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Abstract The likelihood and severity of high-impact future temperature extremes can be reduced
through climate change mitigation efforts. However, meeting the Paris Agreement warming limits
requires notably stronger greenhouse gas emissions reduction efforts by major emitters than existing
pledges. We examine the impact of Paris-era decision-making by the world's three largest greenhouse gas
emitters (EU, USA, and China) on projected future extreme temperature events. Country-level contributions
to the occurrence of future temperature extremes are calculated based on current emissions policies and
sequential mitigation efforts, using a new metric called the Contribution to Excess Risk Ratio. We
demonstrate the Contribution concept by applying it to extreme monthly temperature projections. In many
regions, future extremes depend on the current and future carbon dioxide emissions reductions adopted by
major emitters. By implementing stronger Paris-era climate pledges, major emitters can reduce the
frequency of future extremes and their own calculated contributions to these temperature extremes.

Plain English Summary Temperature extremes can damage aspects of human society,
infrastructure, and our ecosystems. The frequency, severity, and duration of high temperatures are
increasing in some regions and are projected to continue increasing with further global temperature
increases as greenhouse gas emissions rise. While the international Paris Agreement aims to limit warming
through emissions reduction pledges, none of the major emitters has made commitments that are aligned
with limiting warming to 2 °C. In this analysis, we examine the impact of the world's three largest
greenhouse gas emitters’ (EU, USA, and China) current and future decisions about carbon dioxide emissions
on the occurrence of future extreme temperatures. We show that future extremes depend on the emissions
decisions made by the major emitters. By implementing stronger climate pledges, major emitters can reduce
the frequency of future extremes and their own calculated contributions to these temperature extremes.

1. Introduction

Increasing temperature extremes pose significant risks to human society, infrastructure, and ecosystems.
The likelihood and severity of regional temperature extremes (Ciavarella et al., 2017) can be reduced
through climate change mitigation efforts. The 2015 Paris Agreement on Climate Change (hereafter the
‘Paris Agreement’) commits to “Holding the increase in the global average temperature to less than 2°C
above pre-industrial levels and to pursue efforts to limit the temperature increase to only 1.5°C above pre-
industrial levels” (UNFCCC, 2016). Limiting warming to 1.5 °C, rather than 2 °C, is of substantial benefit
for reducing the frequency of regional extreme temperatures in the future (e.g., Intergovernmental Panel
on Climate Change [IPCC], 2018; King et al., 2017; Perkins-Kirkpatrick & Gibson, 2017).

While this effect on extreme weather and climate events is demonstrated in the scientific literature, the con-
sequences of current decision-making on anthropogenic greenhouse gas (GHG) emissions on the severity of
future climate change is not reflected in national climate mitigation commitments. Global carbon dioxide
(CO,) emissions grew in 2017 and 2018 and are projected to rise in 2019 (Jackson et al., 2018; Le Quéré
et al.,, 2018). Existing climate pledges are estimated to result in a median global warming range of
2.6-3.1 °C above pre-industrial levels (Rogelj et al., 2016). Indeed, no “major emitter can at present claim
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Table 1
Greenhouse Gas Emission Storylines for G3 for Future Warming (Johnston, 2016)
Storyline EU USA China
1.5 62% below 1990 levels by 2030 60% below 2005 levels by 2030 Peak by 2025, then reduce at 5% per year
2 47% below 1990 levels by 2030 45% below 2005 levels by 2030 Peak by 2025, then reduce at 2% per year
3 (NDCs%) 40% below 1990 levels by 2030 26% below 2005 levels by 2030 Peak emissions at 2030, lower the carbon intensity

End-of-century (EP2)

Breaching NDC

Breaching NDC

of GDP by 60-65% below 2005 levels by 2030
Breaching NDC

dCurrent NDC commitments (outlined above) are projected to result in a mean global warming of 2.6-3.1 °C above pre-industrial levels (Rogelj et al., 2016).

to show the necessary leadership in the concerted effort of avoiding warming of 2°C” (Meinshausen et al.,
2015). Meeting the Paris warming limits requires notably stronger CO, emissions reduction efforts.

The effect of current CO, emissions decision-making on future extreme events is calculable. Here, for the
first time, we quantify emitter-level contributions to the frequency of future extremes based on current emis-
sions reduction policies. We assess the impact of current and near-future (“Paris-era”) decisions by emitters
on future temperature extremes using the concept of Storylines. To do this, we

1. Define a set of idealized Storylines (summarized in Table 1) that outline emitters’ current Nationally
Determined Contributions (NDCs; nonbinding pledges) and the required emissions reduction targets
for major emitters that are necessary to limit global mean warming to Paris Agreement thresholds
(Figure 1)

2. Calculate changes in risk of excess extreme monthly temperature events in various worlds defined by
increments of mean warming (e.g., 2 or 3 °C above pre-industrial and end-of-century warming) com-
pared to 1.5 °C world.

3. Quantify country-level contributions to the changing risk of excess future extreme temperatures based on
Storylines.

The usefulness of these calculated emitter-level contributions to future climate extremes is manifold, pro-
viding knowledge for discussions on collective action under the global stocktake and to impel
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Figure 1. Summary of CO, emissions, emissions Storylines, and observed and projected 21st century global mean warm-
ing. (a) Historical emissions of CO, from 1970 to 2015 for the EU28, USA, and China (totals of fossil fuel use and industrial
processes from Emissions Database for Global Atmospheric Research (EDGAR, 2017). (b) Indications of 2030

emissions required for the G3 for Storylines of various levels of global mean warming. Emissions reductions relative to
the historical that are less significant than the red horizontal EP2 bar are likely to result in RCP8.5 end of century
warming. Indications of 2030 emissions for China for Storylines 2 and 3 are not shown as these are transient pledges
(see Table 1). (c) Global annual average temperatures from observations (blue dashed line) and multimodel mean values
from historical and RCP2.6, RCP4.5, RCP6.0, and RCPS.5. Solid black lines show ensemble mean values for each
experiment, and gray envelopes show the 5th to 95th percentile model range for the historical and RCP2.6 and RCP8.5
scenarios. Horizontal lines show key warming thresholds above pre-industrial.
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governments to strengthen pledges. We also speculate that such quantifications may usefully inform cli-
mate mitigation efforts by providing knowledge about the culpability of different governments in causing
future extremes.

2. Establishing Climate Leadership Through Paris Pledges

The concept of leadership is central to international climate policy. The Paris Agreement stipulates that
developed country Parties “shall continue taking the lead by undertaking economy wide absolute emission
reduction targets ... with the view to achieving the purpose of [the] Agreement” (UNFCCC, 2016). At the
subsequent Katowice Conference of Parties (CoP) in 2018, China's role as a major emitter and leader, despite
its developing status, was emphasized. Climate mitigation action taken by a smaller group of benchmark
nations, including China, motivates other nations to follow (Schwerhoff, 2016). Conversely, minimal,
delayed or obstructive action by a major emitting country may prompt a free-rider effect in which other
countries reduce their efforts. Therefore, ambitious action from the largest emitters is necessary for the over-
all success of the Paris Agreement.

Post-2020 Paris Agreement pledges are voluntary, self-determined, and nonbinding. Parties are legally
required to submit a new pledge every 5 years that constitute “a progression over time.” The agreement is vul-
nerable to political volatility, which can weaken or negate, rather than strengthen, prior pledges, as evidentin
the announced withdrawal of the United States from the agreement in 2017 (Kemp, 2017a, 2017ab). We
quantify the contributions of “benchmark countries” (G3: China [CH], the United States [US], and the
EU28 [EUJ; Meinshausen et al., 2015) to future extremes. We focus on just these major emitters as they have
the greatest capability to lead on limiting global mean warming (Meinshausen et al., 2015) and, hence, the
severity of projected future extreme temperatures, although we note that this a simplified application of
the leadership concept. We also focus on CO, rather than the full suite of GHG emissions. This focal point
of our analysis on the major emitters does not, however, negate the importance of emissions made by
other countries.

3. Calculating Changing Excess Future Extreme Temperatures

Future extremes are investigated using observations and climate models (see supporting information section
S1). Observations of current temperature records are derived from CRUTEM4 (Jones et al., 2012). Future
extremes are explored in Coupled Model Intercomparison Phase 5 models (Taylor et al., 2012) using
Representative Concentration Pathway (RCP) experiments RCP2.6, RCP4.5, RCP6.0, and RCP8.5 (tas vari-
able; see supporting information Table S1). Baseline extreme temperatures are first calculated for each ana-
lyzed land-based IPCC regions (IPCC, 2012). Values are calculated for 17 land-based IPCC regions with
sufficient observational coverage, and a sufficient number of the Coupled Model Intercomparison Phase 5
models accurately capture the observed variability (supporting information Tables S2 and S3). Calculated
temperatures are the multimodel mean Tys (95th percentile values of monthly mean temperatures) values
under 1.5 °C of global mean warming. This is a comparatively moderate definition of extremes
(Barriopedro et al., 2011; Fischer et al., 2009), rather than using rarer, high-impact extremes. This moderate
definition allows the robust diagnosis of changes in the frequency and intensity of events that are potentially
detrimental to environmental and human systems.

Next, we determine simulated excess future extremes, which are extremes associated with mean warming
above the baseline 1.5 °C global warming (see supporting information Figure S1). For example, 2 °C excess
events are calculated as Tys under 2 °C of global mean warming (decadal-average temperatures 2 + 0.2 °C
warmer than the equivalent model realizations pre-industrial climatology). Heat events are calculated for
various levels of the 21st century global mean warming, relative to the same pre-industrial climatology:

1. Tgs_15: Baseline warming events calculated as multimodel mean Tgs under 1.5 °C of global mean
warming
2. Tgs_2:2 °C events calculated as multimodel mean Tys under 2 °C of global mean warming
Tgs_3: 3 °C events calculated as multimodel mean Tys under 3 °C of global mean warming
. T9s_EP2: Endpoint (end-of-century) warming events calculated as multimodel mean Tos in RCP8.5
experiment for years 2090-2100

»ow
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Figure 2. Range of Contribution Excess Risk Ratio values for future extremes for G3 emitters, where a per capita emissions scaling factor is applied. For each emit-
ter (EU, USA, and China), the Contribution is shown for each analyzed AR5 region for exceeding Tgs values under 2 (gray bars) and 3 °C (black bars) of global mean
warming and EP2 end-of-century warming (red bars). Where the Excess Risk Ratio value is infinite, Contributions are indicated as such. ALA = Alaska/N.W.

Canada; CGI =

Canada/Greenland/Iceland; WAS = West Asia; CAS = Central Asia; CEU = Central Europe.

Global mean warming worlds of 1.5, 2, and 3 °C are defined following King et al. (2017) as decades when
decadal-average temperatures are within +0.2 °C of these thresholds warmer than the equivalent model rea-
lizations pre-industrial climatology. Extreme temperatures are described as “excess,” relative to baseline
1.5 °C warming above pre-industrial (Tys_15). Excess events are calculated as the frequency of events above
the multimodel mean Tgs under 2 °C of global mean warming minus the frequency of such events at 1.5 °C of
warming. We also determined the standard deviations of the simulated Tos values.

Second, changes in the risk of these excess future extremes occurring are calculated using Risk Ratios. The
widely used Risk Ratio (or related Fraction of Attributable Risk [FAR]) method (Herring et al., 2018) is a
quantification of the change in the probability of an extreme that can be attributed to a particular cause
(i-e., anthropogenic GHG forcings). For the first time, we extend this probabilistic approach to quantify
the occurrence of excess extreme events above specific global mean warming levels, demonstrating, for
example, the changing probability of temperature extremes in the 2 °C, compared to the 1.5 °C worlds.
This is the Excess Risk Ratio, calculated as follows:

Py
)
Pl 5

where P; 5 denotes the probability of a Tys_2 event occurring under baseline 1.5 °C of global mean warming
and P, occurring under 2 °C of global mean warming. Equivalent RR values are calculated for 3 °C worlds
and the end of the 21st century (EP2) warming as assessments of changes in the risk of regional temperature
extremes with increasing levels of global mean warming (supporting information Table S4).

Excess RR, =

As sequentially warmer global thresholds are breached, significantly higher Ty5 values are simulated, with
the largest temperature anomalies occurring in the high northern latitude regions (Figure 2).
Furthermore, Excess RR values increase with mean warming levels (from 0 to infinite or FAR values of
1), indicating the far greater likelihood of excess heat events occurring in warmer worlds. In a 3 °C world,
Risk Ratio values are predominantly infinite, meaning that Tqs values of this magnitude are not simulated
if aggressive GHG reductions are implemented, showing the clear value of current and future mitigation
efforts to reduce the frequency of future extreme temperatures.

4. Quantifying Emitter-Level Contributions to Future Extremes

Previous studies allocate historical responsibility for or assess observed climate change based on identifying
national cumulative historical contributions to global warming (Otto et al., 2017; Raupach et al., 2014).
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Although cumulative historical emissions are important for driving climatic change and should not be
entirely overlooked, for several key reasons, we focus here on current emissions and the importance of
current decision-making. First, while historic emissions are highly inequitable, climate change is not a
purely historic issue and the seriousness of current emissions inequities must also be considered.
Second, while prior to 1990's first IPCC assessment, GHG emissions were made in scientific and political
naivety of future impacts (Page, 2008), Paris-era pledges are informed by a wealth of evidence and are
made cognisant of both the foreseeable consequences of enhanced warming and the actions of others.
Finally, while GHGs have varying residence times and enduring impacts on the climate system, peak
warming occurs about a decade after carbon dioxide emission (Ricke & Caldeira, 2014), and hence
current and near future emissions are important for future extremes. For these key reasons, we focus
on the climate outcomes of emitters' current decisions about near-term emissions, using the Storyline
approach connecting CO, emissions pledges with warming levels, while also noting that cumulative his-
torical emissions are an important consideration for temperature changes. Because we focus on current
and near-term emissions targets, we also calculate changes in excess temperatures above baseline warm-
ing under 1.5 °C of global mean warming.

To assess contributions to these extreme events, we calculate a scaling factor that is applied to each emitter's
recent CO, emissions proportion (see supporting information section S4). The G3 are accountable for the
change in risk of future extreme climate events based solely on their own decision-making around
Storyline, regardless of the actions of the other countries. Our simplified approach is grounded in the com-
bined concepts of both leadership and sovereign responsibility, whereby leading emitters have the responsi-
bility for climate mitigation action, in order to reduce global emissions and to motivate other nations to
follow. The occurrence of specific climate events may, however, depends on combinations of emitters'
adopted Storylines, and a more complex approach of leadership and assessment of contributions would
incorporate multilateral assessments of contributions to events. We also note that calculating a scaling factor
based on an emitter's share of cumulative, rather than current, emissions would give differing Contribution
values. Our calculation of proportion also does not consider transient emissions trajectories, although likely
provides low-range estimates of contributions given reported recent emissions increases for USA and China
(Jackson et al.,2018

The population-adjusted emissions scaling factor is determined to measure the level of emissions inequality
—emitters that have higher current per capita emissions compared to the global average citizen are pena-
lized accordingly (see supporting information for description). Next, the Contribution to Excess Risk Ratio
value (or simply Contribution) is calculated. This value integrates an estimate of the Excess RRs for future
heat events, leadership behavior based on Storylines, and the scaled proportion of recent global emissions
(EDGAR, 2017) and population (The World Bank, 2015). A per capita emissions scaling factor is first deter-
mined as a quantification of the level of inequality emissions, whereby countries that have higher per capita
emissions compared to the global average citizen are penalized. This scaling factor is calculated as follows:

Per capita Emissions Scaling Factor =

Country's Emissions %of Global Total
Country's Population %of Global Total

/Global Average Emissions per Person 2

Countries (or emitters) with higher per capita emissions (e.g., the USA) than the global average are penalized
relative to countries (or emitters) with low per capita emissions (see supporting information Table S5). This
per capita perspective to assessing contribution is based on each emitter's current share of the total popula-
tion and their recent emissions proportion.

Furthermore, while we argue that per capita-based assessments of emissions are most useful for evaluating
contributions to extremes (see also Davis & Caldeira, 2010), we also apply an absolute (nonpopulation-
weighted) approach as a comparison to the per capita perspective (supporting information Figure S2), where
the emitter Contribution value depends only on the emitter's absolute emissions percentage (supporting
information Figure S3). Differing values are determined when applying a methodology scaled only by emis-
sions proportions and not adjusted by population, including a greater Contribution to Excess Risk Ratios
value for China.
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Figure 3. Application of Contribution to Excess Risk Ratio (RR) concept to the Central Europe (CEU) case study.
(a) Excess Future Extreme values are calculated for various levels of global mean warming for Central Europe.

(b) Excess Risk Ratio values are calculated as the change in probability of an event occurring in a world with global mean
warming thresholds (2 or 3 °C of global mean warming have been breached or EP2 values), compared to 1.5 °C.

(c) Contributions to Excess Risk Ratio values are calculated for each emitter (EU, USA, and China) based on current
Nationally Determined Contributions (NDCs; nonbinding pledges), noting that the US is unlikely to meet this pledge
(Kemp, 2017a, 2017ab). Emissions are scaled using a per capita factor that quantifies the level of inequality in emissions,
relative to global average citizen (see supporting information). Bars are color-coded based on Storylines associated with
emitters’ current NDCs, as indicated in panel (b) (black for 3 °C of global mean warming and red for EP2). (d) Contribution
values calculated for each emitter (EU, USA, and China) based on Storyline 3.

The Contribution approach is demonstrated by applying this concept to a case study for Central Europe
(CEU; Figure 3), where a hypothetical future extreme occurs that exceeds Tos_3. Contribution values are
presented for Storylines based on the G3's current NDCs or breaching these for the US (Kemp, 2017a,
2017ab). We calculate a Contribution value to this future extreme heat in Central Europe for EU28 as
a one time attributable increase in event risk and China as 2.9 times attributable increase in event risk.
As the US is unlikely to meet its NDC, the Excess Risk Ratio associated with this Storyline is infinite.
The interpretation of such an RR is clearly more difficult than for a finite value and particularly in
terms of assessing a fractional contribution to such an increase in risk. Hence, we describe this as a vir-
tually certain contribution of the US to an increased probability of such extremes occurring. The emitter
Contribution values can be reduced for each major emitter if a lower emissions Storyline is adopted
compared to their current pledges. If Storyline 3 is adopted, the Central Europe Contribution value,
the US is a three times attributable increase in risk (Figure 3).

Similar results are determined for other midlatitude and high-latitude regions (see supporting information
Figures S3 and S4 for East North America region). Conversely, in several tropical and subtropical regions,
such as South Asia and the Sahara, the assessed contribution to future extremes does not depend on current
pledges and decision-making. These regions demonstrate rapid regional warming relative to variability with
increasing background temperatures. Hence, the Excess Risk Ratio and Contribution values calculated for
each emitter are largely consistent across Storylines.
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5. Implications of Contributions for Climate Leadership and Equity

The Contribution to Excess Risk Ratio provides an assessment of individual emitter-level contributions to
the frequency of future extremes based on current emissions policies and emissions contributions. This
approach demonstrates that current actions can have a calculable effect on future climate events. While
we limit our Contribution analysis to the G3, it could feasibly and fairly be extended to the other 44 devel-
oped country parties impelled to lead on climate action, in addition to analyzing high emitting developing
countries. Contributions to future extremes could be calculated, for example, for Australia, which is not
on track to meet its Paris pledges (Climate Action Tracker, 2019). In addition, broader application of this
approach could consider greater complexity around the location in which emissions occurs, such as emis-
sions from China based on the production of consumer goods for export elsewhere. Further analysis of
Contributions to future extremes could be calculated by using more elaborate Storylines based on time-
evolving emissions trajectories for each emitter. This more sophisticated approach would allow each emit-
ter's attributable contributions to be isolated and an independent FAR or RR value determined.

This contribution-based quantification approach could also be applied to a broader suite of extremes, such as
hydrological extremes. The impacts of future extreme weather and climate events such as those rivaling the
2017 Hurricanes Irma or Maria, or the severe 2015 heatwave in southern India (Ratnam et al., 2016), could
be disaggregated into contributions by major emitters based on their current climate policies using the
Contribution to Excess Risk Ratio approach. These event types may provide cases where the highest emitting
countries provide compensation for climate change impacts through existing mechanisms for loss and
damage (Verchick, 2018).

However, we highlight that application of this approach to other extremes requires rigorous model evalua-
tion in the first instance. We also note that the Contribution values presented here demonstrate a concept for
the first time: they are based on specific, hypothetical future events calculated in a suite of climate models,
with one conceptualization of climate leadership. The precise values of Contributions would change if
different emissions and populations data sets were used, different extreme event definitions were applied,
or different conceptualizations of leadership and contributions were implemented, including analysis of
cumulative emissions. Hence, these specific values should not be applied directly to observed extremes as
absolute determinations of emitter contributions without expanded analyses.

Our simplified quantification demonstrates that the contributions of the highest emitters to future extremes
in many regions increase in proportion to their adopted pledges and hence also demonstrates the multiple
benefits in implementing ambitious reductions. For these major greenhouse emitters, benefits include
demonstrating leadership (a key climate policy concept) and reducing their own contributions to future
extreme climate events that may also limit liability to domestic litigation. Arguably, greater benefits emerge
for low emitting countries: climate leadership by emitters most significantly benefits countries that are least
responsible for, and most vulnerable to, climate change (Althor et al., 2016). By committing to lower warm-
ing Storylines, major emitters can reduce the likelihood of future extremes in less developed and lower
emitting nations.

References

Althor, G., Watson, J. E. M., & Fuller, R. A. (2016). Global mismatch between greenhouse gas emissions and the burden of climate change.
Scientific Reports, 6(1), 1-6. https://doi.org/10.1038/srep20281

Barriopedro, D., Fischer, E. M., Luterbacher, J., Trigo, R. M., & Garcia-Herrera, R. (2011). The hot summer of 2010: Redrawing the tem-
perature record map of Europe. Science, 332(6026), 220-224. https://doi.org/10.1126/science.1201224

Ciavarella, A., Stott, P., & Lowe, J. (2017). Early benefits of mitigation in risk of regional climate extremes. Nature Climate Change, 7(5),
326-330. https://doi.org/10.1038/nclimate3259

Climate Action Tracker (2019). Climate action tracker Australia country summary. https://climateactiontracker.org/Countries/Australia/

Davis, S. J., & Caldeira, K. (2010). Consumption-based accounting of CO, emissions. Proceedings of the National Academy of Sciences,
107(12), 5687-5692. https://doi.org/10.1073/pnas.0906974107

EDGAR (2017). CO2 timeseries 1990-2012 per region/country. Retrieved from http://edgar.jrc.ec.europa.eu/overview.php?v=CO2ts1990-
2012&sort=des9

Fischer, E. M., Schir, C., & Scha, Z&. C. (2009). Future changes in daily summer temperature variability: Driving processes and role for
temperature extremes. Climate Dynamics, 33(7-8), 917-935. https://doi.org/10.1007/500382-008-0473-8

Herring, S. C., Christidis, N., Hoell, A., Kossin, J. P., Schreck, C. J. III, & Stott, P. A. (2018). Explaining extreme events of 2016 from a climate
perspective. Bulletin of the American Meteorological Society, 99(1), S49-S53. https://doi.org/10.1175/BAMS-D-17-0118.1

IPCC (2012). In C. B. Field, V. Barros, T. F. Stocker, & Q. Dahe (Eds.), Managing the risks of extreme events and disasters to advance climate
change adaptation. Cambridge: Cambridge University Press. https://doi.org/10.1017/CB09781139177245

LEWIS ET AL.

3942


https://doi.org/10.1038/srep20281
https://doi.org/10.1126/science.1201224
https://doi.org/10.1038/nclimate3259
https://climateactiontracker.org/Countries/Australia/
https://doi.org/10.1073/pnas.0906974107
http://edgar.jrc.ec.europa.eu/overview.php?v=CO2ts1990-2012&sort=des9
http://edgar.jrc.ec.europa.eu/overview.php?v=CO2ts1990-2012&sort=des9
https://doi.org/10.1007/s00382-008-0473-8
https://doi.org/10.1175/BAMS-D-17-0118.1
https://doi.org/10.1017/CBO9781139177245

~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Geophysical Research Letters 10.1029/2018GL081608

IPCC (2018). Global warming of 1.5°C. In V. Masson-Delmotte, P. Zhai, H.-O. Portner, D. Roberts, J. Skea, P. R. Shukla, et al. (Eds.), An
IPCC Special Report on the impacts of global warming of 1.5°C above pre-industrial levels and related global greenhouse gas emission
pathways, in the context of strengthening the global response to the threat of climate change, sustainable development (pp. 1-32). Geneva,
Switzerland: WMO. Retrieved from https://www.ipcc.ch/site/assets/uploads/sites/2/2018/07/SR15_SPM_version_stand_alone_LR.pdf

Jackson, R. B., Le Quéré, C., Andrew, R. M., Canadell, J. G., Korsbakken, J. L., Liu, Z., et al. (2018). Global energy growth is outpacing
decarbonization. Environmental Research Letters, 13, 120401.

Johnston, E. (2016). Deeper, earlier emissions cuts needed to reach Paris goals. Paris Agreement pledges must be strengthened in next few
years to limit warming to 2°C. Retrieved August 20, 2004, from https://www.climateinteractive.org/analysis/deeper-earlier-emissions-
cuts-needed-to-reach-paris-goals/

Jones, P. D., Lister, D. H., Osborn, T. J., Harpham, C., Salmon, M., & Morice, C. P. (2012). Hemispheric and large-scale land-surface air
temperature variations: An extensive revision and an update to 2010. Journal of Geophysical Research, 117, D05127. https://doi.org/
10.1029/2011JD017139

Kemp, L. (2017a). Better out than in. Nature Climate Change, 7(7), 458-460. https://doi.org/10.1038/nclimate3309

Kemp, L. (2017b). US-proofing the Paris Climate Agreement. Climate Policy, 17(1), 86-101. https://doi.org/10.1080/14693062.2016.1176007

King, A. D., Karoly, D. J., & Henley, B. J. (2017). Australian climate extremes at 1.5 °C and 2 °C of global warming. Nature Climate Change,
7(6), 412-416. https://doi.org/10.1038/nclimate3296

Le Quéré, C., Andrew, R. M., Friedlingstein, P., Sitch, S., Pongratz, J., Manning, A. C., et al. (2018). Global carbon budget 2017. Earth System
Science Data, 10(1), 405-448. https://doi.org/10.5194/essd-10-405-2018

Meinshausen, M., Jeffery, L., Guetschow, J., Robiou Du Pont, Y., Rogelj, J., Schaeffer, M., et al. (2015). National post-2020 greenhouse gas
targets and diversity-aware leadership. Nature Climate Change, 5(12), 1098-1106. https://doi.org/10.1038/nclimate2826

Otto, F. E. L., Skeie, R. B., Fuglestvedst, J. S., Berntsen, T., & Allen, M. R. (2017). Assigning historic responsibility for extreme weather
events. Nature Climate Change, 7(11), 757-759. https://doi.org/10.1038/nclimate3419

Page, E. A. (2008). Distributing the burdens of climate change. Environmental Politics, 17(4), 556-575. https://doi.org/10.1080/
09644010802193419

Perkins-Kirkpatrick, S. E., & Gibson, P. B. (2017). Changes in regional heatwave characteristics as a function of increasing global tem-
perature. Scientific Reports, 7(1), 12,256-12,212. https://doi.org/10.1038/s41598-017-12520-2

Ratnam, J. V., Behera, S. K., Ratna, S. B., Rajeevan, M., & Yamagata, T. (2016). Anatomy of Indian heatwaves. Scientific Reports, 6(1), 1-11.
https://doi.org/10.1038/srep24395

Raupach, M. R, Davis, S. J., Peters, G. P., Andrew, R. M., Canadell, J. G., Ciais, P., et al. (2014). Sharing a quota on cumulative carbon
emissions. Nature Climate Change, 4(10), 873-879. https://doi.org/10.1038/nclimate2384

Ricke, K. L., & Caldeira, K. (2014). Maximum warming occurs about one decade after a carbon dioxide emission. Environmental Research
Letters, 9(12), 124002. https://doi.org/10.1088/1748-9326/9/12/124002

Rogelj, J., Den Elzen, M., Hohne, N., Fransen, T., Fekete, H., Winkler, H., et al. (2016). Paris Agreement climate proposals need a boost to
keep warming well below 2 °C. Nature, 534(7609), 631-639. https://doi.org/10.1038/nature18307

Schwerhoff, G. (2016). The economics of leadership in climate change mitigation. Climate Policy, 16(2), 196-214. https://doi.org/10.1080/
14693062.2014.992297

Taylor, K. E., Stouffer, R. J., & Meehl, G. A. (2012). An overview of CMIP5 and the experiment design. Bulletin of the American
Meteorological Society, 93(4), 485-498. https://doi.org/10.1175/BAMS-D-11-00094.1

The World Bank (2015). DataBank world development indicators.

UNFCCC (2016). Paris Agreement, Article 2 (Vol. 01415).

Verchick, R. R. M. (2018). Can “loss and damage” carry the load? Philosophical Transactions of the Royal Society A: Mathematical, Physical
and Engineering Sciences, 376(2119), 20170070. https://doi.org/10.1098/rsta.2017.0070

References From the Supporting Information

Dole, R., Hoerling, M., Perlwitz, J., Eischeid, J., Pegion, P., Zhang, T, et al. (2011). Was there a basis for anticipating the 2010 Russian heat
wave? Geophysical Research Letters, 38, L06702. https://doi.org/10.1029/2010GL046582

Jones, A., Johnston, E., Sterman, J., & Siegel, L. (2016). Deeper, earlier emissions cuts needed to reach Paris goals, 1-7.

Matthews, H. D., Graham, T. L., Keverian, S., Lamontagne, C., Seto, D., & Smith, T. J. (2014). National contributions to observed global
warming. Environmental Research Letters, 9(1). https://doi.org/10.1088/1748-9326/9/1/014010

Paciorek, C. J., Stone, A., & Wehner, M. F. (2018). Quantifying statistical uncertainty in the attribution of human influence on severe
weather. Weather and Climate Extremes, 20, 69-80. https://doi.org/10.1016/j.wace.2018.01.002

Sanderson, B. M., & Knutti, R. (2017). Delays in US mitigation could rule out Paris targets. Nature Climate Change, 7(2), 92-94. https://doi.
org/10.1038/nclimate3193

Skeie, R. B., Fuglestvedst, J., Berntsen, T., Peters, G. P., Andrew, R., Allen, M., & Kallbekken, S. (2017). Perspective has a strong effect on the
calculation of historical contributions to global warming. Environmental Research Letters, 12(2). https://doi.org/10.1088/1748-9326/
aasb0a

Stone, D. A., & Allen, M. R. (2005). The end-to-end attribution problem: From emissions to impacts. Climatic Change, 71(3), 303-318.
https://doi.org/10.1007/s10584-005-6778-2

LEWIS ET AL.

3943


https://www.ipcc.ch/site/assets/uploads/sites/2/2018/07/SR15_SPM_version_stand_alone_LR.pdf
https://www.climateinteractive.org/analysis/deeper-earlier-emissions-cuts-needed-to-reach-paris-goals/
https://www.climateinteractive.org/analysis/deeper-earlier-emissions-cuts-needed-to-reach-paris-goals/
https://doi.org/10.1029/2011JD017139
https://doi.org/10.1029/2011JD017139
https://doi.org/10.1038/nclimate3309
https://doi.org/10.1080/14693062.2016.1176007
https://doi.org/10.1038/nclimate3296
https://doi.org/10.5194/essd-10-405-2018
https://doi.org/10.1038/nclimate2826
https://doi.org/10.1038/nclimate3419
https://doi.org/10.1080/09644010802193419
https://doi.org/10.1080/09644010802193419
https://doi.org/10.1038/s41598-017-12520-2
https://doi.org/10.1038/srep24395
https://doi.org/10.1038/nclimate2384
https://doi.org/10.1088/1748-9326/9/12/124002
https://doi.org/10.1038/nature18307
https://doi.org/10.1080/14693062.2014.992297
https://doi.org/10.1080/14693062.2014.992297
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1098/rsta.2017.0070
https://doi.org/10.1029/2010GL046582
https://doi.org/10.1088/1748-9326/9/1/014010
https://doi.org/10.1016/j.wace.2018.01.002
https://doi.org/10.1038/nclimate3193
https://doi.org/10.1038/nclimate3193
https://doi.org/10.1088/1748-9326/aa5b0a
https://doi.org/10.1088/1748-9326/aa5b0a
https://doi.org/10.1007/s10584-005-6778-2


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


