indicated with a dot on the vertical bar spanning the maximum and minimum relative contribution to GMST
change. For the historical contribution (evaluation years 1992 and 2015), the regional contributions are indicated
by an x. The regions are the OECD, countries from the Reforming Economies of Eastern Europe and the Former
Soviet Union (REF), ASIA, the Middle East and Africa (MAF), and Latin America and the Caribbean (LAM).
Similar plots with start years 1992 and 2015 in the supplement (Fig. S11, S12)
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emissions were dominated by OECD (Fig. S1), the regional distribution of the other emissions
is more mixed (Fig. S2-S4). For 2030, the OECD contribution to GMST change is slightly
larger than the contribution from ASIA, while ASIA is similar or larger for later evaluation
years for all forcing targets (Fig. 2b). The contributions from LAM and MAF increase when
including the other Kyoto Protocol gases, and both regions have a larger historical contribution
than REF for the evaluation year 2030 for all scenarios, while in the CO2FF case, REF had the
largest contribution of these three regions (Fig. 2a). It should be noted that the results for 2030
are influenced by methods used to harmonize the scenario emissions and the historical
inventory. Here, we have chosen to keep the original scenario emissions post-2020 (see
Section 2.2). If a uniform scaling harmonization is applied (that scales the entire pathway to
match the historical emission), the spread in the results is reduced (Fig. S6). This test is only
preformed for CO2FF as a reasonable transition from the historical inventory to the scenario is
difficult for CO, LUC (see Section 2.2).

Figure 3 shows how the regional contributions to GMST change in 2100 depend on the
start year (1850, 1992, 2015). For CO2FF, the carlier the start year, the smaller the contribution
from ASIA and the larger the contribution from OECD (Fig. 3a), as OECD dominated the
historical CO2FF emissions while ASIA currently has the largest CO2FF emissions (Fig. S1).
The effect of larger contribution from developed countries for earlier start year is expected and
found in previous studies (den Elzen et al. 2005; Hohne et al. 2011; Skeie et al. 2017). The
contribution from MAF increases with a later start year, while REF and LAM have similar
contributions for different start years. In the strongest mitigation scenario (FL1.9), scenarios
make use of large-scale carbon dioxide removal (primarily afforestation and BECCS). In
several of the scenarios, there are regions that contribute to cooling, with negative cumulative
CO2FF emissions over the evaluation period. For these regions, we set the contribution to zero
warming effect when calculating the relative contribution, implying that the regions with a
positive contribution will have a larger relative contribution. Also, in the mitigation levels
FL2.6 and FL3.4, there are a few scenarios where LAM and REF contribute to cooling. For
start year 1850, the relative contribution to GMST change in 2100 is dependent on the
mitigation target, for all regions except REF. For a strong mitigation target, there is less room
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Fig. 3 Impacts of start year of emissions on the regional contribution to GMST change in 2100 for the CO2FF
case (a) and Kyoto Protocol gases case (b). The results for the different forcing targets are shifted on the x-axis,
from FL1.9 to the left to BASELINE to the right. Results for each SSP are indicated with a dot. Regions
contributing to cooling are set to zero in the plot and when relative contributions are calculated. The regions are
the OECD, countries from the Reforming Economies of Eastern Europe and the Former Soviet Union (REF),
ASIA, the Middle East and Africa (MAF), and Latin America and the Caribbean (LAM)
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for future emissions, and the relative contributions are therefore more dependent on the
historical emissions. For weaker mitigation targets, the future emissions, with a different
regional distribution than the historical emissions (Fig. S1), hold a larger share of the total
cumulative emissions and hence influence the relative contribution in 2100 to a larger degree
than for the strong mitigation targets. For a late start year, there is less variability on relative
contributions between the mitigation targets, indicating relative mitigation contributions are
similar across regions, perhaps because IAMs often seek cost-effective mitigation pathways.

Looking at the case including the Kyoto Protocol gases (Fig. 3b), compared to CO2FF (Fig.
3a), the contribution from OECD is reduced. The contribution from MAF and LAM is
increased due to the higher share of methane and land-use change CO, emissions from these
two regions compared to the other regions (Fig. S2—S3). Compared to the CO2FF case, there is
less variation across the chosen start years, because of different temporal development of CO,
LUC emissions (Fig. S2) and inclusion of methane with its shorter lifetime, and therefore,
there is no influence on the temperature response in 2100 for the early emissions. For start year
2015 (at the time of the Paris Agreement), the relative contribution to GMST change from
MAF overlaps with the contribution from the OECD for the evaluation year 2100 for most of
the scenarios, compared to almost no overlap if only CO2FF is included (Fig. 3a) except
forcing target FL1.9.

In order to compare the historical contributions from 1850 to 2015 to the contributions from
2015 to 2100 to the temperature response in 2100, an additional set of simulations is
performed, where the temperature response in 2100 is calculated due to the regional emissions
for the years 1850 to 2015. This set of simulations is combined with simulations with start year
2015, so that the historical contributions in 2100 can be split into two, the contribution from
1850 to 2015 and 2015 to 2100. The results for the KP case are presented in Fig. 4 where
historical (darker colors) and future contribution (lighter colors) for each region to the
temperature change in 2100 are shown. A pie chart is shown for each set of mitigation targets
and SSPs. As expected, the stronger the mitigation target, the smaller the contribution of 2015—
2100 emissions to temperature change in 2100. For strong mitigation (e.g., FL2.6), historical
OECD emissions have the largest share of contribution to GMST change in 2100 (22%), while
the share is reduced to 7 to 12% (depending on SSP) for BASELINE. For weak mitigation
(BASELINE), the contribution from post-2015 emissions from ASIA has the largest share of
GMST change in 2100 (31 to 34% depending on SSP). Regardless of SSP or forcing level,
ASIA and MAF have a much larger contribution from 2015 compared to before 2015. ASIA is
the region with largest emissions in 2015 (Fig. S1-S4) for all components considered except
CO, LUC, and it is assumed to continue to be the regions with the largest emissions over the
next decades in the scenarios. ASIA’s CO2FF emissions have increased rapidly over the last
decades (Fig. S1), and hence, the region has a small share of the historical global emissions
when compared with its current share. Currently, MAF has a small share of the historical
emissions, but in all scenarios, a strong increase in both population and GDP growth is
assumed (Fig. S7-S8), giving a larger share of post-2015 emissions compared to pre-2015
in all scenarios. The other three regions, OECD, REF, and LAM, have a more equal
contribution before and after 2015, but with a larger share of pre-2015 emissions for strong
mitigation and larger share of post-2015 emissions for weak mitigation.

Notable changes in the regional contributions across forcing target for each SSP are seen,
especially when the regional contributions are split into post- and pre-2015 contributions (Fig.
4, across the rows). However, for a given mitigation target, there is no clear pattern of change
in the regional contribution for the different SSPs (Fig. 4, down the columns). We will now
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investigate the surprisingly little difference in regional variations across the SSPs. As we saw
in Fig. 3, there was also little variability in the relative contributions between the mitigation
targets for late start year, which indicated the models produce similar relative mitigation levels
across regions. To remove the influence and inertia from the earlier historical period up until
2015, we focus on the regional contribution to GMST change in 2100 for emissions occurring
in the period 2015 to 2100. We add a third dimension when presenting the results, the IAMs
used to generate the scenario emissions.

The results for KP are presented in three different ways, including the three dimensions
SSPs, forcing levels, and IAMs (Fig. 5). A first observation is that there is no clear or obvious
trend in any of the three dimensions. This suggests that the SSPs do not have sufficient detail
to differentiate historical contribution for these geographical regions, though SSP3 shows a
more distinct difference in the regional contribution from ASIA and OECD. For example,
SSP1 and SSP5 have lower inequality compared to SSP3 and SSP4, but this does not translate
to macrolevel differences in how the regions may develop or implicitly allocate mitigation
obligations. The similar variations across forcing targets indicate that mitigation follows the
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Fig. 4 Relative contribution to GMST change in 2100 from different regions and time periods for KP. Dark
colors indicate regional contribution due to emissions in the period 1850 to 2015, while lighter colors indicate
regional contribution due to emissions over the period 2015 to 2100. Contributions are plotted for each mitigation
and SSP. The median temperature response in 2100 is used for this figure. The regions are the OECD, countries
from the Reforming Economies of Eastern Europe and the Former Soviet Union (REF), ASIA, the Middle East
and Africa (MAF), and Latin America and the Caribbean (LAM). A similar figure for CO2FF in the supplement
(Fig. S9)
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Fig. 5 Relative contribution to GMST change in 2100 for regional emissions of Kyoto Protocol gases with start
year 2015. The results are presented in three different ways, with SSPs on the x-axis with minor offset on the x-
axis for the forcing targets (a), with forcing targets on the x-axis with minor shift on the x-axis for the SSPs (b),
and with IAMs on the x-axis and minor shift in the x-axis for the SSPs (c¢). The regions are the OECD, countries
from the Reforming Economies of Eastern Europe and the Former Soviet Union (REF), ASIA, the Middle East
and Africa (MAF), and Latin America and the Caribbean (LAM). A similar figure for regional emissions of
CO2FF in the supplement (Fig. S10)

same allocation rules, regardless of SSP or IAM. Since the same distribution occurs under
reference and deep mitigation scenarios, and across SSPs, it may indicate that the cost-
effective mitigation in IAMs is essentially equivalent to grandfathering (allocating according
to the current distribution of emissions).

While the SSPs are designed to include aspects of inequality, that does not translate into
historical contributions. There are two key reasons for this. First, the SSPs apply to the whole
world, and different SSPs are not mixed across regions. For example, in an SSP3 Regional
Rivalry world, all regions have the same assumptions, likewise for all other SSPs. Second,
IAMs are solved in a cost-optimizing way, meaning they reduce emissions where it is
cheapest. While some of the SSPs introduce climate policy at a different rate (Riahi et al.
2017), this fragmentation quickly dissipates by 2040. Effectively, the SSPs were not designed
specifically to introduce equity dimensions into stringent mitigation, and thus, it would not be
expected that a large variation occurs in historical responsibility for a given SSP with no,
weak, or strong mitigation. It should be noted that not all IAMs were able to resolve some of
the lowest forcing levels for all SSPs (Rogelj et al. 2018), meaning there may be different
models in each SSP-FL subgroup. However, we do not see a variation between the SSPs at
higher forcing levels either where all models are included, suggesting that scenario bias across
IAMs or SSPs is not a factor.

The most significant difference across the three dimensions seems to be the IAMs,
indicating that the IAM used to generate emissions pathways is more important for calculated
future contributions than the SSP or forcing target. When holding the IAM constant (Fig. Sc),
it also reveals more structure across SSP and forcing target. AIM/GGE and REMIND clearly
lead to lower contributions from ASIA; IMAGE has a lower contribution for OECD and a
larger contribution from LAM and WITCH and a lower contribution for MAF compared to the
other IAMs. GCAM clearly shows variation across forcing target for REF and LAM, and
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MESSAGE for LAM, with larger contributions for larger forcing targets. GCAM has lower
contribution for ASIA with SSP4 and significantly higher contribution for MAF compared to
the rest of the SSPs. A closer inspection across the IAMs reveals different sub-patterns across
SSPs and forcing levels. Within each of the I[AMs, there may be particular aspects that drive
these patterns, but it is beyond the scope of this paper to be able to analyze those aspects.

4 Conclusion

We estimated the future contributions to GMST change using emission scenarios spanning five
geographical regions, five shared socioeconomic pathways (SSPs), six radiative forcing levels,
and six JAMs and investigated causes of variations across these selections. We find that the period
1850 to 2015 is important for future contributions, due to the inertia effects of long-lived
greenhouse gases accumulating in the atmosphere (CO, and N,0), and increasingly more
important for strong mitigation scenarios (e.g., 1.5 and 2 °C) due to less room for future emissions.
Since the SSPs incorporate a broad range of socioeconomic characteristics that affect the
challenges to mitigation and adaptation, it could be expected that the future contributions vary
by SSP. We found that from 2015 to 2100, there is surprisingly little variation across SSPs and
forcing levels to the regional contributions to GMST change. This suggests that mitigation occurs
at similar rates in the different regions for a given mitigation scenario, which is expected as a
consequence of the cost-effective pathways followed in most IAMs (mitigation occurs where it is
cheapest). If the scenarios were set up with a stronger equity dimension, for example, by having
much earlier and deeper mitigation in wealthier countries, then more variations may be seen. The
calculations were performed for five large geographical regions, and it may be that much more
variation would be found at a disaggregated level. Larger variations are found across IAMs, but
the pattern varies across IAMs for SSP and forcing targets. This indicates that the choice of IAM is
more important for calculated future contributions than either SSP or forcing target.

We considered emission scenarios for five large geographical regions to illustrate future
historical contributions to GMST change. On a more detailed country level, additional
complications may arise. First, contributions based on the traditional accounting of territorial
emissions may become complicated in the future if flexibility mechanisms are increasingly
used. The Paris Agreement has provisions for the use of flexibility mechanisms (e.g., emission
trading), but it still remains unclear as to what extent the flexibility mechanisms will be used in
the future (UNFCCC 2018). Second, most mitigation scenarios use carbon dioxide removal
(particularly afforestation and BECCS), and at the regional and country level, this eventually
leads to negative contributions to climate change. Particularly at the detailed country level,
how to deal with carbon dioxide removal may lead to additional allocation challenges.

The scenarios we used span a range of possible futures up to 2100, and we have used these
to illustrate future regional contributions to climate change. Although the countries have
submitted NDCs, we do not know if they will be fulfilled or what role flexible mechanisms
may play. Countries have only specified commitments until 2025 or 2030 (Giitschow et al.
2018), but the NDCs can be strengthened and will eventually be extended post-2030. The
NDCs are required to be fair and ambitious (Peters et al. 2015), and historical contributions
could play a role in helping to assess if an NDC is fair and ambitious. The politically
contentious issue of countries’ historical contributions to climate change will no doubt be
brought on the agenda in the future, both when countries strengthen their NDCs and possibly
in loss and damage discussions.
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