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About the Institute for Governance & Sustainable Development (IGSD)
IGSD’s mission is to build resilience by accelerating fast climate mitigation actions to slow near-term
warming and self-reinforcing climate feedbacks, avoid catastrophic climate and societal tipping points, and
limit global temperature to 1.5°C—or at least keep this temperature guardrail in sight.
IGSD’s latest research shows that decarbonization alone is insufficient to slow near-term warming to keep
us below 1.5°C or even the more dangerous 2°C guardrail, and that the fastest and most effective strategy
is to combine the marathon to zero out carbon dioxide (CO 2) emissions from decarbonizing the energy
system with the sprint to rapidly cut non-CO2 super climate pollutants and protect carbon sinks. The super
climate pollutants include four short-lived climate pollutants (SLCPs)—methane (CH4), black carbon soot,
tropospheric ozone (O3), and hydrofluorocarbons (HFCs)—as well as the longer-lived nitrous oxide (N2O).
Combining the fast mitigation sprint with the decarbonization marathon would help address the ethical
issues of intra- and inter-generational equity by giving societies urgently needed time to adapt to
unavoidable changes and build resilience. The latest science suggests that the window for exceeding the
1.5°C guardrail could close as soon as the early 2030s, making this the decisive decade for fast action to
slow warming. IGSD’s theory of action is anchored in the urgency of responding rapidly and effectively
in order to avoid irreversible damage to the climate system with catastrophic consequences for all.
The fastest way to reduce near-term warming in the next decade is to cut SLCPs. Because they only last in
the atmosphere from days to 15 years, reducing them will prevent 90 percent of their predicted warming
within a decade. Strategies targeting SLCP reductions can avoid four times more warming at 2050 than
targeting CO2 alone. Reducing HFCs can avoid nearly 0.1 °C of warming by 2050 and up to 0.5 °C by the
end of the century. The initial phasedown schedule in the Kigali Amendment to the Montreal Protocol will
capture about 90 percent of this. Parallel efforts to enhance energy efficiency of air conditioners and other
cooling appliances during the HFC phasedown can double the climate benefits at 2050. Cutting methane
emissions can avoid nearly 0.3 °C by the 2040s, with the potential for significant avoided warming from
emerging technologies to remove atmospheric methane faster than the natural cycle.
Combining the fast mitigation sprint with the decarbonization marathon would reduce the rate of global
warming by half from 2030 to 2050, slow the rate of warming a decade or two earlier than decarbonization
alone, and make it possible for the world to keep the 1.5°C guardrail in sight. It would also reduce the rate
of Arctic warming by two-thirds. This would help slow self-reinforcing climate feedbacks in the Arctic,
and thus avoid or at least delay the cluster of projected tipping points beyond 1.5°C. Reducing climate risks
and staying withing the limits to adaptation are critical to building resilience.
IGSD approaches to fast mitigation includes science, law and policy, and climate finance. IGSD works at
the global, regional, national and subnational levels.
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About the Center for Human Rights and Environment (CHRE/CEDHA)
Originally founded in 1999 in Argentina, the Center for Human Rights and Environment (CHRE or
CEDHA by its Spanish acronym) aims to build a more harmonious relationship between the environment
and people. Its work centers on promoting greater access to justice and to guarantee human rights for
victims of environmental degradation due to the non-sustainable management of natural resources, and
to prevent future violations. To this end, CHRE fosters the creation of public policy that promotes
inclusive socially and environmentally sustainable development, through community participation,
public interest litigation, strengthening democratic institutions, and the capacity building of key actors.
CHRE addresses environmental policy and human rights impacts in the context of climate change
through numerous advocacy programs including initiatives to promote fast action climate mitigation
policies to contain and reverse climate change; to reduce emissions of short-lived climate pollutants such
as black carbon, HFCs and methane; and to protect glaciers and permafrost environments for their value
as natural water storage and basin regulators, to avoid their melt impacts on sea level and subsequent
influence on ocean currents and air streams, as well as for their global albedo value and for the many
other roles glaciers play in sustaining planetary ecological equilibrium. CHRE also fosters corporate
accountability and human rights compliance to address the social and environmental impacts of key
climate polluting industries such as oil and gas (including hydraulic fracturing), mining, paper pulp mills
and artisanal brick production.
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1. Introduction and summary
This Background Note summarizes the science supporting the need for fast climate mitigation to
slow warming in the near term (2022–2041). It focuses on the importance of cutting super climate
pollutants and protecting carbon sinks to slow self-reinforcing feedbacks and avoid tipping points.
It also explains why winning a fast mitigation sprint to 2030 is critical for addressing the climate
emergency and how the sprint complements the marathon to decarbonize the economy and achieve
net-zero emissions by 2050 or earlier.
Climate change presents two challenges, or races, that we must simultaneously run: the race to
stabilize the climate in the longer term, and the race to slow the rate of warming in the near term to
reduce the risk of climate extremes that scale with the rate of warming and threaten to accelerate
feedbacks and trigger a cascade of irreversible tipping points. Cutting super climate pollutants, in
particular the short-lived climate pollutants—black carbon, methane (CH4), tropospheric ozone, and
hydrofluorocarbons (HFCs)— can avoid four times more warming at 2050 than CO2 cuts alone can,1
and reduce projected warming in the Arctic by two-thirds and the rate of global warming by half.2
Reducing climate risks and staying withing the limits to adaptation are critical to building resilience.3
A. The window is closing for keeping within a safe climate zone
•

The window for effective mitigation to slow feedbacks and avoid tipping points is
shrinking to perhaps 10 years or less, including the window to prevent crashing through
the 1.5 ºC guardrail.
o The world could hit the 1.5 °C guardrail by the early 2030s due to rising emissions,
declining particulate air pollution that unmasks existing warming, and natural climate
variability (Figure 1).4 The probability of exceeding 1.5 °C by 2026 for at least one
year has doubled since 2020, with a likely-as-not (48%) chance that at least one year
could be 1.5 °C warmer, according to the World Meteorological Organization.5
o Today the Earth is trapping twice as much heat as it did in 2005, with loss of
reflective sea ice and changes in clouds contributing significantly to the extra heat
the planet is now retaining.6 Climate-driven changes in clouds act as a selfreinforcing feedback leading to more warming and higher climate sensitivity.7
o Even at 1.1–1.2 °C of global warming in 2020–2021,8 weather extremes are
becoming more frequent and more severe.
Figure 1. Projected warming

Source: Xu Y., Ramanathan V., & Victor D. (2018) Global warming will happen faster than we
think, Comment, NATURE 564: 30–32.
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B. Only a dual assault on CO2 and super climate pollutants, particularly methane, would
make it possible for the world to keep 1.5 °C in sight and stay below 2 °C
•

•

The CO2 and SLCP strategies are complementary and not exchangeable. Achieving 2050
Net Zero CO2 targets is essential for stabilizing the climate by the end of the century due
to the long lifetime of CO2 in the atmosphere but cannot by itself prevent global
temperatures from exceeding 1.5 °C above pre-industrial levels, the guardrail beyond
which the world’s climate is expected to pass irreversible tipping points.
o The recent AR6 reports confirm that cutting fossil fuel emissions––the main source
of CO2––by decarbonizing the energy system and shifting to clean energy, in
isolation, actually makes global warming worse in the short term. This is because
burning fossil fuels also creates sulfate aerosols, which act to cool the climate.
These cooling sulfates fall out of the atmosphere fast, while CO2 lasts much longer,
thus leading to overall warming for the first decade or two.9
Reducing SLCPs is the only currently known way to cut the rate of warming in the nearterm, slow self-reinforcing feedbacks, and avoid irreversible tipping points. In addition to
zeroing out CO2 emissions to curb long-term warming, it’s essential to slow near-term
warming by reducing short-lived climate pollutants (SLCPs)—methane (CH4), black
carbon (BC) soot, tropospheric ozone (O3), and hydrofluorocarbons (HFC). (These shortlived pollutants are often referred to as “super pollutants” because of their potency and
ability to quickly reduce warming. N2O is also a super pollutant but is not short-lived.)

C. It’s time to broaden the strategy to avoid climate catastrophe
•

•

•

Addressing the near-term climate emergency requires selecting fast mitigation solutions10 that
provide the most avoided warming in the shortest period of time over the next decade or two;
slow the self-reinforcing feedbacks and avoid tipping points;11 and protect the most vulnerable
people and ecosystems12 from heat, drought, flooding, and other extremes that will
dramatically increase in severity and frequency with every increment of additional warming.13
o In addition to cutting CO2 and SLCPs, other fast mitigation strategies must be
employed, including protecting sinks;14 this combined approach is essential for
achieving near-term and long-term climate targets.
According to the Intergovernmental Panel on Climate Change (IPCC), keeping the planet
livable by limiting warming to 1.5 °C with no or limited overshoot requires reducing global
human-caused methane emissions by 34% in 2030 and 44% in 2040 relative to modelled
2019 levels, in addition to cutting global CO 2 emissions in half in 2030 and by 80% in
2040, and deep cuts to other SLCPs and nitrous oxide.15
o AR6 WGIII further finds that “[d]eep GHG [greenhouse gas] emissions reductions
by 2030 and 2040, particularly reductions of methane emissions, lower peak
warming, reduce the likelihood of overshooting warming limits and lead to less
reliance on net negative CO2 emissions that reverse warming in the latter half of
the century… Due to the short lifetime of CH4 in the atmosphere, projected deep
reduction of CH4 emissions up until the time of net zero CO2 in modelled mitigation
pathways effectively reduces peak global warming. (high confidence)”16
These findings build on the conclusions of the IPCC’s Special Report on Global Warming
of 1.5 °C that identified the three strategies that are essential for keeping the planet livable:
i. reaching net zero CO2 by mid-century;
ii. making deep cuts to SLCPs super pollutants in the next decades; and
iii. removing up to 1,000 billion tons of CO2 from the atmosphere by 2100.17
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2. Feedbacks and tipping points are key to understanding planetary emergency
Evidence from feedbacks and tipping points suggests that we are already in a state of planetary
emergency, where both the risk and urgency of the emergency are acute. The IPCC defines a
tipping point as “a critical threshold beyond which a system reorganizes, often abruptly and/or
irreversibly.”18 Earth system models project a cluster of six such abrupt shifts between 1°C and
1.5°C of warming and another eleven between 1.5 °C and 2 °C,19 as confirmed by two IPCC
Special Reports.20 A recent assessment finds that exceeding 1.5 °C increases the likelihood of
triggering or committing to six self-propagating climate tipping points (Figure 2).21 Domino-like
interactions among these systems are projected to lower thresholds and increase the risk of
triggering a global cascade of tipping points (Figure 3).22 Additional as-yet-undiscovered tipping
points are possible due to limitations in current models and exclusion of processes such as those
related to permafrost and other biogeochemical feedbacks.23 Self-reinforcing feedbacks, including
the loss of Arctic sea ice, are among the most vulnerable links in the chain of climate protection.24
Extremes triggered by these feedbacks pose further systemic risks including financial and societal
collapse. Mapping of projected extreme heat to the Fragile State Index points to significant
potential for conflict and vulnerability currently excluded from most economic analyses of social
costs of climate pollution.25
Figure 2. Abrupt climate changes as global temperatures increase

Source: Armstrong McKay D. I., Staal A., Abrams J. F., Winkelmann R., Sakschewski B., Loriani
S., Fetzer I., Cornell S. E., Rockström J., & Lenton T. M. (2022) Exceeding 1.5°C global warming
could trigger multiple climate tipping points, SCIENCE 377(6611): eabn7950, 1–10, Figure 2.

•

The “evidence from tipping points alone suggests that we are in a state of planetary
emergency: both the risk and urgency of the situation are acute….”26
o Even with a 1.5 °C overshoot where the temperature limit is only temporarily
breached, some of the impacts will be irreversible, even if warming is reduced.27
o An April 2022 preprint that analyzes four interacting climate tipping points––the
Greenland and West Antarctic Ice Sheets, the Atlantic Meridional Overturning
3

•

•

•

Circulation, and the Amazon rainforest––finds that even temporarily overshooting
2 °C can increase the risk of crossing these tipping points by up to 72%.28
Greenhouse gas concentrations in the atmosphere continue to increase at record rates
despite the pandemic and economic slowdown.
o Atmospheric methane concentrations set records in 2020 and 2021 for the fastest
rate of increase since records started in 1983, and preliminary data shows methane
exceeding 1,900 parts per billion (ppb) for the first time in September 2021.29
o Global atmospheric CO2 concentrations reached a new high of 420 parts per million
(ppm) in April 2022, a 50% increase over pre-industrial levels and 2.5 ppm higher
than 2020.30 For comparison, the average increase of CO2 was 1.5 ppm/year in the
1990s.31
Weather extremes are already becoming more frequent and more severe.
o According to AR6 WGI, “[i]t is virtually certain that hot extremes (including
heatwaves) have become more frequent and more intense across most land regions
since the 1950s... with high confidence that human-induced climate change is the
main driver of these changes.”32
o The record-breaking June 2021 heatwave in the Pacific Northwest (U.S. and
Canada) would have been virtually impossible absent human-caused climate
change33 and would have been much less severe to human health.34 The probability
of such heat waves will increase by up to 200 times by the 2040s, occurring every
5 to 10 years, given our current emissions trajectory. 35
o In 2053, an “extreme heat belt” affecting over 100 million people is expected to
form in the central U.S., where temperatures will exceed 125 °F (~52 °C) at least
once a year, placing it on the “extreme danger level” of the National Weather
Service’s heat index.36
o Global warming made the 2019 heatwaves in Western Europe up to 100 times more
likely.37 As Europe sizzled under another heatwave in 2021, the Mediterranean
region was evolving into a “wildfire hotspot.”38
o Heatwaves in Europe are increasing in frequency and intensity faster than most of
the planet due to a warming climate and changes in the jet stream.39 Climate change
made the record-breaking 40 °C (104 °F) in the UK at least 10-times more likely.40
The record-breaking 2022 heatwaves will be considered an “average” summer in
Europe by 2035, even if current climate commitments are met.41
o With unprecedented long-duration heatwaves afflicting over a billion people in
India and Pakistan in 2022, scientists note that “the current climate has changed so
significantly that the pre-industrial world becomes a poor basis of comparison.”42
o Night-time fire intensity has increased globally by 7.2% in the last two decades due
to rising temperatures, causing more intense, longer-lasting, and larger fires.43
o Catastrophic flooding inundating a third of Pakistan in 2022 was very likely made
more severe due to climate change increasing rainfall, glacier melt, and extending
a La Niña event in the Pacific for a rare third year.44
The probability of “record-shattering” climate extremes “depends on warming rate, rather
than the global warming level, and is thus pathway-dependent.”45
o According to the National Oceanic and Atmospheric Administration, “[t]he seven
warmest years since 1880 have all occurred since 2014, while the 10 warmest years
have occurred since 2005.”46 Continued record [GHG] emissions mean that the rate
of warming could increase from 0.2 °C per decade to 0.25–0.32 °C per decade over
the next 25 years.47
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Figure 3. Climate tipping points

Source: Lenton T. M., Rockstrom J., Gaffney O., Rahmstorf S., Richardson K., Steffen W., &
Schellnhuber H. J. (2019) Climate tipping points—too risky to bet against, Comment, NATURE,
575(7784): 592–595.

A. The Arctic may be the weakest link in safeguarding our climate
The Arctic is critical for climate stabilization, yet it may be the weakest link in the chain of climate
protection.48 The Arctic’s sea ice provides a “great white shield” that reflects incoming solar
radiation safely back to space.49 As the extent of the Arctic’s reflective sea ice continues to shrink,
the amount of heat going into the darker ocean is increasing, which in turn is causing more ice to
melt in a self-reinforcing feedback loop.50 The Arctic air temperature is warming at a rate four
times faster than the global average.51 Only half of the summer Arctic sea ice in September
remains,52 with the risk that September will be ice-free within 10 to 15 years.53 If all of the Arctic
sea ice were lost for the sunlit months, it would add the warming equivalent of a trillion tons of
carbon dioxide, or 25 years of climate emissions at today’s rate. 54 The Arctic’s land-based snow
and ice is also melting and is expected to add a similar amount of warming. 55 The intrusion of
warmer ocean water from both the Atlantic56 and the Pacific57 is also contributing to Arctic
warming and the melting of the sea ice, intensifying the impacts of late summer cyclones and
further accelerating sea ice loss.58
i. A rapidly warming Arctic
•

Arctic air temperature is warming at a rate four times faster than the global average. 59
o Arctic mean surface temperatures may rise by up to 10 °C by the end of the century
above the 1985–2014 average.60
o In 2020, Siberia experienced heat extremes that would have been “almost
impossible” without human-caused global warming, including the first 100 °F
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•

temperature recorded north of the Arctic Circle, and record-breaking 118 °F ground
temperature, with similar extremes being observed in the first half of 2021.61
o The Arctic’s “Last Ice Area,” the Wandel Sea, saw unprecedented sea ice loss in
August 2020 primarily due to abnormal weather patterns and warmth from the
exposed ocean surfaces.62 Summer sea ice in this area north of Greenland was
thought to be more resilient and expected to persist decades longer than the rest of
the Arctic,63 providing a refuge for the region’s ice-dependent flora and fauna.64
o Between 1991–2020, surface air temperature in the Barents Sea area experienced
record high annual warming of up to 2.7 °C per decade, with the Northern Barents
Sea area warming at a rate 5–7 times the global warming averages.65 During the
warmer autumn season, the Northern Barents Sea area reached accelerated warming
of up to 4.0 °C per decade between 2001–2020.66
Only half of the summer Arctic sea ice in September remains,67 with the risk that September
will be ice-free within 10 to 15 years.68 If all the Arctic sea ice were lost for the sunlit
months, it would add the warming equivalent of a trillion tons of carbon dioxide.69
o Arctic sea ice reaches its minimum extent, or coverage, every September. Between
1982–2020, the September minimum extent has decreased significantly, reducing
at a rate of 13% per decade.70 In addition to extent, the thickness and volume of
Arctic sea ice have also decreased. During the September minimums of 1982–2020:
▪ Arctic sea ice extent decreased by 44% (from 7.6 million km2 in 1982 to 4.3
million km2 in 2020).71 This is equivalent to a third of the entire U.S.,
including non-contiguous states and territories.72
▪ Arctic sea ice thickness decreased by 48%.73
▪ Arctic sea ice volume decreased by 72%.74
▪ The 16 Septembers with the least Arctic sea ice extent have all been in the
last 16 years; on 15 September 2020, the Arctic sea ice reached the second
lowest extent in the satellite record.75 18 September 2022 is tied for 10th
lowest ice minimum on record, while 16 September 2021 was the 12th
lowest at the time with one of the lowest recorded levels of multi-year ice.76
o The viability of the summer sea ice is further jeopardized by the loss of the strong,
very old (>4 years old) Arctic sea ice, which comprised only 4.4% of the Arctic
Ocean in March 2020; young, first-year ice—which is thinner, more fragile, and
more susceptible to decline—now comprises about 70% of the ice pack.77 Between
1985–2018, multiyear Arctic sea ice has reduced by 95%.78
Land-based snow and ice in the Arctic is also melting and is expected to add a similar
amount of warming. According to Dr. Peter Wadhams:79
o The loss of reflective land-based snow and ice is “of the same magnitude as the sea
ice negative anomaly during the same period, and the change in albedo is roughly
the same between snow-covered land and snow-free tundra as it is between sea ice
and open water.”
o “[T]he similarity of the magnitudes means that snowline retreat and sea ice retreat
are each adding about the same amount to global warming.”
Glaciers and ice sheets around the world are disappearing with serious implications for the
climate, sea level rise, and water security.
o Between the periods of 1992–1999 and 2010–2019, the rate of glacier and ice sheet
loss increased by a factor of four, and along with glacier mass loss, was the majority
contributor to sea level rise between 2006–2018.80
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o A study that combined satellite observations with numerical models found that,
between 1994 and 2017, glaciers and ice sheets have lost 28 trillion tonnes of ice.81
(One trillion tonnes of ice is equivalent to a cube of ice taller than Mount Everest. 82)
According to the authors of the study, “there can be little doubt that the vast
majority of Earth’s ice loss is a direct consequence of climate warming.”83
Figure 4. Monthly sea ice extent anomalies

Source: National Snow and Ice Data Center, Sea Ice Index, “Monthly Sea Ice Extent Anomaly
Graph” (last visited 10 May 2022) (“This graph shows monthly ice extent anomalies plotted as a
time series of percent difference between the extent for the month in question and the mean for that
month based on the January 1981 to December 2021 data. The anomaly data points are plotted as
plus signs and the trend line is plotted with a dashed grey line.”).

ii. Amplification of Arctic warming and sea ice loss––feedbacks and impacts
•

Arctic sea ice is declining at an accelerating rate.
o The rate of decline in Arctic sea ice thickness from 2002 to 2018 may be
underestimated by 60–100% in four of the seven marginal seas, according to a
recent study using “snow data with more realistic variability and trends.”84
o Warmer oceans are also accelerating sea ice loss, with warmer Atlantic85 and
Pacific86 water transporting “unprecedented quantities of heat” into the Arctic
Ocean, further reducing sea ice thickness. The warmer, saltier waters from the
Atlantic Ocean are increasingly entering the Arctic in a process called
“Atlantification of Arctic Ocean”87 that is propagating northward. The strength of
this warming is likely underestimated in CMIP6 models.88
o In the Northern Barents Sea, winter sea ice loss due to warmer waters transporting
heat from the Atlantic Ocean is more pronounced, and as the waters become
warmer and saltier, ocean stratification weakens, further preventing the formation
of sea ice.89
o Less sea ice in the Arctic Ocean allows ocean waves to grow larger, allowing for
an acceleration of ice breakup and retreat,90 which is further exacerbated by late
summer cyclones that continue to break up ice.91

7

o The winter of 2020/21 was characterized by exceptionally high wind forcing that
resulted in the record loss of the Arctic’s multi-year ice driven into the Beaufort
Sea,92 “where ice increasingly can’t survive the summer.”93
o Arctic warming also leads to a greater number of cyclones and to more intense
cyclones,94 which further exacerbate Arctic sea ice decline and vice-versa.95
Figure 5. Late winter sea ice in the Arctic

Source: Perovich D., Meier W., Tschudi M., Hendricks S., Petty A. A., Divine D., Farrell S., Gerlan
S., Haas C., Kaleschke L., Pavlova O., Ricker R., Tian-Kunze X., Webster M., & Wood K. (2020)
Sea Ice, in ARCTIC REPORT CARD 2020, Thoman R. L., Richter-Menge J., & Druckenmiller M. L.
(eds.), National Oceanic and Atmospheric Administration, 49 (“Fig. 3. Late winter sea ice age
coverage map for the week of 12-18 March 1985 (upper left) and 11-17 March 2020 (upper right).
Bottom: Sea ice age percentage within the Arctic Ocean for the week of 11-18 March 1985-2020.
Data are from NSIDC (Tschudi et al. 2019, 2020).”).

iii. We are perilously close to losing our Arctic climate control
•

•

The Arctic could become nearly sea ice-free in September within 10–15 years, further
reducing its heat-reflecting ability.96
o Ice-free conditions over multiple summer months likely occurred during the last
interglacial period, providing further support for predictions of ice-free conditions
in late summer by 2035.97
o The Barents Sea and Greenland Sea could become ice-free year-round by the end
of the century under high emissions scenarios.98
In the extreme case when all Arctic sea ice is lost for the sunlit months, as could happen as
early as mid-century,99 it would be the warming equivalent to one trillion tons of CO2—on
top of the forcing from the 2.4 trillion tons of CO2 added in the 270 years since the
Industrial Revolution—, advancing warming by 25 years.100
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•

o This additional warming would be the equivalent of adding 56 ppm of CO2 to the
current CO2 concentration.101
o The added forcing in the Arctic would be 21 W/m2; averaged globally this would
equal 0.71 W/m2 of global forcing,102 compared to the 2.16 W/m2 added by
anthropogenic emissions of CO2 since the Industrial Revolution.103
o If all of the cloud cover over the Arctic dissipates along with the loss of all sea ice,
the added Arctic warming could be three times as much—the equivalent of three
trillion tons of CO2; in contrast, even if clouds increase to create completely
overcast skies over the Arctic, the warming would still add the equivalent of 500
billion tons of CO2 to the atmosphere.104
Additional factors contribute to further snow and ice loss in the Arctic.
o Reduced Arctic snow cover is increasing risk of wildfires, which emit black carbon,
another super climate pollutant, while destroying sinks and emitting CO2;105
wildfires and permafrost thawing can “act together to expose and transfer
permafrost C to the atmosphere very rapidly.”106
o The warming Arctic is also experiencing three-times more lightning in the last
decade,107 sparking more fires and threatening to accelerate permafrost thaw. 108
Boreal fires which smolder in organic soils and remerge after months, called
“zombie fires” or “overwintering fires,” emitted about 3.5 million metric tons of
carbon between 2002 and 2018.109
o Rapid melting in the Arctic opens up new shipping lanes, which trigger further
pollution and warming as increased shipping traffic, oil and gas exploration, and
tourism burn heavy fuel oil and emits black carbon.110 Increased Arctic shipping
lanes also introduce geopolitical problems and other evolving security risks.111

B. Permafrost thaw feedback could rival major emitters for CO2, CH4, and N2O
The accelerated Arctic warming and loss of sea ice risks triggering another self-reinforcing
feedback—permafrost thaw112— which would further amplify warming by releasing CO2 and
methane (CH4),113 as well as nitrous oxide (N2O), which also destroys stratospheric ozone.114
•
•

Between 2007 and 2016, globally averaged permafrost ground temperature increased by
0.29 °C; within that period, permafrost in mountains warmed by 0.19 °C and in Antarctica
by 0.37 °C.115
The amount of carbon stored in permafrost is nearly twice what is already in the
atmosphere—1,700 Gt (gigatons) carbon in permafrost versus 850 Gt carbon in the
atmosphere.116
o Record high temperatures have been observed in the upper layer of permafrosts,
with sites recording more than a 1 °C increase from 1978 levels.117
o AR6 WGI assesses that the permafrost CO2 feedback per degree of global warming
can be as high as 41 PgC °C-1 through 2100. Additionally, methane emissions from
permafrost thaw are projected to be up to 19 GtCO2e °C-1 [5.3 PgCeq °C-1] by 2100;
and beyond 2100, the magnitude of the permafrost carbon feedback strengthens
under a high-emissions scenario.118
o Of the approximately 15 million square kilometers of permafrost on land, 119 3.4
million square kilometers have already thawed; and with warming of 1.5 °C
approaching, another 4.8 million square kilometers could thaw gradually.120
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o Under the no-mitigation RCP8.5 scenario, gradual permafrost thaw alone could
release as much CO2 as the remaining carbon budget for a likely chance of
remaining below 1.5 °C by the end of the century.121
o However, abrupt thaw “will probably occur in <20% of the permafrost zone but
could affect half of permafrost carbon,” and “models considering only gradual
permafrost thaw are substantially underestimating carbon emissions” by 40%.122
o Moreover, thawing subsea permafrost beneath the Arctic Ocean could add 20%
more emissions by 2100 under an RCP8.5 scenario according to expert
judgement.123
o Carbon budgets for pathways targeting 1.5 or 2 °C this century underestimate
potential permafrost feedbacks, where a 0.5 °C overshoot could result in a two-fold
increase in emissions from permafrost thaw.124
o In addition to accelerating permafrost thaw, heatwaves in the Siberian Arctic in
2020 that peaked at 6 °C above normal temperatures may also be causing fossil
methane gas to leak from rock formations.125
If permafrost were a country: by 2100, its emissions could equal as much as the cumulative
emissions of the United States, yet 82% of IPCC models do not include carbon emissions
from permafrost thaw.126
Figure 6. Changes in permafrost

Source: Chadburn S. E., Burke E. J., Cox P. M., Friedlingstein P., Hugelius G., & Westermann S.
(2017) An observation-based constraint on permafrost loss as a function of global warming, NAT.
CLIM. CHANGE 7(5): 340–344 (“Figure 4 | Changes in spatial patterns of permafrost under future
stabilization scenarios. a,b, The shaded areas show estimated historical permafrost distribution
(1960–1990), and contours show the plausible range of zonal boundaries under 1.5 C stabilization
(a) and under 2 C stabilization (b).”).

•

In addition to the permafrost feedback that accelerates warming, losing permafrost impacts
human settlements and health:
o 3.3 million people, 42% of settlements, and 70% of current infrastructure in the
permafrost domain is at risk of severe damage due to permafrost thaw by 2050,
including 45% of oil and gas production fields in the Russian Arctic.127
o Damage to Russian infrastructure alone due to permafrost thaw could cost $69
billion by 2050.128
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C. An additional methane threat is lurking on the East Siberian Arctic Shelf
There also is a risk that methane will be emitted from the shallow seabed of the East Siberian
Arctic Shelf as the Arctic Ocean warms,129 which would speed up other global warming impacts.130
•

•

Measurements in October 2020 by an international expedition on a Russian research vessel
are showing elevated methane release from the Arctic Shelf, according to a story by
Jonathan Watts in The Guardian.131 The story quotes Swedish scientist Örjan Gustafsson
of Stockholm University, stating that the “East Siberian slope methane hydrate system has
been perturbed and the process will be ongoing.” Analysis of elevated methane measured
in the area in 2014 suggest a fossil methane source beneath the seabed that “may be more
eruptive in nature.”132
According to an earlier isotopic analysis of methane from an Antarctic ice core record, up
to 27% of methane emissions during the last deglaciation may have come from old carbon
reservoirs of permafrost and hydrates; while this “serves only as a partial analog to current
anthropogenic warming,” the authors stated that it is “unlikely” that today’s anthropogenic
warming will release the carbon in these old reservoirs.133

D. The approaching ice sheet tipping points
Several climate tipping points are likely at risk if warming exceeds 1.5 °C for more than several
decades, with the Greenland Ice Sheet and West Antarctic Ice Sheet both already showing signs
of approaching tipping thresholds estimated around 1.5 to 2 °C.134 Once triggered, significant ice
loss is irreversible even with carbon dioxide removal strategies. 135 In 2021, Greenland and
Antarctica reached record low levels of ice mass, with glaciers losing 31% more snow and ice per
year than they did just 15 years ago.136 The melting Greenland Ice Sheet is already the largest
single contributor to the rate of global sea level rise,137 and is expected to lose 110 trillion tons of
ice by the end of the century, which would raise global sea levels by nearly a foot (27 cm).138 AR6
WGI was unable to exclude the possibility of sea level rise of up to 7.5 feet (2.3 meters) by 2100
due to uncertainties in ice sheet processes.139
i. The Greenland Ice Sheet is melting at an accelerating rate
•

•

Early warning signs suggest the Greenland Ice Sheet is close to a tipping point. 140
Currently, the best estimate of the threshold for irreversible melting of the Greenland Ice
Sheet is around 1.6 °C (0.8–3.2 °C).141
o In the past two decades, the melt rate across Greenland increased 250–575%,142 and
the ice discharge from the Greenland Ice Sheet substantially increased; this will
likely persist in the coming years.143 On 28 July 2021, Greenland experienced a
massive melt event that alone would be enough to cover the state of Florida by two
inches of water.144
o If all of Greenland melted, it would contribute 5–7 meters of sea level rise; and
while it may take thousands of years to see the full extent of the sea level rise, the
“timescale of melt depends strongly on the magnitude and duration of the
temperature overshoot.”145
o On 14 August 2021, rainfall occurred at the highest point on the Greenland Ice
Sheet, which has never been recorded before at that location (72.58°N 38.46°W).146
A new analysis calculated that 3.3% of the Greenland Ice Sheet (equivalent to 110 trillion
tons of ice) will inevitably melt by the end of the century regardless of any climate
11
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emissions scenario, triggering at least 27.4 cm (10.8 in) of global sea level rise and reaching
as much as 78.2 cm (30.8 in).147
The melting of Greenland also contributes to the weakening of the Atlantic Meridional
Overturning Circulation (AMOC), which has reached a critical “overturning” stage; the
observational data suggest that “this decline may be associated with an almost complete
loss of stability of the AMOC over the course of the last century, and that the AMOC could
be close to a critical transition to its weak circulation mode.”148
o According to AR6 WGI, it is “very likely” that the AMOC will weaken in the 21st
century, with “medium confidence” that it will not collapse by 2100.149
o The collapse of AMOC can lead to faster sea level rise along parts of the Eastern
United States and Europe, stronger hurricanes in the Southeastern United States,
and reduced rainfall across the Sahel.150 If the sea level along U.S. coasts increased
by 10–12 inches by 2050, the occurrence of destructive floods would increase fivefold.151 Such a collapse would shift weather patterns around the world, with
potentially devastating consequences.152
ii. The West Antarctic Ice Sheet is destabilizing

•

In West Antarctica, losing the Thwaites glacier, which is currently the size of Florida or
Britain, could raise sea levels by over two feet (65 cm).153 Once the Thwaites glacier
retreats past a ridge 50 km upstream, the retreat of the glacier would “become
unstoppable.”154
o A new study warned that the Thwaites glacier has melted faster than previously
observed and that a similar pace of rapid melt could occur in the future.155
o The Thwaites glacier is already contributing to 4% of sea level rise.156 In the last
20 years, the glacier has lost more than 1,000 billion tons of ice and is continuing
to lose ice at a rapidly increasing rate.157
o One glaciologist found that the ice shelf buttressing the Thwaites glacier could
collapse in as little as five years due to massive fractures caused by warmer ocean
water weakening the ice shelf, setting off a “chain-reaction” that could eventually
add 2 to 10 feet of sea level rise over centuries.158

E. The ocean is a heat battery
Compounding the risk from self-reinforcing feedbacks and tipping points, warming will continue
well after emissions stop; about 93% of the energy imbalance accumulates in the oceans as
increased heat,159 and this will return to the atmosphere on a timescale of decades to centuries after
emissions stop.160 Between 2003–2018, the rate of ocean warming increased tenfold from 1958–
1973 levels.161 As noted in AR6 WGI:
“It is virtually certain that the global ocean has warmed since at least 1971, representing
about 90% of the increase in the global energy inventory... and is currently warming faster
than at any other time since at least the last deglacial transition (medium confidence)... It is
extremely likely that human influence was the main driver of ocean warming. Ocean
warming will continue over the 21st century (virtually certain)… [and] is irreversible over
centuries to millennia (medium confidence).”162
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3. Cutting CO2 alone will not slow warming in the near term
Decarbonizing the energy system and achieving net-zero emissions is critical for stabilizing the
climate and keeping temperatures below 1.5 °C by the end of this century. However, stopping
burning fossil fuels, like coal and diesel, also means cutting co-emitted cooling aerosols. These
cooling aerosols fall out of the atmosphere in days to months, and this offsets reductions in
warming from decarbonization until around 2050, and likely even accelerates warming over the
first decade or more.163 As stated by climate scientist and IPCC author Joeri Rogelj: “The removal
of air pollution, either through air quality measures or because combustion processes are phased
out to get rid of CO2, will result in an increase in the resulting rate of warming… The only measures
that can counteract this increased rate of warming over the next decades are methane
reductions.”164
•

•

Air pollution that is co-emitted with CO2 when sulfur-containing coal and oil are burned
results in particles that reflect sunlight. These “cooling aerosols” currently “mask”
warming of about 0.51 °C; and while the accumulated CO2 in the atmosphere will continue
to cause warming for decades to centuries, the cooling aerosols will fall out of the
atmosphere within days to months, unmasking more of the existing warming.165
o The temporary cooling effects of aerosols have been demonstrated in the past. The
1991 Mount Pinatubo eruption injected 15 million tons of sulfur dioxide into the
atmosphere, temporarily cooling the planet by 0.5 °C for nearly two years.166
o A recent assessment of satellites and other evidence finds that the net effect of
anthropogenic aerosol forcing has changed sign from negative (cooling) to positive
(warming) over the last two decades, contributing the equivalent of 15–50% of the
increase in forcing due to CO2 over the same time period, and concluding that
“[t]his signal will most likely continue in the future, increasing the urgency for
strong measures on reducing greenhouse gas emissions… .”167
A previous study calculated that fast cuts to CO2 could avoid 0.1 °C of warming by 2050
and up to 1.6 °C by 2100,168 not accounting for warming due to the unmasking.169
o This would require CO2 emissions to peak in 2030 and decline by 5.5% per year
until carbon neutrality is reached around 2060–2070, after which emissions level
off.170
o If CO2 emissions were to peak in 2020 and decline at 5.5% per year until carbon
neutrality is reached (around mid-century) then level off, this extreme scenario
could avoid 0.3 °C of warming by 2050 and up to 1.9 °C by 2100, although
unmasking of the cooling aerosol would still lead to net warming in the near term.171
o A separate study calculated near-term warming within the next two decades of
0.02–0.10 °C due to cuts to fossil fuel CO2 emissions and associated reductions in
cooling aerosols.172
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Figure 7. Temperature response of mitigation strategies focusing only on CO2 (decarbonization
alone) compared to decarbonization plus measures targeting SLCPs
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Figure A: Global Surface Air Temperature relative to pre-industrial for two scenarios:
decarbonization alone (orange) and decarbonization plus measures targeting non-CO2 pollutants
including methane, hydrofluorocarbon refrigerants, black carbon soot, ground-level ozone smog, as
well as nitrous oxide (green). Vertical lines illustrate range adapted from inter-model spread (5% to
95%) for scenario SSP1-1.9 from IPCC AR6 WGI Figure SPM.8a. See Intergovernmental Panel on
Climate Change (2021) Summary for Policymakers, in Climate Change 2021: The Physical Science
Basis, Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change, Masson-Delmotte V., et al. (eds.) (Figure SPM.8a).
Figure B: Rate of warming per decade for each scenario. Adapted from Dreyfus G. B., Xu Y.,
Shindell D. T., Zaelke D., & Ramanathan V. (2022) Mitigating climate disruption in time: A selfconsistent approach for avoiding both near-term and long-term global warming, PROC. NAT’L.
ACAD. SCI. 119(22): e2123536119.

4. Targeting short-lived super climate pollutants is the only way to slow warming in the
near term
Aggressive mitigation of short-lived climate pollutants (SLCPs)––methane, tropospheric ozone,
black carbon, and hydrofluorocarbons (HFCs)––is critical for near- and long-term climate
protection. These SLCPs also are known as “super climate pollutants.” AR6 WGI included a
chapter on short-lived climate pollutants for the first time, which finds that “[s]ustained methane
mitigation, wherever it occurs, stands out as an option that combines near- and long-term gains on
surface temperature (high confidence) and leads to air quality benefits by reducing surface ozone
levels globally (high confidence).… Additional CH4 and BC mitigation would contribute to
offsetting the additional warming associated with SO 2 reductions that would accompany
decarbonization (high confidence).”173
•

Cutting SLCPs is the only plausible way to limit warming due to unmasking of cooling
aerosols over the next 20 years.174
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•

Accounting for the co-emission of cooling aerosol from fossil fuel burning, a new study
finds that strategies focusing exclusively on reducing fossil fuel emissions could result in
“weak, near-term warming” which could potentially cause temperatures to exceed the
1.5C level by 2035 and the 2 C level by 2050. In contrast, the dual strategy that
simultaneously reduces the non-carbon dioxide pollutants, especially the short-lived
pollutants, would result in net avoided warming by 2050 four times larger than the net
effect of decarbonization alone, and would enable the world to stay well below the 2 C
limit, and significantly improve the chance of remaining below the 1.5 C guardrail.175
In contrast to the limited amount of warming reduced at 2050 by cutting CO2 from fossil
fuel emissions, fast cuts to SLCPs could avoid up to 0.6 °C of warming by 2050, and up to
1.2 °C by 2100,176 which would reduce projected warming in the Arctic by two-thirds and
the rate of global warming by half.177
o AR6 WGIII finds that limiting warming to 1.5 °C with no or limited overshoot
requires deep cuts to SLCPs, in particular reducing methane emissions by 34% in
2030 and 44% in 2040 relative to modelled 2019 and reducing HFC emissions by
85% by 2050 relative to 2019.178 This re-affirms the conclusion by the IPCC’s
Special Report on Global Warming of 1.5 °C that cutting SLCPs is essential for
staying below 1.5 °C.179
o Similarly, the warning of the climate emergency issued in November 2019 from
11,000 scientists also emphasizes the importance of cutting SLCPs:
“We need to promptly reduce the emissions of short-lived climate
pollutants, including methane (figure 2b), black carbon (soot), and
hydrofluorocarbons (HFCs). Doing this could slow climate feedback loops
and potentially reduce the short-term warming trend by more than 50% over
the next few decades while saving millions of lives and increasing crop
yields due to reduced air pollution (Shindell et al. 2017180). The 2016 Kigali
amendment to phase down HFCs is welcomed.”181
o In their 2021 update, the scientists stress the urgency of “massive-scale climate
action” due to growing severity of impacts and risks from “the many reinforcing
feedback loops and potential tipping points” and call for “immediate and drastic
reductions in dangerous short-lived greenhouse gases, especially methane.”182
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Box. Time and temperature methane metrics: GWP20 is an improvement, temperature is even better!
Reducing the risks associated with accelerating warming requires mitigation strategies, like cutting
methane emissions, that can slow warming in the near term. Assessing how strategies affect near-term
warming requires considering individual emissions by pollutant in units of mass, as required under
United Nations Framework Convention on Climate Change (UNFCCC) reporting guidelines and
recommended by climate scientists.183 It also requires accounting for co-emissions by source, since
policies act on sources, not on individual pollutants.
An ideal option for assessing temperature impact is to convert emissions by source in terms of pollutant
and co-emissions to temperature impacts using tools such as the Assessment of Environmental and
Societal Benefits of Methane Reductions Tool or the CCAC Temperature Pathway Tool. Alternatively,
when comparing climate impacts for short-lived climate pollutants like methane, using the 20-year
global warming potential (GWP20) better captures near-term warming impact than the 100-year GWP,
in addition to being more aligned with meeting the 1.5 °C target.184 While the UNFCCC currently
requires using the GWP100 metric when reporting aggregated emissions or removals, which
systematically undervalues the climate impact of methane, reporting Parties may use other metrics in
addition, such as GWP20 or absolute temperature potentials.185 AR6 has updated the metrics for
methane as follows: GWP20 is 81.2 and GWP100 is 27.9.186 Table 1 below summarizes GWP values for
methane from IPCC reports.

Table 1. GWP values for methane from IPCC reports
AR6
AR5
AR4
TAR
SAR
GWP20
81.2
84
86*
72
62
56
Methane (CH4)
GWP100
27.9
28
34*
25
23
21
GWP20
82.5 ± 25.8
85
---Fossil CH4
GWP100
29.8 ± 11
30
---GWP20
80.8 ± 25.8
----Non-fossil CH4
GWP100
27.2 ± 11
----* with carbon cycle feedback. All methane AR6 values include carbon cycle feedback.
AR6 = 2021 Sixth Assessment Report WGI (Table 7.SM.7; Table 7.15); AR5 = 2013 Fifth Assessment
Report WGI (Table 8.A.1; Table 8.7); AR4 = 2007 Fourth Assessment Report (Table 2.14); TAR =
2001 Third Assessment Report (Table 6.7); SAR = 1995 Second Assessment Report (Table 2.9).

Most aggregation metrics are designed for comparison with long-lived CO2. Metrics such as CO2equivalence in terms of GWP and GWP* are based on mathematical relationships that are intended to
make short-lived pollutants like methane comparable to the longer-term warming impact of CO2
emissions.187 These aggregate metrics generally ignore co-emitted pollutants with significant near-term
climate impacts such as cooling aerosols. The GWP* metric seeks to account for the shorter lifetime
of methane by differentiating historical emissions from changes in the rate of emissions.188 One
criticism of this approach is that it essentially “grandfathers” historical emissions, so when applied at
the scale of regional or individual methane emitters, sources with high historical emissions can claim
negative GWP* by reducing their rate of emissions. This is the case even if their emissions in a given
year are equivalent to a new source with no historical emissions. This has led to the misuse of these
metrics to claim that some sectors with large historical emissions and stable or decreasing current rates
of emissions have contributed less to global warming.189
For these reasons, this Background Note follows the convention of the UNEP/CCAC Global Methane
Assessment in using mass-based metrics, such as million metric tonnes of methane (MtCH4), and
temperature impacts rather than GWP metrics.
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A. Methane (CH4)
Methane pollution has already caused 0.51 °C of warming, and this will increase if emissions
continue to increase, of the total observed warming for 2019 of 1.06 °C (0.88–1.21 °C).190 Methane
also is an indirect climate forcer as a precursor to other GHGs, notably tropospheric ozone.191 As
noted by the U.S. White House, “Methane is a potent greenhouse gas and, according to the latest
report of the Intergovernmental Panel on Climate Change, accounts for about half of the 1.0 degree
Celsius net rise in global average temperature since the pre-industrial era.”192 More leaders are
starting to recognize the importance of methane, including former U.S. President Barack Obama,
who declared at the 26th Conference of the Parties (COP26) that “curbing methane emissions is
currently the single fastest and most effective way to limit warming.”193
Global Methane Assessment
•

Cutting methane emissions is the biggest and fastest strategy for slowing warming and
keeping 1.5 °C within reach.194 A Global Methane Assessment (GMA) from the CCAC and
UNEP led by Dr. Drew Shindell concludes that available mitigation measures could reduce
human-caused methane emissions by 45% by 2030 and avoid nearly 0.3 °C warming by
the 2040s.195
o This would prevent 255,000 premature deaths, 775,000 asthma-related hospital
visits, 73 billion hours of lost labour from extreme heat, and 26 million tonnes of
crop losses globally (annual value beginning in 2030). Each tonne of methane
reduced generates US $4300 in health, productivity, and other benefits.196 In
addition, methane mitigation strategies provide further cost reductions and
efficiency gains in the private sector, create jobs, and stimulate technological
innovation.
o Roughly 60% of available targeted measures have low mitigation costs (defined as
less than US $21 per tonne of CO2e for GWP100 and US $7 per tonne of CO2e for
GWP20), and just over 50% of those have negative costs.

Table 2. Methane mitigation potential in 2030 by sector in MtCH4/yr and Mt/yr of CO2e
Mt CH4/yr
Oil & gas
Waste
Agriculture
Coal

29–57
29–36
10–51
12–25

Mt CO2e/yr
GWP100
812–1,596
812–1,008
280–1,428
336–700

Mt CO2e/yr
GWP20
2,436–4,788
2,436–3,024
2,840–4,284
1,008–2,100

Source: United Nations Environment Programme & Climate & Clean Air Coalition (2021) GLOBAL
METHANE ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS.

•

•

As the GMA notes, “any action taken to reduce emissions will have an immediate pay off
for climate in addition to the current and near-future human health and agricultural
production.… Indeed, the expectation that a reduction in emissions will yield quick results,
in the order of a decade, is confirmed and emphasizes the importance of methane.”197
Fast action to pursue all available methane mitigation measures now could slow the global
rate of warming by 30% by mid-century.198 This is consistent with the 2011 UNEP/WMO
Assessment that showed that fully implementing measures targeting methane and black
carbon could halve the rate of global warming and reduce Arctic warming by two-thirds.199
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o Strategies to cut methane emissions have 60% more avoided warming in the Arctic
than the global average, with the potential to avoid 0.5 °C by 2050.200
o Rapid reductions in methane emissions could also reduce the risk of losing the
reflective summer Arctic sea ice.201
AR6 WGII and WGIII confirm the findings of the GMA that “[s]ustained methane mitigation,
wherever it occurs, stands out as an option that combines near- and long-term gains on surface
temperature (high confidence) and leads to air quality benefits by reducing surface ozone levels
globally (high confidence).” Measures specifically targeting methane are essential, as broader
decarbonization measures can only achieve 30% of the needed reductions.202
o The most recent report on climate solutions, AR6 WGIII, reinforces the conclusion
that deep and rapid cuts to methane emissions are essential to limiting warming in
the near-term and shaving peak warming from overshooting 1.5 °C.203 Limiting
warming to 1.5 °C with little or no overshoot requires reducing emissions by 34%
below 2019 levels in 2030 and 44% below 2019 levels in 2040.204

Figure 8. Methane reductions compared to global mean surface temperature responses to
changes in fossil-fuel-related emissions (CO2 + SO2)

Source: Shindell D. (25 May 2021) Benefits and Costs of Methane Mitigation, Presentation at the
CCAC Working Group Meeting. Updating Figure 3d from Shindell D. & Smith C. J. (2019) Climate
and air-quality benefits of a realistic phase-out of fossil fuels, NATURE 573: 408–411. See also
United Nations Environment Programme & Climate & Clean Air Coalition (2021) GLOBAL
METHANE ASSESSMENT: BENEFITS AND COSTS OF MITIGATING METHANE EMISSIONS.

Mitigation and Removal
•

•

Anthropogenic emissions, which make up 60% of total global methane emissions,205 come
primarily from three sectors: energy production (~35%), agriculture (~40%), and waste
(~20%).206 Currently available mitigation measures could reduce emissions from these
major sectors by about 180 million metric tonnes of methane per year (MtCH4/yr),
approximately 45%, by 2030.207
Specific measures to reduce methane emissions include:
o Strengthening methane mitigation policies by implementing readily available
technologies, laws, and governance structures to their fullest and considering ways
to expand methane mitigation through other available avenues;208
o Reducing leaks209 and venting210 in the oil and gas sector. The Clean Air Task Force
states that prohibiting venting of natural gas can reduce emissions by 95%;211
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o Eliminating flaring from oil and gas operations, while shifting to clean energy.212
o Improving feeding and manure management on farms. In the U.S., this could cut
emissions from manure by as much as 70% and emissions from enteric
fermentation by 30%;213
o Upgrading solid waste and wastewater treatment;214 and
o Reducing food waste, diverting organic waste from landfills, and improving landfill
management, which could reduce landfill emissions in the U.S. by 50% by 2030. 215
There also is research underway on the best approach for removing atmospheric
methane.216 This is especially important, as 35–50% of methane emissions are from natural
sources.217 Methane removal is discussed further in Section 5C.
o A modelling study by a Stanford University-led team calculates that removing
around three years’ worth of human-caused methane emissions would reduce
warming by 0.21 °C.218 The nonprofit Methane Action has stated that removing
methane in conjunction with methane emissions reductions can trim an estimated
0.4–0.6 °C of warming.219

Global Methane Pledge
•

•

•

The Global Methane Pledge was formally launched at the high-level segment of COP26
on 2 November 2021.220 Initially announced by the United States and the European Union
at the Major Economies Forum on Energy and Climate hosted by President Biden on 17
September 2021,221 the Pledge commits governments to a collective goal of reducing global
methane emissions by at least 30% below 2020 levels by 2030 and moving towards using
the highest-tier IPCC good practice inventory methodologies to quantify methane
emissions, with a particular focus on high emission sources. In addition to the U.S. and
European Union, over 100 initial countries signed on to the pledge, representing 70% of
the global economy and nearly half of anthropogenic methane emissions.222 At least 20
global philanthropic organizations pledged $328 million to support methane reduction
efforts.223
o Successful implementation of the Global Methane Pledge would reduce warming
by at least 0.2 °C by 2050,224 and would keep the planet on a pathway consistent
with staying within 1.5 °C.225 This reduction is roughly equivalent to a reduction of
35% below projected 2030 levels. Deploying all available and additional measures,
as described in the GMA, could lead to a 45% reduction below 2030 levels to
achieve nearly 0.3 °C in avoided warming by the 2040s.226
In June 2022, the U.S., EU, and 11 other countries launched the Global Methane Pledge
Energy Pathway, which includes $59 million in funding to support methane reductions in
the oil and gas sector.227 The funding includes $4 million to support the World Bank Global
Gas Flaring Reduction Partnership, $5.5 million to support the Global Methane Initiative,
up to $9.5 million from the UNEP International Methane Emissions Observatory to support
scientific assessments of methane emissions and mitigation potential, and up to $40 million
annually from the philanthropic Global Methane Hub to support methane mitigation in the
fossil energy sector.
In August 2022, the Inflation Reduction Act was signed into law, allocating $369 billion
for climate and clean energy policies, including about $20 billion in incentives to reduce
greenhouse gas emissions including methane from the agriculture sector and $1.5 billion
in support for reducing methane emissions from the oil and gas sector through the Methane
Emissions Reduction Program and a fee on methane leaks.228 This Act is estimated to
reduce U.S. GHG emissions by 40% below 2005 levels by 2030.229
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IGSD’s (2022) Primer on Cutting Methane: The Best Strategy for Slowing Warming in the Decade
to 2030 provides further information on the science of methane mitigation and why action is
urgent; current and emerging mitigation opportunities by sector; national, regional, and
international efforts that can inform emergency global action on methane; and financing initiatives
to secure support for fast methane reduction.
B. Tropospheric ozone (O3)
Tropospheric ozone is a local air pollutant and significant GHG. Ozone is not directly emitted but
is a product of atmospheric reactions with precursor pollutants, notably methane and other volatile
organic compounds and nitrogen oxides (NOx). In addition to contributing to warming, it is
responsible for millions of premature deaths,230 billions of dollars’ worth of crop losses
annually,231 and weakening of carbon sinks.232
Mitigation
•

•

Reducing methane has the added effect of reducing tropospheric ozone levels. A recent
study estimated methane’s contribution to the present-day tropospheric ozone burden at
35%.233 Methane is likely to play a greater role in tropospheric ozone formation as
emissions of other precursors decrease due to air pollution controls.234
o Through tropospheric ozone, methane could be added to the 1999 Protocol to Abate
Acidification, Eutrophication, and Ground-Level Ozone (Gothenburg Protocol) to
the UNECE Convention on Long-Range Transboundary Air Pollution (LRTAP).235
LRTAP is a regional treaty framework between Europe, North America, Russia,
and former Eastern Bloc countries for reducing transboundary air pollution and
understanding related science.236 Methane is the last remaining major ozone
precursor not explicitly controlled under the Gothenburg Protocol, as currently
amended.237
o Stopping methane leaks from oil and gas also reduces non-methane ozone
precursors and contributes to improving local air quality.238
As a local air pollutant, tropospheric ozone (and black carbon, discussed in the next
section) can be addressed under national or regional air pollution laws.

C. Black carbon
Black carbon and tropospheric ozone are local air pollutants and are typically addressed under
national or regional air pollution laws, as well as through the voluntary programs of the CCAC.239
Black carbon is not a greenhouse gas, but a powerful climate-warming aerosol that is a component
of fine particulate matter (specifically, PM 2.5) that enters the atmosphere through the incomplete
combustion of fossil fuels, as well as biofuels and biomass.240 Fossil fuel combustion is the largest
source of air pollution particles and tropospheric ozone, which kills about 8–10 million241 people
per year. Cutting black carbon and tropospheric ozone can save up to 2.4 million lives every year
and increase annual crop production by more than 50 million tons, worth US$4–33 billion a year,
as calculated in 2011.242
Mitigation
•

It is possible to reduce 70% of global black carbon emissions by 2030, 243 including by
implementing the following measures:
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o Ensuring fast ratification of the Gothenburg Protocol and the 2012 amendment that
includes controls for black carbon;244
o Reducing on-road and off-road diesel emissions by mandating diesel particulate
filters while eliminating diesel and other high-emitting vehicles and shifting to
clean forms of transportation;245
o Eliminating flaring, while shifting to clean energy;246
o Switching to clean cooking and heating methods;247 and
o Banning heavy fuel oil in the Arctic and establishing black carbon emission
standards for vessels by amending Annex VI of the International Convention for
the Prevention of Pollution from Ships (MARPOL).248
D. Hydrofluorocarbons (HFCs)
Hydrofluorocarbons (HFCs) are factory-made chemicals primarily produced for use in
refrigeration, air conditioning, insulating foams, and aerosol propellants, with minor uses as
solvents and for fire protection.
Mitigation
•

•

The Montreal Protocol on Substances that Deplete the Ozone Layer (Montreal Protocol) has
successfully phased out the production and use of ozone-depleting and potent climate
pollutants chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), preventing
GHG emissions that otherwise could have equalled or exceeded the emissions of CO2 in
2010.249
o By end of the century, the Montreal Protocol’s steady progress over its 33 years of
operation will avoid up to 2.5 °C of warming that otherwise would have already
pushed the planet past irreversible tipping points. This is in addition to achieving
its original objective of putting the stratospheric ozone layer on the road to
recovery.250
o About 1.7 °C of this avoided warming comes from the Protocol’s mandatory
reduction of super polluting chemicals—CFCs, HCFCs, and now HFCs—used
primarily as refrigerants in cooling equipment.
o An additional 0.85 °C of warming will be avoided by protecting our planet’s forests
and other carbon “sinks” from damaging ultraviolet radiation that reduced their
ability to pull CO2 out of the atmosphere and store it safely in terrestrial sinks.
HFCs are now being phased down under the Montreal Protocol’s Kigali Amendment, with
the potential to avoid up to 0.5 °C of warming by 2100.251
o The initial phasedown schedule of the Kigali Amendment would lock in reductions
limiting warming from HFCs in 2100 to about 0.04 °C, avoiding about 90% of the
potential, or up to 0.44 °C.252
o Accelerating the phasedown could reduce HFC emissions by an additional 72% in
2050, increasing the chances of staying below 1.5 °C this century.253
o More mitigation is available from a faster phasedown schedule; collecting and
destroying HFCs at end of product life; recycling and destroying HFC “banks”
embedded in products and equipment; early replacement of older inefficient
cooling equipment using HFC refrigerants; and reducing refrigerant leaks through
better design, manufacturing, and servicing.254
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o The Kigali Amendment also requires Parties to destroy HFC-23, a by-product of
the production of HCFC-22, to the extent practicable, and this will provide
additional mitigation not included in the 0.5 °C calculation.255
o Improving energy efficiency of cooling equipment during the HFC phasedown can
more than double the climate benefits in CO2e by reducing emissions from the
power plants that provide the electricity to run the equipment.256
o As of December 2022, 145 countries have accepted, ratified, or approved the Kigali
Amendment, including China and India.257
o The U.S. is implementing the Kigali phasedown schedule through the American
Innovation and Manufacturing (AIM) Act signed into law in December 2020. The
AIM Act and related implementing regulations will reduce the production and
consumption of HFCs by 85% by 2036.258 Twelve states have instituted HFC
prohibitions for products and equipment where low-GWP alternatives are available,
and six more proposed HFC bans.259 On 21 September 2022 the U.S. Senate
approved ratification of the Kigali Amendment.260
E. Nitrous oxide (N2O)
While not an SLCP, long-lived nitrous oxide (N2O) is the most significant anthropogenic ozonedepleting greenhouse gas not yet controlled by the Montreal Protocol.261 Through mandatory
control measures, the Montreal Protocol could spur adoption of technologies to reduce N2O
emissions, which are contributing the equivalent of about 10% of today’s CO 2 warming.262
Mitigation
•

•

Controlling N2O emissions could provide climate mitigation of about 1.67 GtCO2e GWP100
by 2050 with 0.94 GtCO2e from agriculture and about 0.6 GtCO2e from industry in 2050.263
In the industrial sector, abatement technology has been available and utilized by
manufacturers in developed countries since the 1990s.264 Moreover, only five countries
produce 86% of industrial N2O: China, the United States, Singapore, Egypt, and Russia.265
In the agriculture sector, several solutions have been found to be cost-effective in reducing
N2O emissions from agricultural processes: precision farming using variable rate
technology and nitrogen inhibitors that suppress the microbial activity that produces N2O.
Studies have found that variable rate technology can increase yields by 1–10% while
reducing 4–37% of nitrogen fertilization.266 Moreover, allowing a continued increase in
N2O emissions while reducing CO2 and CH4 emissions could reverse progress on recovery
of the stratospheric ozone layer.267
o Another solution, the SOP product line,268 stimulates nitrogen uptake in crops and
inhibits GHG emissions from manure.269

5. Other fast mitigation strategies can complement efforts to slow warming in the near term
A. Protecting the Arctic albedo and permafrost
Rapid reductions in SLCPs are key to protecting the Arctic. The Global Methane Assessment
calculated that strategies to cut methane emissions by 40–45% by 2030 could avoid nearly 0.3 °C
by the 2040s, and 0.5 °C in the Arctic by 2050, 60% more than the global average.270 The 2011
UNEP/WMO Integrated Assessment of Black Carbon and Tropospheric Ozone calculated that
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fully implementing measures targeting methane and black carbon could reduce the rate of global
warming by half and reduce Arctic warming by two-thirds.271
•

•

The Arctic is nearly five times more sensitive to black carbon emitted in the Arctic region
than from similar emissions in the mid-latitudes.272 In the Arctic, black carbon not only
warms the atmosphere but also facilitates additional warming by darkening the snow and
ice and reducing albedo, or reflectivity, allowing the darker surface to absorb extra solar
radiation and cause further melting.273
o Heavy-Fuel Oil (HFO) used in shipping is a significant source of black carbon, and
the International Maritime Organization (IMO) will ban HFO use in the Arctic
beginning in July 2024 for some ships, with waivers and exemptions for others until
July 2029.274 (HFO has been banned in the Antarctic since 2011.275)
o Because of the exemptions, the HFO ban will not have a big impact this decade. If
the measures that will go into effect in July 2024 had been in effect in 2019, they
would have banned only 16% of HFO used in the Arctic and reduced only 5% of
the black carbon.276 However, if the Arctic HFO ban were imposed without the
waivers or exemptions, black carbon emissions could have been reduced by 30%.277
o In 2019, Arctic Council countries set a collective target of reducing black carbon
emissions by 25–33% by 2025 compared to 2013 levels.278 Adopting best available
techniques could halve black carbon emissions by 2025 and surpass the current
goal.279 These reductions would improve air quality by reducing exposure of fine
particle concentrations from 18 million to 1 million people by 2050 and avoid 40%
of air pollution-related deaths in Arctic Council countries by mid-century.280
o In 2021, the IMO adopted a voluntary resolution to reduce black carbon emissions
in the Arctic after the annual meeting of the IMO’s Marine Environment Protection
Committee. In addition to this resolution, the Committee also agreed to revise their
GHG Strategy, adopt a voluntary resolution on using cleaner fuel in the Arctic, and
address marine plastic litter from ships.281
o Banning investments in oil and gas development in the Arctic can help to further
protect the region. All the major U.S. banks––Bank of America, Goldman Sachs,
JP Morgan Chase, Wells Fargo, Citi, and Morgan Stanley––have committed not to
fund oil and gas exploration in the Arctic.282 Insurance companies are also starting
to commit to banning coverage of Arctic oil projects, including AXA, Swiss RE,
and Zurich Insurance.283
For Arctic ice management, additional strategies being investigated for protecting and
restoring Arctic ice include enhancing albedo of Arctic sea ice and thickening sea ice.284

B. Protecting forests and other sinks
Deforestation combined with global warming risks enhancing warming feedbacks and crossing
ecosystem tipping points. Halting the destruction of our forests and other carbon sinks285 so they
continue to store carbon and do not turn into sources of CO2 can provide fast mitigation, while
also protecting biodiversity.286
•

Already, 17% to 20% of the Amazon forest has been destroyed,287 and there is an expected
tipping point when 20 to 40% is lost.288 Continued deforestation and drying in the Amazon
under high-emissions scenarios could result in up to a 50% loss in forest cover by 2050. 289
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•

•

o Changes to the global water cycle may be pushing the Amazon to a tipping point.290
The combination of drier conditions, deforestation, and warming have been
reducing Amazon forest resilience since 2000, increasing the risk of dieback. 291
o With increased deforestation, including from fires, greater disturbances, and higher
temperatures, there is a point beyond which the Amazon rainforest would be
difficult to reestablish,292 with recent measurements suggesting that the
southeastern area of the Amazon has already shifted to a net carbon source as tree
mortality increases and photosynthesis decreases.293
o Tropical and Boreal forest dieback could contribute up to 200 PgC [733 GtCO 2] by
2100.294
Conservation International estimates that Earth’s ecosystems contain 139 billion metric
tons (Gt C) [510 GtCO2] of “irrecoverable carbon,” defined as carbon stored in natural
systems that “are vulnerable to release from human activity and, if lost, could not be
restored by 2050.” The highest concentrations of irrecoverable carbon are in the Amazon
(31.5 Gt C) [115.5 GtCO2], the Congo Basin (8.1 Gt C) [29.7 GtCO2], and New Guinea
(7.3 Gt C) [26.8 GtCO2], with additional reserves in boreal forests, mangroves, and
peatlands.295
Under current warming trends, the global land sink, which now mitigates ~30% of carbon
emissions, could be cut by half as early as 2040, as increasing temperatures reduce
photosynthesis and speed up respiration,296 calling into question national pledges under the
Paris Accord, which rely heavily on land uptake of carbon to meet mitigation goals.297

Nature-based solutions help limit warming in three ways: first, protecting forests and sinks
prevents the release of carbon; second, restoring critical forests and sinks sequester carbon; and
third, improving land management can both reduce emissions of carbon, methane, and nitrous
oxide and sequester carbon.298
•

•

Effective ways to protect forests, peatlands, and other sinks include:
o Promoting forest protection and proforestation to allow existing forests to achieve
their full ecological potential;299
o Preserving existing peatlands and restoring degraded peatlands;300
o Restoring coastal ‘blue carbon’ ecosystems;301 and
o Prohibiting bioenergy.302
Global government-led efforts to protect forests are increasing.
o At COP26, world leaders agreed to halt deforestation by 2030 in the Glasgow
Leaders’ Declaration on Forests and Land Use. As of December 2022, 145
countries have committed to this agreement, including Brazil, China, Russia, and
the United States, covering about 91% of the world’s forests.303 This declaration
includes $12 billion in funding for forest-related climate finance between 2021–
2025, an additional $7 billion in funding from private companies, and a global
roadmap to make 75% of forest commodity supply chains sustainable.304
o The U.S. launched a parallel domestic Plan to Conserve Global Forests: Critical
Carbon Sinks; this is an “all-of-government effort” to end natural forest loss,
preserve global ecosystems, including carbon sinks, and restore at least an
additional 200 million hectares of forests and other ecosystems by 2030 with a
dedicated fund of $9 billion to support this effort.305
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C. Removing super pollutants from the atmosphere
Scientists and funders are developing a research agenda for removing methane and other non-CO2
greenhouse gases from the atmosphere.306 Pathways under consideration for methane removal
include catalytic oxidation, microbial filters, and augmentation of natural sinks.307 Catalytic
systems are likely to involve technology already being developed for application to environments
with heightened methane concentrations, such as coal mines and dairy barns.
•

•
•

The U.S. government has started to explore options to remove methane from the atmosphere.
o In April 2021, the Department of Energy’s Advanced Research Projects AgencyEnergy (ARPA-E) announced a $35 million program to reduce methane emissions,
called REMEDY (Reducing Emissions of Methane Every Day of the Year). This
three-year research program looks to reduce methane emissions from the oil, gas, and
coal sectors. According to ARPA-E, these three sources contribute to at least 10% of
U.S. anthropogenic methane emissions.308 In developing the REMEDY program,
ARPA-E recognized the need for further research on methane capture from the air in
parallel with efforts to capture CO2.309
o In December 2021, ARPA-E awarded grants for a catalytic oxidation system
targeting lean-burn natural-gas-fired engine exhaust, multiple catalysis-based
systems for coal-mine ventilation, and the development of a low-cost, copper-based
catalyst.310
o In July 2022, ARPA-E’s budget was doubled by the Creating Helpful Incentives to
Produce Semiconductors (CHIPS) and Science Act.311
Other methane removal interventions might target natural methane sources.
o One company is testing the possibility of installing passive systems to capture and
flare methane bubbling from Arctic lakes.312
These methane and non-CO2 removal efforts could complement carbon removal projects
in the U.S.,313 Europe,314 and elsewhere.

IGSD’s (2022) Background Note on Methane Removal provides further information on proposed
and active research efforts.
6. Conclusion
Global warming is projected to cross the 1.5 C guardrail as soon as the early 2030s. Policies that
rely on decarbonization alone are insufficient to slow the near-term warming to keep the planet
even below the more dangerous 2.0 °C threshold. We need to urgently broaden our approach to
climate mitigation to target both carbon dioxide (CO2) and other largely neglected pollutants to
address the near-term and long-term impacts of climate disruption, reduce the risk of crossing
irreversible tipping points, and maintain a livable planet.
Combining efforts to cut CO2 emissions by decarbonizing the energy system with mitigation
measures targeting non-CO2 SLCPs methane, HFC refrigerants, black carbon soot, and groundlevel ozone smog, as well as nitrous oxide, would reduce the rate of warming by half from 2030
to 2050, which would slow the rate of warming a decade or two earlier than decarbonization alone
and make it possible for the world to stay below the 1.5C guardrail.315 This strategy of a sprint
this decade to slow warming in the near term by cutting SLCPs and protecting carbon sinks through
nature-based solutions complements the marathon to net zero by 2050 to stabilize temperatures in
the longer term.316
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AR6 is a “code red” for the climate emergency.317 The IPCC’s 2018 Special Report on 1.5 °C
presented the three essential strategies for keeping the planet relatively safe: reducing CO2,
reducing SLCPs, and removing up to 1 trillion tons of CO2 from the atmosphere by 2100.318
Cutting SLCPs is the only known strategy that can slow warming and feedbacks in time to avoid
catastrophic and perhaps existential impacts319 from Hothouse Earth,320 other than perhaps solar
radiation management, which carries its own risks.
In 2021, more leaders and policymakers recognized the importance and potential of targeting super
climate pollutants than ever before. A new climate architecture is starting to emerge, as
demonstrated in the realignment of goals of the delayed COP26 in 2021 compared to the goals
announced in 2020:
“Four shifts in focus reflect this new architecture; first, the near-unanimous recognition of
the impending climate emergency and the need to limit warming to 1.5 degrees Celsius;
second, the recognition “that 2030 is the new 2050,” as French President Emmanuel
Macron said, and that major emission cuts have to be made in this decade (note also that
the U.S.-China Joint Glasgow Declaration marked the first time that the United States and
China acknowledged the urgency of climate action in this “critical decade” of the 2020s);
third, the recognition that cutting non-CO2 emissions (particularly methane) is essential for
slowing warming in the next couple of decades and that cuts to CO 2 alone cannot address
the near-term emergency; and fourth, the addition of sector-specific approaches in
recognition that it is often more efficient and effective to address individual sectors of the
economy in reaching climate solutions.”321
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Arias P. A., et al. (2021) Technical Summary, in CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE BASIS,
Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change, Masson-Delmotte V., et al. (eds.), TS-59 (“The net effect of changes in clouds in response to global
warming is to amplify human-induced warming, that is, the net cloud feedback is positive (high confidence).”)
See also Ceppi P. & Nowack P. (2021) Observational evidence that cloud feedback amplifies global warming,
PROC. NAT’L. ACAD. SCI. 118(30): 1–7, 4 (“Global warming drives changes in Earth’s cloud cover, which, in
turn, may amplify or dampen climate change. This “cloud feedback” is the single most important cause of
uncertainty in Equilibrium Climate Sensitivity (ECS)—the equilibrium global warming following a doubling of
atmospheric carbon dioxide. Using data from Earth observations and climate model simulations, we here develop
a statistical learning analysis of how clouds respond to changes in the environment. We show that global cloud
feedback is dominated by the sensitivity of clouds to surface temperature and tropospheric stability. Considering
changes in just these two factors, we are able to constrain global cloud feedback to 0.43 ± 0.35 W⋅m−2⋅K−1 (90%
confidence), implying a robustly amplifying effect of clouds on global warming and only a 0.5% chance of ECS
below 2 K. … Our global constraint implies that a globally positive cloud feedback is virtually certain, thus
strengthening prior theoretical and modeling evidence that clouds will provide a moderate amplifying feedback
on global warming through a combination of [terrestrial] LW [longwave] and [solar] SW [shortwave] changes.
This positive cloud feedback renders ECS lower than 2 K extremely unlikely, confirming scientific understanding
that sustained greenhouse gas emissions will cause substantial future warming and potentially dangerous climate
change.”); discussed in Berwyn B. (19 July 2021) Climate-Driven Changes in Clouds are Likely to Amplify Global
Warming, INSIDE CLIMATE NEWS (“New research, using machine learning, helps project how the buildup of
greenhouse gases will change clouds in ways that further heat the planet.”).
Copernicus Climate Services (10 January 2022) Copernicus: Globally, the seven hottest years on record were
the last seven; carbon dioxide and methane concentrations continue to rise (“Globally, 2021 was the fifth warmest
year on record, but only marginally warmer than 2015 and 2018; The annual average temperature was 0.3°C
above the temperature of the 1991-2020 reference period, and 1.1-1.2°C above the pre-industrial level of 18501900; The last seven years have been the warmest years on record by a clear margin”). See also National
Aeronautics and Space Administration (13 January 2022) 2021 Tied for 6th Warmest Year in Continued Trend,
NASA Analysis Shows; National Oceanic and Atmospheric Administration (13 January 2022) 2021 was world’s
6th-warmest year on record; National Aeronautics and Space Administration (14 January 2021) 2020 Tied for
Warmest Year on Record, NASA Analysis Shows (“Tracking global temperature trends provides a critical indicator
of the impact of human activities – specifically, greenhouse gas emissions – on our planet. Earth's average
temperature has risen more than 2 degrees Fahrenheit (1.2 degrees Celsius) since the late 19th century.”); and
Intergovernmental Panel on Climate Change (2021) Summary for Policymakers, in CLIMATE CHANGE 2021: THE
PHYSICAL SCIENCE BASIS, Contribution of Working Group I to the Sixth Assessment Report of the
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Intergovernmental Panel on Climate Change, Masson-Delmotte V., et al. (eds.), SPM-6 (“The likely range of
total human-caused global surface temperature increase from 1850–1900 to 2010–2019 [11] is 0.8°C to 1.3°C,
with a best estimate of 1.07°C. It is likely that well-mixed GHGs contributed a warming of 1.0°C to 2.0°C, other
human drivers (principally aerosols) contributed a cooling of 0.0°C to 0.8°C, natural drivers changed global
surface temperature by –0.1°C to 0.1°C, and internal variability changed it by –0.2°C to 0.2°C. It is very likely
that well-mixed GHGs were the main driver[12] of tropospheric warming since 1979, and extremely likely that
human-caused stratospheric ozone depletion was the main driver of cooling of the lower stratosphere between
1979 and the mid-1990s.”… Footnote 11: “The period distinction with A.1.2 arises because the attribution studies
consider this slightly earlier period. The observed warming to 2010–2019 is 1.06 [0.88 to 1.21] °C.” Footnote 12:
“Throughout this SPM, ‘main driver’ means responsible for more than 50% of the change.”).
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Intergovernmental Panel on Climate Change (2022) Summary for Policymakers, in CLIMATE CHANGE 2022:
MITIGATION OF CLIMATE CHANGE, Contribution of Working Group III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, Shukla P. R., et al. (eds.), SPM-31 (“In modelled global low
emission pathways, the projected reduction of cooling and warming aerosol emissions over time leads to net
warming in the near- to mid-term. In these mitigation pathways, the projected reductions of cooling aerosols are
mostly due to reduced fossil fuel combustion that was not equipped with effective air pollution controls.”). See
also Naik V., et al. (2021) Chapter 6: Short-lived climate forcers, in CLIMATE CHANGE 2021: THE PHYSICAL
SCIENCE BASIS, Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change, Masson-Delmotte V., et al. (eds.), 6-8 (“Additional CH4 and BC mitigation would contribute
to offsetting the additional warming associated with SO2 reductions that would accompany decarbonization (high
confidence).”); Ramanathan V. & Feng Y. (2008) On avoiding dangerous anthropogenic interference with the
climate system: Formidable challenges ahead, PROC. NAT’L. ACAD. SCI. 105(38): 14245–14250, 14248
(“Switching from coal to ‘‘cleaner’’ natural gas will reduce CO 2 emission and thus would be effective in
minimizing future increases in the committed warming. However, because it also reduces air pollution and thus
the ABC [Atmospheric Brown Cloud] masking effect, it may speed up the approach to the committed warming
of 2.4°C (1.4–4.3°C).”); and United Nations Environment Programme & World Meteorological Organization
(2011) INTEGRATED ASSESSMENT OF BLACK CARBON AND TROPOSPHERIC OZONE, 254 (“Evaluating global mean
temperature change, it was found that the targeted measures to reduce emissions of methane and BC could greatly
reduce warming rates over the next few decades (Figure 6.1; Box 6.1). When all measures are fully implemented,
warming during the 2030s relative to the present would be only half as much as in the reference scenario. In
contrast, even a fairly aggressive strategy to reduce CO2 emissions, as for the CO2-measures scenario, does little
to mitigate warming until after the next 20-30 years (Box 6.2). In fact, sulphur dioxide (SO2) is coemitted with
CO2 in some of the most highly emitting activities, coal burning in large-scale combustion such as in power plants,
for example, that are obvious targets for reduced usage under a CO 2-emissions mitigation strategy. Hence such
strategies can lead to additional near-term warming (Figure 6.1), in a well-known temporary effect (e.g. Raes and
Seinfeld, 2009), although most of the nearterm warming is driven by CO 2 emissions in the past. The CO2measures scenario clearly leads to long-term benefits however, with a dramatically lower warming rate at 2070
under that scenario than under the scenario with only CH4 and BC measures (see Figure 6.1 and timescales in
Box 6.2). Hence the near-term measures clearly cannot be substituted for measures to reduce emissions of longlived GHGs. The near-term measures largely target different source sectors for emissions than the CO2 measures,
so that the emissions reductions of the short-lived pollutants are almost identical regardless of whether the CO 2
measures are implemented or not, as shown in Chapter 5. The near-term measures and the CO2 measures also
impact climate change over different timescales owing to the different lifetimes of these substances. In essence,
the near-term CH4 and BC measures are effectively uncoupled from CO2 measures examined here.”).
Molina M., Zaelke D., Sarma K. M., Andersen S. O., Ramanathan V., & Kaniaru D. (2009) Reducing abrupt
climate change risk using the Montreal Protocol and other regulatory actions to complement cuts in CO 2
emissions, PROC. NAT’L. ACAD. SCI. 106(49): 20616–20621, 20616 (“Current emissions of anthropogenic
greenhouse gases (GHGs) have already committed the planet to an increase in average surface temperature by the
end of the century that may be above the critical threshold for tipping elements of the climate system into abrupt
change with potentially irreversible and unmanageable consequences. This would mean that the climate system
is close to entering if not already within the zone of “dangerous anthropogenic interference” (DAI). Scientific and
policy literature refers to the need for “early,” “urgent,” “rapid,” and “fast-action” mitigation to help avoid DAI
and abrupt climate changes. We define “fast-action” to include regulatory measures that can begin within 2–3
years, be substantially implemented in 5–10 years, and produce a climate response within decades. We discuss
strategies for short-lived non-CO2 GHGs and particles, where existing agreements can be used to accomplish
mitigation objectives. Policy makers can amend the Montreal Protocol to phase down the production and
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consumption of hydrofluorocarbons (HFCs) with high global warming potential. Other fast-action strategies can
reduce emissions of black carbon particles and precursor gases that lead to ozone formation in the lower
atmosphere, and increase biosequestration, including through biochar. These and other fast-action strategies may
reduce the risk of abrupt climate change in the next few decades by complementing cuts in CO 2 emissions.”). See
also Molina M., Ramanathan V. & Zaelke D. (2020) Best path to net zero: Cut short-lived climate pollutants,
BULLETIN OF THE ATOMIC SCIENTISTS (“And let us be clear: By “speed,” we mean measures—including
regulatory ones—that can begin within two-to-three years, be substantially implemented in five-to-10 years, and
produce a climate response within the next decade or two.”).
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Armstrong McKay D. I., Staal A., Abrams J. F., Winkelmann R., Sakschewski B., Loriani S., Fetzer I., Cornell
S. E., Rockström J., & Lenton T. M. (2022) Exceeding 1.5°C global warming could trigger multiple climate
tipping points, SCIENCE 377(6611): eabn7950, 1–10, 7 (“The chance of triggering CTPs is already non-negligible
and will grow even with stringent climate mitigation (SSP1-1.9 in Fig. 2, B and C). Nevertheless, achieving the
Paris Agreement’s aim to pursue efforts to limit warming to 1.5°C would clearly be safer than keeping global
warming below 2°C (90) (Fig. 2). Going from 1.5 to 2°C increases the likelihood of committing to WAIS and
GrIS collapse near complete warm-water coral die-off, and abrupt permafrost thaw; further, the best estimate
threshold for LABC collapse is crossed. The likelihood of triggering AMOC collapse, Boreal forest shifts, and
extra-polar glacier loss becomes non-negligible at >1.5°C and glacier loss becomes likely by ~2°C. A cluster of
abrupt shifts occur in ESMs at 1.5 to 2°C (19). Although not tipping elements, ASSI loss could become regular
by 2°C, gradual permafrost thaw would likely become widespread beyond 1.5°C, and land carbon sink weakening
would become significant by 2°C.”). See also Lenton T. M., Rockstrom J., Gaffney O., Rahmstorf S., Richardson
K., Steffen W., & Schellnhuber H. J. (2019) Climate tipping points—too risky to bet against, Comment, NATURE
575(7784): 592–595, 594 (“In our view, the clearest emergency would be if we were approaching a global cascade
of tipping points that led to a new, less habitable, ‘hothouse’ climate state11. Interactions could happen through
ocean and atmospheric circulation or through feedbacks that increase greenhouse-gas levels and global
temperature. Alternatively, strong cloud feedbacks could cause a global tipping point12,13.We argue that cascading
effects might be common. Research last year14 analysed 30 types of regime shift spanning physical climate and
ecological systems, from collapse of the West Antarctic ice sheet to a switch from rainforest to savanna. This
indicated that exceeding tipping points in one system can increase the risk of crossing them in others. Such links
were found for 45% of possible interactions14. In our view, examples are starting to be observed. … If damaging
tipping cascades can occur and a global tipping point cannot be ruled out, then this is an existential threat to
civilization. No amount of economic cost–benefit analysis is going to help us. We need to change our approach
to the climate problem. … In our view, the evidence from tipping points alone suggests that we are in a state of
planetary emergency: both the risk and urgency of the situation are acute….”); and Steffen W., et al. (2018)
Trajectories of the Earth System in the Anthropocene, PROC. NAT’L. ACAD. SCI. 115(33): 8252–8259, 8254 (“This
analysis implies that, even if the Paris Accord target of a 1.5 °C to 2.0 °C rise in temperature is met, we cannot
exclude the risk that a cascade of feedbacks could push the Earth System irreversibly onto a “Hothouse Earth”
pathway. The challenge that humanity faces is to create a “Stabilized Earth” pathway that steers the Earth System
away from its current trajectory toward the threshold beyond which is Hothouse Earth (Fig. 2). The humancreated
Stabilized Earth pathway leads to a basin of attraction that is not likely to exist in the Earth System’s stability
landscape without human stewardship to create and maintain it. Creating such a pathway and basin of attraction
requires a fundamental change in the role of humans on the planet. This stewardship role requires deliberate and
sustained action to become an integral, adaptive part of Earth System dynamics, creating feedbacks that keep the
system on a Stabilized Earth pathway (Alternative Stabilized Earth Pathway).”).
Xu Y. & Ramanathan V. (2017) Well below 2 °C: Mitigation strategies for avoiding dangerous to catastrophic
climate changes, PROC. NAT’L. ACAD. SCI. 114(39): 10319–10323, 10320 (“Box 2. Risk Categorization of
Climate Change to Society. … [A] 2 °C warming would double the land area subject to deadly heat and expose
48% of the population. A 4 °C warming by 2100 would subject 47% of the land area and almost 74% of the world
population to deadly heat, which could pose existential risks to humans and mammals alike unless massive
adaptation measures are implemented, such as providing air conditioning to the entire population or a massive
relocation of most of the population to safer climates. … This bottom 3 billion population comprises mostly
subsistent farmers, whose livelihood will be severely impacted, if not destroyed, with a one- to five-year
megadrought, heat waves, or heavy floods; for those among the bottom 3 billion of the world’s population who
are living in coastal areas, a 1- to 2-m rise in sea level (likely with a warming in excess of 3 °C) poses existential
threat if they do not relocate or migrate. It has been estimated that several hundred million people would be subject
to famine with warming in excess of 4 °C (54). However, there has essentially been no discussion on warming
beyond 5 °C. Climate change-induced species extinction is one major concern with warming of such large
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magnitudes (>5 °C). The current rate of loss of species is ~1,000-fold the historical rate, due largely to habitat
destruction. At this rate, about 25% of species are in danger of extinction in the coming decades (56). Global
warming of 6 °C or more (accompanied by increase in ocean acidity due to increased CO 2) can act as a major
force multiplier and expose as much as 90% of species to the dangers of extinction (57). The bodily harms
combined with climate change-forced species destruction, biodiversity loss, and threats to water and food security,
as summarized recently (58), motivated us to categorize warming beyond 5 °C as unknown??, implying the
possibility of existential threats.”). See also Xu C., Kohler T. A., Lenton T. M., Svenning J.-C., & Scheffer M.
(2020) Future of the human climate niche, PROC. NAT’L. ACAD. SCI. 117(21): 11350–11355, 11350 (“Here, we
demonstrate that for millennia, human populations have resided in the same narrow part of the climatic envelope
available on the globe, characterized by a major mode around ~11 °C to 15 °C mean annual temperature (MAT).
…We show that in a business-as-usual climate change scenario, the geographical position of this temperature
niche is projected to shift more over the coming 50 y than it has moved since 6000 BP. … Specifically, 3.5 billion
people will be exposed to MAT ≥29.0 °C, a situation found in the present climate only in 0.8% of the global land
surface, mostly concentrated in the Sahara, but in 2070 projected to cover 19% of the global land (Fig. 3). … For
instance, accounting for population growth projected in the SSP3 scenario, each degree of temperature rise above
the current baseline roughly corresponds to one billion humans left outside the temperature niche, absent
migration (SI Appendix, Fig. S14).”); Watts N., et al. (2021) The 2020 report of The Lancet Countdown on health
and climate change: responding to converging crises, THE LANCET 397(10269): 129–170, 129 (“Vulnerable
populations were exposed to an additional 475 million heatwave events globally in 2019, which was, in turn,
reflected in excess morbidity and mortality (indicator 1.1.2). During the past 20 years, there has been a 53.7%
increase in heat-related mortality in people older than 65 years, reaching a total of 296 000 deaths in 2018
(indicator 1.1.3). The high cost in terms of human lives and suffering is associated with effects on economic
output, with 302 billion h of potential labour capacity lost in 2019 (indicator 1.1.4). India and Indonesia were
among the worst affected countries, seeing losses of potential labour capacity equivalent to 4–6% of their annual
gross domestic product (indicator 4.1.3).”); and Atwoli L., et al. (2021) Call for emergency action to limit global
temperature increases, restore biodiversity, and protect health, THE LANCET 398(10304): 939–941, 939 (“Harms
disproportionately affect the most vulnerable, including children, older populations, ethnic minorities, poorer
communities, and those with underlying health problems.”).
13.
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Intergovernmental Panel on Climate Change (2021) Summary for Policymakers, in CLIMATE CHANGE 2021:
THE PHYSICAL SCIENCE BASIS, Contribution of Working Group I to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, Masson-Delmotte V., et al. (eds.), SPM-19 (“With every additional
increment of global warming, changes in extremes continue to become larger. For example, every additional
0.5°C of global warming causes clearly discernible increases in the intensity and frequency of hot extremes,
including heatwaves (very likely), and heavy precipitation (high confidence), as well as agricultural and ecological
droughts in some regions (high confidence). Discernible changes in intensity and frequency of meteorological
droughts, with more regions showing increases than decreases, are seen in some regions for every additional
0.5°C of global warming (medium confidence). Increases in frequency and intensity of hydrological droughts
become larger with increasing global warming in some regions (medium confidence). There will be an increasing
occurrence of some extreme events unprecedented in the observational record with additional global warming,
even at 1.5°C of global warming. Projected percentage changes in frequency are higher for rarer events (high
confidence).”). See also Fischer E. M., Sippel S., & Knutti R. (2021) Increasing probability of record-shattering
climate extremes, NAT. CLIM. CHANGE 11: 689–695, 689 (“Here, we show models project not only more intense
extremes but also events that break previous records by much larger margins. These record-shattering extremes,
nearly impossible in the absence of warming, are likely to occur in the coming decades. We demonstrate that their
probability of occurrence depends on warming rate, rather than global warming level, and is thus pathwaydependent. In high-emission scenarios, week-long heat extremes that break records by three or more standard
deviations are two to seven times more probable in 2021–2050 and three to 21 times more probable in 2051–
2080, compared to the last three decades.”).
Goldstein A., Noon M. L., Ledezma J. C., Roehrdanz P. R., Raghav S., McGreevey M., Stone C., Shrestha S.,
Golden Kroner R., Hole D., & Turner W. (2021) IRRECOVERABLE CARBON: THE PLACES WE MUST PROTECT TO
AVERT CLIMATE CATASTROPHE , Conservation International, 7 (“‘Irrecoverable carbon’ refers to the vast stores of
carbon in nature that are vulnerable to release from human activity and, if lost, could not be restored by 2050 —
when the world must reach net-zero emissions to avoid the worst impacts of climate change... There are high
concentrations of irrecoverable carbon in the Amazon (31.5 Gt), the Congo Basin (8.1 Gt), and New Guinea (7.3
Gt). Other important irrecoverable carbon reserves are located in the Pacific Northwest of North America, the
Valdivian forests of Chile, the mangroves and swamp forests of Guyana, the peatlands of Northern Scotland,
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Niger Delta’s mangroves, Cambodia’s Tonle Sap Lake, the Scandinavian and Siberian boreal forests, and the
eucalyptus forest of Southeast Australia, among others.”). See also Griscom B. W., et al. (2017) Natural climate
solutions, PROC. NAT’L. ACAD. SCI. 114(44): 11645–11650, 11645 (“Better stewardship of land is needed to
achieve the Paris Climate Agreement goal of holding warming to below 2 °C; however, confusion persists about
the specific set of land stewardship options available and their mitigation potential. To address this, we identify
and quantify “natural climate solutions” (NCS): 20 conservation, restoration, and improved land management
actions that increase carbon storage and/or avoid greenhouse gas emissions across global forests, wetlands,
grasslands, and agricultural lands. We find that the maximum potential of NCS—when constrained by food
security, fiber security, and biodiversity conservation—is 23.8 petagrams of CO2 equivalent (PgCO2e) y−1 (95%
CI 20.3–37.4). This is ≥30% higher than prior estimates, which did not include the full range of options and
safeguards considered here. About half of this maximum (11.3 PgCO 2e y−1) represents cost-effective climate
mitigation, assuming the social cost of CO2 pollution is ≥100 USD MgCO2e−1 by 2030. Natural climate solutions
can provide 37% of cost-effective CO2 mitigation needed through 2030 for a >66% chance of holding warming
to below 2 °C. One-third of this cost-effective NCS mitigation can be delivered at or below 10 USD MgCO 2−1.
Most NCS actions—if effectively implemented—also offer water filtration, flood buffering, soil health,
biodiversity habitat, and enhanced climate resilience. Work remains to better constrain uncertainty of NCS
mitigation estimates. Nevertheless, existing knowledge reported here provides a robust basis for immediate global
action to improve ecosystem stewardship as a major solution to climate change.”); Goldstein A., et al. (2020)
Protecting irrecoverable carbon in Earth’s ecosystems, NAT. CLIM. CHANGE 10(4): 287–295; and Noon M. L.,
Goldstein A., Ledezma J. C., Roehrdanz P. R., Cook-Patton S. C., Spawn-Lee S. A., Wright T. M., GonzalezRoglich M., Hole D. G., Rockström J., & Turner W. R. (2021) Mapping the irrecoverable carbon in Earth’s
ecosystems, NAT. SUSTAIN. 5: 37–46.
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Intergovernmental Panel on Climate Change (2022) Summary for Policymakers, in CLIMATE CHANGE 2022:
MITIGATION OF CLIMATE CHANGE, Contribution of Working Group III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, Shukla P. R., et al. (eds.), SPM-22 (“C.1.2 In modelled pathways
that limit warming to 2°C (>67%) assuming immediate action, global net CO 2 emissions are reduced compared
to modelled 2019 emissions by 27% [11–46%] in 2030 and by 52% [36-70%] in 2040; and global CH4 emissions
are reduced by 24% [9–53%] in 2030 and by 37% [20–60%] in 2040. In pathways that limit warming to 1.5°C
(>50%) with no or limited overshoot global net CO2 emissions are reduced compared to modelled 2019 emissions
by 48% [36–69%] in 2030 and by 80% [61-109%] in 2040; and global CH4 emissions are reduced by 34% [21–
57%] in 2030 and 44% [31-63%] in 2040. There are similar reductions of non-CO2 emissions by 2050 in both
types of pathways: CH4 is reduced by 45% [25–70%]; N2O is reduced by 20% [-5 – 55%]; and F-Gases are
reduced by 85% [20–90%]. [FOOTNOTE 44] Across most modelled pathways, this is the maximum technical
potential for anthropogenic CH4 reductions in the underlying models (high confidence). Further emissions
reductions, as illustrated by the IMP-SP pathway, may be achieved through changes in activity levels and/or
technological innovations beyond those represented in the majority of the pathways (medium confidence). Higher
emissions reductions of CH4 could further reduce peak warming. (high confidence) (Figure SPM.5) {3.3}”).
Intergovernmental Panel on Climate Change (2022) Summary for Policymakers, in CLIMATE CHANGE 2022:
MITIGATION OF CLIMATE CHANGE, Contribution of Working Group III to the Sixth Assessment Report of the
Intergovernmental Panel on Climate Change, Shukla P. R., et al. (eds.), SPM-30–SPM-31 (“Deep GHG
emissions reductions by 2030 and 2040, particularly reductions of methane emissions, lower peak warming,
reduce the likelihood of overshooting warming limits and lead to less reliance on net negative CO 2 emissions that
reverse warming in the latter half of the century… Future non-CO2 warming depends on reductions in non-CO2
GHG, aerosol and their precursor, and ozone precursor emissions. In modelled global low emission pathways,
the projected reduction of cooling and warming aerosol emissions over time leads to net warming in the near- to
mid-term. In these mitigation pathways, the projected reductions of cooling aerosols are mostly due to reduced
fossil fuel combustion that was not equipped with effective air pollution controls. Non-CO2 GHG emissions at
the time of net zero CO2 are projected to be of similar magnitude in modelled pathways that limit warming to 2°C
(>67%) or lower. These non-CO2 GHG emissions are about 8 [5–11] GtCO2-eq per year, with the largest fraction
from CH4 (60% [55–80%]), followed by N2O (30% [20–35%]) and F-gases (3% [2–20%]). [FOOTNOTE 52]
Due to the short lifetime of CH4 in the atmosphere, projected deep reduction of CH4 emissions up until the time
of net zero CO2 in modelled mitigation pathways effectively reduces peak global warming. (high confidence)
{3.3, AR6 WG I SPM D1.7}”).
Intergovernmental Panel on Climate Change (2018) Summary for Policymakers, in GLOBAL WARMING OF
1.5 °C, Special Report of the Intergovernmental Panel on Climate Change, Masson-Delmotte V., et al. (eds.),
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SPM-15, SPM-17 (“In model pathways with no or limited overshoot of 1.5 °C, global net anthropogenic CO2
emissions decline by about 45% from 2010 levels by 2030 (40–60% interquartile range), reaching net zero around
2050 (2045–2055 interquartile range)…. Modelled pathways that limit global warming to 1.5 °C with no or
limited overshoot involve deep reductions in emissions of methane and black carbon (35% or more of both by
2050 relative to 2010).”; “C.3. All pathways that limit global warming to 1.5 °C with limited or no overshoot
project the use of carbon dioxide removal (CDR) on the order of 100–1000 GtCO2 over the 21st century.”).
18.
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Canadell J. G., et al. (2021) Chapter 5: Global Carbon and other Biogeochemical Cycles and Feedbacks, in
CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE BASIS, Contribution of Working Group I to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change, Masson-Delmotte V., et al. (eds.), 5-78 (“Abrupt
change is defined as a change in the system that is substantially faster than the typical rate of the changes in its
history (Chapter 1, Section 1.4.5). A related matter is a tipping point: a critical threshold beyond which a system
reorganizes, often abruptly and/or irreversibly.”).
Drijfhout S., Bathiany S., Beaulieu C., Brovkin V., Claussen M., Huntingford C., Scheffer M., Sgubin G., &
Swingedouw D. (2015) Catalogue of abrupt shifts in Intergovernmental Panel on Climate Change climate
models, PROC. NAT’L. ACAD. SCI. 112(43): E5777–E5786, E5777 (“Abrupt transitions of regional climate in
response to the gradual rise in atmospheric greenhouse gas concentrations are notoriously difficult to foresee.
However, such events could be particularly challenging in view of the capacity required for society and
ecosystems to adapt to them. We present, to our knowledge, the first systematic screening of the massive climate
model ensemble informing the recent Intergovernmental Panel on Climate Change report, and reveal evidence of
37 forced regional abrupt changes in the ocean, sea ice, snow cover, permafrost, and terrestrial biosphere that
arise after a certain global temperature increase. Eighteen out of 37 events occur for global warming levels of less
than 2°, a threshold sometimes presented as a safe limit.”). See also Lenton T. M., Rockstrom J., Gaffney O.,
Rahmstorf S., Richardson K., Steffen W., & Schellnhuber H. J. (2019) Climate tipping points—too risky to bet
against, Comment, NATURE 575(7784): 592–595, 593 (“A further key impetus to limit warming to 1.5 °C is that
other tipping points could be triggered at low levels of global warming. The latest IPCC models projected a cluster
of abrupt shifts between 1.5 °C and 2 °C, several of which involve sea ice. This ice is already shrinking rapidly
in the Arctic....”); Arias P. A., et al. (2021) Technical Summary, in CLIMATE CHANGE 2021: THE PHYSICAL
SCIENCE BASIS, Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change, Masson-Delmotte V., et al. (eds.), TS-71–TS-72 (“It is likely that under stabilization of global
warming at 1.5°C, 2.0°C, or 3.0°C relative to 1850–1900, the AMOC will continue to weaken for several decades
by about 15%, 20% and 30% of its strength and then recover to pre-decline values over several centuries (medium
confidence). At sustained warming levels between 2°C and 3°C, there is limited evidence that the Greenland and
West Antarctic Ice Sheets will be lost almost completely and irreversibly over multiple millennia; both the
probability of their complete loss and the rate of mass loss increases with higher surface temperatures (high
confidence). At sustained warming levels between 3°C and 5°C, near-complete loss of the Greenland Ice Sheet
and complete loss of the West Antarctic Ice Sheet is projected to occur irreversibly over multiple millennia
(medium confidence); with substantial parts or all of Wilkes Subglacial Basin in East Antarctica lost over multiple
millennia (low confidence). Early-warning signals of accelerated sea-level-rise from Antarctica, could possibly
be observed within the next few decades. For other hazards (e.g., ice sheet behaviour, glacier mass loss and global
mean sea level change, coastal floods, coastal erosion, air pollution, and ocean acidification) the time and/or
scenario dimensions remain critical, and a simple and robust relationship with global warming level cannot be
established (high confidence)... The response of biogeochemical cycles to anthropogenic perturbations can be
abrupt at regional scales and irreversible on decadal to century time scales (high confidence). The probability of
crossing uncertain regional thresholds increases with climate change (high confidence). It is very unlikely that gas
clathrates (mostly methane) in deeper terrestrial permafrost and subsea clathrates will lead to a detectable
departure from the emissions trajectory during this century. Possible abrupt changes and tipping points in
biogeochemical cycles lead to additional uncertainty in 21st century atmospheric GHG concentrations, but future
anthropogenic emissions remain the dominant uncertainty (high confidence). There is potential for abrupt water
cycle changes in some high-emission scenarios, but there is no overall consistency regarding the magnitude and
timing of such changes. Positive land surface feedbacks, including vegetation, dust, and snow, can contribute to
abrupt changes in aridity, but there is only low confidence that such changes will occur during the 21st century.
Continued Amazon deforestation, combined with a warming climate, raises the probability that this ecosystem
will cross a tipping point into a dry state during the 21st century (low confidence). {TS3.2.2, 5.4.3, 5.4.5, 5.4.8,
5.4.9, 8.6.2, 8.6.3, Cross-chapter Box 12.1}”); and Lee J. Y., et al. (2021) Chapter 4: Future Global Climate:
Scenario-Based Projections and Near-Term Information, in CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE
BASIS, Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on
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Climate Change, Masson-Delmotte V., et al. (eds.), 4-96 (Table 4.10 lists 15 components of the Earth system
susceptible to tipping points).
20.

*

21.

*

22.
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See Hoegh-Guldberg O., et al. (2018) Chapter 3: Impacts of 1.5 ºC of Global Warming on Natural and Human
Systems, in GLOBAL WARMING OF 1.5 °C, Special Report of the Intergovernmental Panel on Climate Change,
Masson-Delmotte V., et al. (eds.), 262 (“Tipping points refer to critical thresholds in a system that, when
exceeded, can lead to a significant change in the state of the system, often with an understanding that the change
is irreversible. An understanding of the sensitivities of tipping points in the physical climate system, as well as in
ecosystems and human systems, is essential for understanding the risks associated with different degrees of global
warming. This subsection reviews tipping points across these three areas within the context of the different
sensitivities to 1.5°C versus 2°C of global warming. Sensitivities to less ambitious global temperature goals are
also briefly reviewed. Moreover, an analysis is provided of how integrated risks across physical, natural and
human systems may accumulate to lead to the exceedance of thresholds for particular systems. The emphasis in
this section is on the identification of regional tipping points and their sensitivity to 1.5°C and 2°C of global
warming, whereas tipping points in the global climate system, referred to as large-scale singular events, were
already discussed in Section 3.5.2. A summary of regional tipping points is provided in Table 3.7.”); and Abram
N., et al. (2019) Chapter 1: Framing and Context of the Report, in THE OCEAN AND CRYOSPHERE IN A CHANGING
CLIMATE, Special Report of the Intergovernmental Panel on Climate Change, Pörtner H.-O., et al. (eds.), 1-81
(“While some aspects of the ocean and cryosphere might respond in a linear (i.e., directly proportional) manner
to a perturbation by some external forcing, this may change fundamentally when critical thresholds are reached.
A very important example for such a threshold is the transition from frozen water to liquid water at around 0 ºC
that can lead to rapid acceleration of ice-melt or permafrost thaw (e.g., Abram et al., 2013; Trusel et al., 2018).
Such thresholds often act as tipping points, as they are associated with rapid and abrupt changes even when the
underlying forcing changes gradually (Figure 1.1a, 1.1c). Tipping elements include, for example, the collapse of
the ocean’s large-scale overturning circulation in the Atlantic (Section 6.7), or the collapse of the West Antarctic
Ice Sheet though a process called marine ice sheet instability (Cross-Chapter Box 8 in Chapter 3; Lenton, et al.
2008). Potential ocean and cryosphere tipping elements form part of the scientific case for efforts to limit climate
warming to well below 2ºC (IPCC, 2018).”).
Here we distinguish between abrupt shifts, as in Drijfhout et al. (2015), and the more restrictive definition of
“core climate tipping points” defined by Armstrong McKay et al. (2022) as “when change in part of the climate
system becomes (i) selfperpetuating beyond (ii) a warming threshold as a result of asymmetry in the relevant
feedbacks, leading to (iii) substantial and widespread Earth system impacts.” See Armstrong McKay D. I., Staal
A., Abrams J. F., Winkelmann R., Sakschewski B., Loriani S., Fetzer I., Cornell S. E., Rockström J., & Lenton
T. M. (2022) Exceeding 1.5°C global warming could trigger multiple climate tipping points, SCIENCE 377(6611):
eabn7950, 1–10, 7 (“Current warming is ~1.1°C above preindustrial and even with rapid emission cuts warming
will reach ~1.5°C by the 2030s (23). We cannot rule out that WAIS and GrIS tipping points have already been
passed (see above) and several other tipping elements have minimum threshold values within the 1.1 to 1.5°C
range. Our best estimate thresholds for GrIS, WAIS, REEF, and abrupt permafrost thaw (PFAT) are ~1.5°C
although WAIS and GrIS collapse may still be avoidable if GMST returns below 1.5°C within an uncertain
overshoot time (likely decades) (94). … The chance of triggering CTPs is already non-negligible and will grow
even with stringent climate mitigation (SSP1-1.9 in Fig. 2, B and C). Nevertheless, achieving the Paris
Agreement’s aim to pursue efforts to limit warming to 1.5°C would clearly be safer than keeping global warming
below 2°C (90) (Fig. 2). Going from 1.5 to 2°C increases the likelihood of committing to WAIS and GrIS collapse
near complete warm-water coral die-off, and abrupt permafrost thaw; further, the best estimate threshold for
LABC collapse is crossed. The likelihood of triggering AMOC collapse, Boreal forest shifts, and extra-polar
glacier loss becomes non-negligible at >1.5°C and glacier loss becomes likely by ~2°C. A cluster of abrupt shifts
occur in ESMs at 1.5 to 2°C (19). Although not tipping elements, ASSI loss could become regular by 2°C, gradual
permafrost thaw would likely become widespread beyond 1.5°C, and land carbon sink weakening would become
significant by 2°C.”).
Lenton T. M., Rockstrom J., Gaffney O., Rahmstorf S., Richardson K., Steffen W., & Schellnhuber H. J. (2019)
Climate tipping points—too risky to bet against, Comment, NATURE 575(7784): 592–595, 594 (“In our view, the
clearest emergency would be if we were approaching a global cascade of tipping points that led to a new, less
habitable, ‘hothouse’ climate state11. Interactions could happen through ocean and atmospheric circulation or
through feedbacks that increase greenhouse-gas levels and global temperature.”). See also Wunderling N., Donges
J. F., Kurths J., & Winkelmann R. (2021) Interacting tipping elements increase risk of climate domino effects
under global warming, EARTH SYST. DYN. 12(2): 601–619, 614 (“In this study, we show that this risk increases
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significantly when considering interactions between these climate tipping elements and that these interactions
tend to have an overall destabilising effect. Altogether, with the exception of the Greenland Ice Sheet, interactions
effectively push the critical threshold temperatures to lower warming levels, thereby reducing the overall stability
of the climate system. The domino-like interactions also foster cascading, non-linear responses. Under these
circumstances, our model indicates that cascades are predominantly initiated by the polar ice sheets and mediated
by the AMOC. Therefore, our results also imply that the negative feedback loop connecting the Greenland Ice
Sheet and the AMOC might not be able to stabilise the climate system as a whole.”); Klose A. K., Wunderling
N., Winkelmann R., & Donges J. F. (2021) What do we mean, `tipping cascade’?, ENVIRON. RES. LETT. 16(12):
125011, 1–12, 1 (“Here we illustrate how different patterns of multiple tipping dynamics emerge from a very
simple coupling of two previously studied idealized tipping elements. In particular, we distinguish between a two
phase cascade, a domino cascade and a joint cascade. A mitigation of an unfolding two phase cascade may be
possible and common early warning indicators are sensitive to upcoming critical transitions to a certain degree.
In contrast, a domino cascade may hardly be stopped once initiated and critical slowing down-based indicators
fail to indicate tipping of the following element. These different potentials for intervention and anticipation across
the distinct patterns of multiple tipping dynamics should be seen as a call to be more precise in future analyses of
cascading dynamics arising from tipping element interactions in the Earth system.”); and Rocha J. C., Peterson
G., Bodin Ö., & Levin S. (2018) Cascading regime shifts within and across scales, SCIENCE 362(6421): 1379–
1383, 1383 (“A key lesson from our study is that regime shifts can be interconnected. Regime shifts should not
be studied in isolation under the assumption that they are independent systems. Methods and data collection need
to be further developed to account for the possibility of cascading effects. Our finding that ~45% of regime shift
couplings can have structural dependence suggests that current approaches to environmental management and
governance underestimate the likelihood of cascading effects.”).
23.

*

Drijfhout S., Bathiany S., Beaulieu C., Brovkin V., Claussen M., Huntingford C., Scheffer M., Sgubin G., &
Swingedouw D. (2015) Catalogue of abrupt shifts in Intergovernmental Panel on Climate Change climate
models, PROC. NAT’L. ACAD. SCI. 112(43): E5777–E5786, E5784 (“Permafrost carbon release (51) and methane
hydrates release (52) were not expected in CMIP5 simulations, because of missing biogeochemical components
in those models capable of simulating such changes.”). See also Bathiany S., Hidding J., & Scheffer M. (2020)
Edge Detection Reveals Abrupt and Extreme Climate Events, J. CLIM. 33(15): 6399–6421, 6416 (“Despite their
societal relevance, our knowledge about the risks of future abrupt climate shifts is far from robust. Several
important aspects are highly uncertain: future greenhouse gas emissions (scenario uncertainty), the current climate
state (initial condition uncertainty), the questionwhether and how to model specific processes (structural
uncertainty), and what values one should choose for parameters appearing in the equations (parametric
uncertainty). Such uncertainties can be explored using ensemble simulations. For example, by running many
simulations with different combinations of parameter values a perturbed-physics ensemble can address how
parameter uncertainty affects the occurrence of extreme events (Clark et al. 2006). This strategy can be
particularly beneficial for studying abrupt events as well since abrupt shifts are associated with region-specific
processes, whereas models are usually calibrated to produce a realistic global mean climate at the expense of
regional realism (Mauritsen et al. 2012; McNeall et al. 2016). The currently available model configurations are
therefore neither reliable nor sufficient to assess the risk of abrupt shifts (Drijfhout et al. 2015). It is hence very
plausible that yet-undiscovered tipping points can occur in climate models.”); Canadell J. G., et al. (2021) Chapter
5: Global Carbon and other Biogeochemical Cycles and Feedbacks, in CLIMATE CHANGE 2021: THE PHYSICAL
SCIENCE BASIS, Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel
on Climate Change, Masson-Delmotte V., et al. (eds.), 5-78 (“There is low confidence in the estimate of the nonCO2 biogeochemical feedbacks, due to the large range in the estimates of α for some individual feedbacks (Figure
5.29c), which can be attributed to the diversity in how models account for these feedbacks, limited process-level
understanding, and the existence of known feedbacks for which there is not sufficient evidence to assess the
feedback strength.”); and Permafrost Pathways, Course of Action: Mitigation Policy, Woodwell Climate Research
Center (last visited 29 July 2022) (“Depending on how hot we let it get, carbon emissions from Arctic permafrost
thaw are expected to be in the range of 30 to more than 150 billion tons of carbon (110 to more than 550 Gt CO 2)
this century, with upper estimates on par with the cumulative emissions from the entire United States at its current
rate. To put it another way, permafrost thaw emissions could use up between 25 and 40 percent of the remaining
carbon budget that would be necessary to cap warming at the internationally agreed-upon 2 degrees Celsius global
temperature threshold established in the Paris Agreement.... Despite the enormity of this problem, gaps in
permafrost carbon monitoring and modeling are resulting in permafrost being left out of global climate policies,
rendering our emissions targets fundamentally inaccurate. World leaders are in a race against time to reduce
emissions and prevent Earth's temperature from reaching dangerous levels. The problem is, without including
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current and projected emissions from permafrost, this race will be impossible to finish.... 82% [o]f IPCC models
do not include carbon emissions from permafrost thaw.”).
24.

*

25.
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26.
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Molina M., Ramanathan V., & Zaelke D. (2018) Climate report understates threat, BULLETIN OF THE ATOMIC
SCIENTISTS (“These cascading feedbacks include the loss of the Arctic’s sea ice, which could disappear entirely
in summer in the next 15 years. The ice serves as a shield, reflecting heat back into the atmosphere, but is
increasingly being melted into water that absorbs heat instead. Losing the ice would tremendously increase the
Arctic’s warming, which is already at least twice the global average rate. This, in turn, would accelerate the
collapse of permafrost, releasing its ancient stores of methane, a super climate pollutant 30 times more potent in
causing warming than carbon dioxide.”).
Kemp L., Xu C., Depledge J., Ebi K. L., Gibbins G., Kohler T. A., Rockström J., Scheffer M., Schellnhuber H.
J., Steffen W., & Lenton T. M. (2022) Climate Endgame: Exploring catastrophic climate change scenarios, PROC.
NAT’L. ACAD. SCI. 119(34): e2108146119, 1–9, 3 (“Third, climate change could exacerbate vulnerabilities and
cause multiple, indirect stresses (such as economic damage, loss of land, and water and food insecurity) that
coalesce into system-wide synchronous failures. This is the path of systemic risk. Global crises tend to occur
through such reinforcing “synchronous failures” that spread across countries and systems, as with the 2007–2008
global financial crisis (44). It is plausible that a sudden shift in climate could trigger systems failures that unravel
societies across the globe. The potential of systemic climate risk is marked: The most vulnerable states and
communities will continue to be the hardest hit in a warming world, exacerbating inequities. Fig. 1 shows how
projected population density intersects with extreme >29 °C mean annual temperature (MAT) (such temperatures
are currently restricted to only 0.8% of Earth’sland surface area). Using the medium-high scenario of emissions
and population growth (SSP3-7.0 emissions, and SSP3 population growth), by 2070, around 2 billion people are
expected to live in these extremely hot areas. Currently, only 30 million people live in hot places, primarily in the
Sahara Desert and Gulf Coast (43). Extreme temperatures combined with high humidity can negatively affect
outdoor worker productivity and yields of major cereal crops. These deadly heat conditions could significantly
affect populated areas in South and southwest Asia(47). Fig. 2 takes a political lens on extreme heat, overlapping
SSP3-7.0 or SSP5-8.5 projections of >29 °C MAT circa 2070, with the Fragile States Index (a measurement of
the instability of states). There is a striking overlap between currently vulnerable states and future areas of extreme
warming. If current political fragility does not improve significantly in the coming decades, then a belt of
instability with potentially serious ramifications could occur.”). See also Stern N. & Stiglitz J. (2022) The
economics of immense risk, urgent action and radical change: towards new approaches to the economics of
climate change, J. ECON. METHODOL. 29: 1–36, 2 (“Moreover, at the core of the standard IAM methodology is
an analysis of intertemporal trade-offs; how much the current generation should sacrifice in order for future
generations to be spared the devastation of climate change. Rising to the climate challenges does indeed involve
deep normative questions, including how different generations’ welfare is to be compared and the rights of future
generations. But the world has been much more focused than the IAMs on a different set of issues, the risks of
catastrophic consequences. These potentially catastrophic risks are in large measure assumed away in the
IAMs.”).
Lenton T. M., Rockstrom J., Gaffney O., Rahmstorf S., Richardson K., Steffen W., & Schellnhuber H. J. (2019)
Climate tipping points—too risky to bet against, Comment, NATURE, 575(7784): 592–595, 594 (“In our view, the
clearest emergency would be if we were approaching a global cascade of tipping points that led to a new, less
habitable, ‘hothouse’ climate state11. Interactions could happen through ocean and atmospheric circulation or
through feedbacks that increase greenhouse-gas levels and global temperature. Alternatively, strong cloud
feedbacks could cause a global tipping point12,13.We argue that cascading effects might be common. Research last
year14 analysed 30 types of regime shift spanning physical climate and ecological systems, from collapse of the
West Antarctic ice sheet to a switch from rainforest to savanna. This indicated that exceeding tipping points in
one system can increase the risk of crossing them in others. Such links were found for 45% of possible
interactions14. In our view, examples are starting to be observed. … If damaging tipping cascades can occur and
a global tipping point cannot be ruled out, then this is an existential threat to civilization. No amount of economic
cost–benefit analysis is going to help us. We need to change our approach to the climate problem. … In our view,
the evidence from tipping points alone suggests that we are in a state of planetary emergency: both the risk and
urgency of the situation are acute….”). See also Armstrong McKay D. I., Staal A., Abrams J. F., Winkelmann R.,
Sakschewski B., Loriani S., Fetzer I., Cornell S. E., Rockström J., & Lenton T. M. (2022) Exceeding 1.5°C global
warming could trigger multiple climate tipping points, SCIENCE 377(6611): eabn7950, 1–10, 7 (“Current warming
is ~1.1°C above preindustrial and even with rapid emission cuts warming will reach ~1.5°C by the 2030s (23).
We cannot rule out that WAIS and GrIS tipping points have already been passed (see above) and several other
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tipping elements have minimum threshold values within the 1.1 to 1.5°C range. Our best estimate thresholds for
GrIS, WAIS, REEF, and abrupt permafrost thaw (PFAT) are ~1.5°C although WAIS and GrIS collapse may still
be avoidable if GMST returns below 1.5°C within an uncertain overshoot time (likely decades) (94).”).
27.

*

28.
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Intergovernmental Panel on Climate Change (2022) Summary for Policymakers, in CLIMATE CHANGE 2022:
IMPACTS, ADAPTATION, AND VULNERABILITY, Contribution of Working Group II to the Sixth Assessment Report
of the Intergovernmental Panel on Climate Change, Pörtner H.-O., et al. (eds.), SPM-20 (“SPM.B.6 If global
warming transiently exceeds 1.5°C in the coming decades or later (overshoot) 37, then many human and natural
systems will face additional severe risks, compared to remaining below 1.5°C (high confidence). Depending on
the magnitude and duration of overshoot, some impacts will cause release of additional greenhouse gases (medium
confidence) and some will be irreversible, even if global warming is reduced (high confidence). (Figure SPM.3)
{2.5, 3.4, 12.3, 16.6, CCB SLR, CCB DEEP, Box SPM.1} SPM.B.6.1 While model-based assessments of the
impacts of overshoot pathways are limited, observations and current understanding of processes permit
assessment of impacts from overshoot. Additional warming, e.g., above 1.5°C during an overshoot period this
century, will result in irreversible impacts on certain ecosystems with low resilience, such as polar, mountain, and
coastal ecosystems, impacted by ice-sheet, glacier melt, or by accelerating and higher committed sea level rise
(high confidence).38 Risks to human systems will increase, including those to infrastructure, low-lying coastal
settlements, some ecosystem-based adaptation measures, and associated livelihoods (high confidence), cultural
and spiritual values (medium confidence). Projected impacts are less severe with shorter duration and lower levels
of overshoot (medium confidence). {2.5, 3.4, 12.3, 13.2, 16.5, 16.6, CCP 1.2, CCP5.3, CCP6.1, CCP6.2, CCP2.2,
CCB SLR, Box TS4, SROCC 2.3, SROCC 5.4, WG1 SPM B5 and C3} SPM.B.6.2 Risk of severe impacts
increase with every additional increment of global warming during overshoot (high confidence). In high-carbon
ecosystems (currently storing 3,000 to 4,000 GtC)39 such impacts are already observed and are projected to
increase with every additional increment of global warming, such as increased wildfires, mass mortality of trees,
drying of peatlands, and thawing of permafrost, weakening natural land carbon sinks and increasing releases of
greenhouse gases (medium confidence). The resulting contribution to a potential amplification of global warming
indicates that a return to a given global warming level or below would be more challenging (medium confidence).
{2.4, 2.5, CCP4.2, WG1 SPM B.4.3, SROCC 5.4}”).
Wunderling N., Winkelmann R., Rockström J., Loriani S., Armstrong-McKay D., Ritchie P., Sakschewski B.,
& Donges J. (22 April 2022) Global warming overshoots increase risk of triggering climate tipping points and
cascades, NATURE (preprint), 1–31, 1, 11–12, 18 (“Climate tipping elements play a crucial role for the stability
of the Earth system under human pressures and are potentially at risk of disintegrating within and partially even
below the Paris temperature guardrails of 1.5-2.0°C above pre-industrial levels. However, current policies and
actions make it very likely to, at least temporarily, transgress the Paris targets. This raises the question whether
tipping points can still be avoided under such overshoot scenarios. Here, we investigate the associated risks for
tipping under a range of temperature overshoot scenarios using a stylised network model of four interacting
climate tipping elements: the Greenland and West Antarctic Ice Sheets, the Atlantic Meridional Overturning
Circulation and the Amazon rainforest. Our results reveal that temporary overshoots can increase tipping risks by
up to 72% compared to a soft landing without overshoots, even when the long-term equilibrium temperature
stabilises within the Paris range.”; “We compute that the risk for tipping events occurring at convergence
temperatures within the limits of the Paris climate target ranges between slightly more than half (57.8%) to more
than nine-tenths (91.4%) of all simulations (see Fig. 3). For small peak temperatures (TPeak = 2.5 °C), overshoot
tipping only accounts for as little as 9% of all tipping events but for intermediate peak temperature levels (TPeak =
4.0 °C) this number can increase to as much as 42% (see pie charts in Fig. 3). Specifically, the risk of tipping
increases between 10–72% in these scenarios for overshooting before stabilising at the convergence temperature
than just approaching the convergence temperature with no overshoot. Note that in the special case, where the
peak temperature equals the convergence temperature (TPeak = TConv = 2.0 °C), overshoot tipping events do not
occur.”; “Critically, to reduce the risk and prevent the negative impacts of interacting climate tipping elements on
human societies and biosphere integrity, it is of utmost importance to ensure that temperature overshoot
trajectories are limited in both magnitude and duration, while stabilising global warming at, or better, below the
Paris agreement’s targets. Concretely, avoiding a high climate risk zone aiming to limit the risk for tipping events
would entail convergence temperatures of today’s levels of global warming or below (< 1.2 °C, better ≲ 1.0 °C),
while overshoot temperatures should not exceed 3.0 °C and convergence times should not exceed 300 years unless
peak temperatures are significantly smaller than 2.5 °C. This would reduce the risk for one tipping event to occur
to below 33% (see Fig. 2d).”).
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confidence that human-induced climate change is the main driver[14] of these changes. Some recent hot extremes
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SCI. 118(32): 1–8, 1 (“Assessing historical changes to daily temperature variability in comparison with those from
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warming (0.8°C warmer than today which at current emission levels would be reached as early as the 2040s ),
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year, increasing to about 107 million people in 2053, an increase of 13 times over 30 years. This increase in
“Extreme Danger Days” is concentrated in the middle of the country, in areas where there are no coastal influences
to mitigate extreme temperatures.”); discussed in Kaufman L. (15 August 2022) Much of the US Will Be an
‘Extreme Heat Belt’ by the 2050s, BLOOMBERG.
Vautard R., et al. (2020) Human contribution to the record-breaking June and July 2019 heatwaves in Western
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return period estimated to be 134 years. As for the June case, except for HadGEM-3A, which has a hot and dry
bias, the changes in intensity are systematically underestimated, as they range from 1.1 °C (CNRM-CM6.1) to
1.6 °C (EC-EARTH). By combining information from models and observations, we conclude that the probability
of such an event to occur for France has increased by a factor of at least 10 (see the synthesis in figure 3). This
factor is very uncertain and could be two orders of magnitude higher. The change in intensity of an equally
probable heatwave is between 1.5 degrees and 3 degrees. We found similar numerical results for Lille, with
however an estimate of change in intensity higher in the observations, and models predict trend estimates that are
consistently lower than observation trends, a fact that needs further investigation beyond the scope of this
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a major influence to explain such temperatures, making them about 100 times more likely (at least a factor of
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reached unprecedented values in the entire dataset, which goes back to 2003.”).
Rousi E., Kornhuber K., Beobide-Arsuaga G., Luo F., & Coumou D. (2022) Accelerated western European
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(“Persistent heat extremes can have severe impacts on ecosystems and societies, including excess mortality,
wildfires, and harvest failures. Here we identify Europe as a heatwave hotspot, exhibiting upward trends that are
three-to-four times faster compared to the rest of the northern midlatitudes over the past 42 years. This accelerated
trend is linked to atmospheric dynamical changes via an increase in the frequency and persistence of double jet
stream states over Eurasia. We find that double jet occurrences are particularly important for western European
heatwaves, explaining up to 35% of temperature variability. The upward trend in the persistence of double jet
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events explains almost all of the accelerated heatwave trend in western Europe, and about 30% of it over the
extended European region. Those findings provide evidence that in addition to thermodynamical drivers,
atmospheric dynamical changes have contributed to the increased rate of European heatwaves, with implications
for risk management and potential adaptation strategies.”); discussed in Fountain H. (18 July 2022) Why Europe
Is Becoming a Heat Wave Hot Spot, THE NEW YORK TIMES.
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find that, for both event definitions, human-caused climate change made the event at least 10 times more likely.
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change in intensity than observed.”).
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climate commitments so far agreed in negotiations under the 2015 Paris Agreement. That’s according to the latest
data from the Met Office Hadley Centre, commissioned by the Climate Crisis Advisory Group (CCAG). The data
(figure 1 below) looks at how rapidly temperatures are changing across Europe and tracks observed mean summer
temperatures since 1850 against model predictions. It finds that, according to current predictions[1], an average
summer in central Europe by 2100 will be over 4°C hotter than it was in the pre-industrial era.”); discussed in
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generations or once in 1000 generations in a pre-industrial climate, is no longer useful. When the current climate
has changed so significantly that the pre-industrial world becomes a poor basis of comparison, other tools are
needed to instead quantify future changes in exposure or the effectiveness of adaptation to changes in extreme
weather seen over recent decades.”); discussed in Sengupta S. (3 May 2022) An extraordinary heat wave exposes
the limits of protecting people, THE NEW YORK TIMES (“For more than a month now, across much of the country
(and in next door Pakistan), temperatures have soared and stayed there. The capital, Delhi, topped 46 degrees
Celsius (114 degrees Fahrenheit) last week. West Bengal, in the muggy east of the country, where my family is
from, is among those regions where the combination of heat and humidity could rise to a threshold where the
human body is in fact at risk of cooking itself. That theoretical limit is a “wet bulb” temperature — when a
thermometer is wrapped in a wet cloth, accounting for both heat and humidity — of 35 degrees Celsius. In
neighboring Pakistan, the Meteorological Department warned last week that daily high temperatures were 5 to 8
degrees Celsius above normal, and that in the mountainous north, fast-melting snow and ice could cause glacial
lakes to burst. How much of this extreme heat can be blamed on climate change? That’s now becoming an
“obsolete question,” Friederike Otto, a leader in the science of attributing extreme weather events to climate
change, said in a paper published Monday. The rise in the average global temperature has already intensified heat
waves “many times faster than any other type of extreme weather,” the paper concluded. Get used to extremes.
Adapt. As much as possible.”); and Tunio Z. (7 May 2022) An unprecedented heat wave in India and Pakistan is
putting the lives of more than a billion people at risk, INSIDE CLIMATE NEWS.
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(“Night-time provides a critical window for slowing or extinguishing fires owing to the lower temperature and
the lower vapour pressure deficit (VPD). However, fire danger is most often assessed based on daytime
conditions1,2, capturing what promotes fire spread rather than what impedes fire. Although it is well appreciated
that changing daytime weather conditions are exacerbating fire, potential changes in night-time conditions—and
their associated role as fire reducers—are less understood. Here we show that night-time fire intensity has
increased, which is linked to hotter and drier nights. Our findings are based on global satellite observations of
daytime and night-time fire detections and corresponding hourly climate data, from which we determine
landcover-specific thresholds of VPD (VPDt), below which fire detections are very rare (less than 95 per cent
modelled chance). Globally, daily minimum VPD increased by 25 per cent from 1979 to 2020. Across burnable
lands, the annual number of flammable night-time hours—when VPD exceeds VPDt—increased by 110 hours,
allowing five additional nights when flammability never ceases. Across nearly one-fifth of burnable lands,
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flammable nights increased by at least one week across this period. Globally, night fires have become 7.2 per cent
more intense from 2003 to 2020, measured via a satellite record. These results reinforce the lack of night-time
relief that wildfire suppression teams have experienced in recent years. We expect that continued night-time
warming owing to anthropogenic climate change will promote more intense, longer-lasting and larger fires.”);
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falling during the most extreme events (south Asia has warmed around 0.7°C since 1900). Had this event
happened in a world where carbon dioxide concentrations were instead at pre-industrial levels, the rains probably
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south Asia in the summer, when air over land warms faster than air over the sea, which creates a flow of air onto
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especially the Himalayas. ¶ Unusual monsoon rains over Pakistan have some predictability. They occur when
multiple phenomena coincide, including a La Niña event in the Pacific and large meanders in the high-altitude jet
stream, as was the case in both 2010 and this year. ¶ There is emerging evidence that this confluence of factors
may occur more regularly as the climate changes. If such trends continue, then flooding in Pakistan and other
simultaneous extremes across the northern Hemisphere will happen more often in the future. ¶ Pakistan also
experienced extended and brutal heatwaves in May and June this year, which were amplified by climate change.
This heat amplified the monsoonal "thermal low"—a low-pressure system created by hot air rising rapidly—
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This melting is driven to a large degree by climate change and is especially prominent this year as a result of the
heatwave.”). See also Otto F. E. L., Zachariah M., Saeed F., Siddiqi A., & Shahzad K. (2022) Climate change
likely increased extreme monsoon rainfall, flooding highly vulnerable communities in Pakistan, WORLD
WEATHER ATTRIBUTION, 36 (“However, for the 5-day rainfall extreme, the majority of models and observations
we have analysed show that intense rainfall has become heavier as Pakistan has warmed. Some of these models
suggest climate change could have increased the rainfall intensity up to 50% for the 5-day event definition.”); and
Trenberth K. (15 September 2022) 2022’s supercharged summer of climate extremes: How global warming and
La Niña fueled disasters on top of disasters, THE CONVERSATION.
Fischer E. M., Sippel S., & Knutti R. (2021) Increasing probability of record-shattering climate extremes, NAT.
CLIM. CHANGE 11: 689–685, 689 (“Here, we show models project not only more intense extremes but also events
that break previous records by much larger margins. These record-shattering extremes, nearly impossible in the
absence of warming, are likely to occur in the coming decades. We demonstrate that their probability of
occurrence depends on warming rate, rather than global warming level, and is thus pathway-dependent. In highemission scenarios, week-long heat extremes that break records by three or more standard deviations are two to
seven times more probable in 2021–2050 and three to 21 times more probable in 2051–2080, compared to the
last three decades. In 2051–2080, such events are estimated to occur about every 6–37 years somewhere in the
northern midlatitudes.”).
National Oceanic and Atmospheric Administration National Centers for Environmental Information (2021)
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occurred since 2014, while the 10 warmest years have occurred since 2005... The decadal global land and ocean
surface average temperature anomaly for 2011–2020 was the warmest decade on record for the globe, with a
surface global temperature of +0.82°C (+1.48°F) above the 20th century average. This surpassed the previous
decadal record (2001–2010) value of +0.62°C (+1.12°F).”). See also Intergovernmental Panel on Climate Change
(2021) Summary for Policymakers, in CLIMATE CHANGE 2021: THE PHYSICAL SCIENCE BASIS, Contribution of
Working Group I to the Sixth Assessment Report of the Intergovernmental Panel on Climate Change, MassonDelmotte V., et al. (eds.), SPM-5 (”Each of the last four decades has been successively warmer than any decade
that preceded it since 1850. Global surface temperature in the first two decades of the 21st century (2001-2020)
was 0.99 [0.84-1.10] °C higher than 1850-19009. Global surface temperature was 1.09 [0.95 to 1.20] °C higher
in 2011–2020 than 1850–1900, with larger increases over land (1.59 [1.34 to 1.83] °C) than over the ocean (0.88
[0.68 to 1.01] °C). The estimated increase in global surface temperature since AR5 is principally due to further
warming since 2003–2012 (+0.19 [0.16 to 0.22] °C). Additionally, methodological advances and new datasets
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contributed approximately 0.1ºC to the updated estimate of warming in AR6[10].”… Footnote 10: “Since AR5,
methodological advances and new datasets have provided a more complete spatial representation of changes in
surface temperature, including in the Arctic. These and other improvements have additionally increased the
estimate of global surface temperature change by approximately 0.1 ºC, but this increase does not represent
additional physical warming since the AR5.”).
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Xu Y., Ramanathan V., & Victor D. G. (2018) Global warming will happen faster than we think, NATURE
564(7734): 30–32, 31 (“In 2017, industrial carbon dioxide emissions are estimated to have reached about 37
gigatonnes2. This puts them on track with the highest emissions trajectory the IPCC has modelled so far. This
dark news means that the next 25 years are poised to warm at a rate of 0.25–0.32 °C per decade3. That is faster
than the 0.2 °C per decade that we have experienced since the 2000s, and which the IPCC used in its special
report.”).
National Snow & Ice Data Center (15 September 2022) Arctic Weather and Climate (“Changes in the Arctic
climate are important because the Arctic acts as a refrigerator for the rest of the world—it helps cool the planet.
So changes in the Arctic climate could affect the climate in the rest of the world. Changes in the Arctic have
effects that cascade through the food chain… Researchers say that the changes in the Arctic are worrisome,
because they could lead to feedback effects that lead to further warming. For instance, when the white sea ice
melts in summer, areas of dark open water are exposed which can absorb more heat from the sun. That extra heat
then helps melt even more ice. The loss of sea ice is known to be one of the drivers of Arctic amplification.
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ground begin to decay. When they decay, they release carbon dioxide and methane back to the atmosphere that
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important greenhouse gas.”). See also Jansen E., et al. (2020) Past perspectives on the present era of abrupt Arctic
climate change, NAT. CLIM. CHANGE 10: 714–721, 714 (“Annual mean temperature trends over the Arctic during
the past 40 years show that over this period, where satellite data are available, major portions have warmed by
more than 1 °C per decade (Fig. 1a, red colours and outlined portion; a warming of 4 °C within 40 years is
hereafter referred to as 1 °C per decade). … Using a criterion based on the speed of near-surface air temperature
warming over the past four decades, we find that the current Arctic is experiencing rates of warming comparable
to abrupt changes, or D–O events, recorded in Greenland ice cores during the last glacial period. [During the last
glacial period (120,000–11,000 years ago), more than 20 abrupt periods of warming, known as Dansgaard–
Oeschger (D–O) events, took place18,19.] Both past changes in the Greenland ice cores and the ongoing trends in
the Arctic are directly linked to sea-ice retreat—in the Nordic Seas during glacial times and in the Eurasian Arctic
at present. Abrupt changes have already been experienced and could, according to state-of-the-art climate models,
occur in the Arctic during the twenty-first century, but climate models underestimate current rates of change in
this region.”).
See Drollette Jr. D. (30 August 2019) What if the Arctic melts, and we lose the great white shield? Interview
with environmental policy expert Durwood Zaelke, BULLETIN OF THE ATOMIC SCIENTISTS (Article accessible
here); Zaelke D. J. & Bledsoe P. (14 December 2019) Our Future Depends on the Arctic, THE NEW YORK TIMES;
and Molina M. & Zaelke D. (16 October 2020) The Time Bomb at the Top of the World, PROJECT SYNDICATE.
Pistone K., Eisenman I., & Ramanathan V. (2014) Observational determination of albedo decrease caused by
vanishing Arctic sea ice, PROC. NAT’L. ACAD. SCI. 111(9): 3322–3326, 3322 (“As per the Budyko–Sellers
hypothesis, an initial warming of the Arctic due to factors such as CO 2 forcing will lead to decreased ice cover
which exposes more of the underlying darker ocean and amplifies the warming. In 1975, this phenomenon was
simulated in a 3D climate model by Manabe and Wetherald (9), who showed that under conditions of a doubling
of CO2, tropospheric warming in the polar regions was much larger than in the tropics, due in part to the albedo
decrease from shrinking snow/ice area.”).
Rantanen M., Karpechko A. Y., Lipponen A., Nordling K., Hyvärinen O., Ruosteenoja K., Vihma T. &
Laaksonen A. (2022) The Arctic has warmed nearly four times faster than the globe since 1979, COMMUN. EARTH
ENVIRON. 3(168): 1–10, 3 (“During 1979–2021, major portions of the Arctic Ocean were warming at least four
times as fast as the global average (Fig. 1c). The most extreme AA values occur in the sea areas near Novaya
Zemlya, which were locally warming up to seven times as fast as the global average. These high warming rates
are consistent with recent research44, and evidently, the primary reason for such a high amplification ratio is the
reduction of cold-season ice cover, which has been most pronounced in the Barents Sea 44,45. Furthermore, it has
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been found that changes in atmospheric circulation have amplified the warming in this area 46,47. In general, there
are no regions within the Arctic Circle where AA43 is smaller than two, apart from the northern North Atlantic.”);
discussed in Budryk Z. (11 August 2022) Arctic warming up to four times as fast as global average: study, THE
HILL; and Fountain H. (11 August 2022) Arctic Warming Is Happening Faster Than Described, Analysis Shows,
THE NEW YORK TIMES. See also Jacobs P., Lenssen N. J. L., Schmidt G. A., & Rohde R. A. (2021) The Arctic Is
Now Warming Four Times As Fast As the Rest of the Globe, Presentation at the American Geophysical Union
Fall Meeting, A13E-02 (“We demonstrate the Arctic is likely warming over 4 times faster than the rest of the
world, some 3-4 times the global average, with higher rates found both for more recent intervals as well as more
accurate latitudinal boundaries. These results stand in contrast to the widely-held conventional wisdom —
prevalent across scientific and lay publications alike — that the Arctic is "only" warming around twice as fast as
the global mean.”); discussed in Voosen P. (14 December 2021) The Arctic is warming four times faster than the
rest of the world, SCIENCE.
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Arctic Monitoring and Assessment Programme (2021) ARCTIC CLIMATE CHANGE UPDATE 2021: KEY TRENDS AND
IMPACTS, Summary for Policymakers, 6 (“The extent of Arctic sea ice in September declined by 43% between
1979 and 2019, and—with the exception of the Bering Sea—sea-ice extent and area are declining throughout the
Arctic in all months. Sea-ice cover also continues to be younger and thinner than during the 1980s, 1990s, and
early 2000s.”). See also Druckenmiller M. L., et al. (2021) The Arctic, Bull. Am. Met. Soc. 102(8): S263–S316,
S280 (“September is the month when the minimum annual sea ice extent occurs. In 2020, this average monthly
ice extent was 3.92 million km2 (Fig. 5.8b), the second lowest monthly extent in the 42-year satellite record. On
15 September, the annual minimum Arctic sea ice extent of 3.74 million km 2 was reached; this was also the
second lowest on record. The September monthly extent has been decreasing at an average rate of −82,700 km2
per year since 1979 (−13.1% per decade relative to the 1981–2010 average; Fig. 5.8c).”).
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six selection criteria that include ocean heat transport provide a first ice-free Arctic in September before 2040
(range of multi-model means: 2032–2039), more than 20 years before the date of ice-free Arctic for the multimodel mean without model selection (i.e. 2061)”; “This model selection reveals that sea-ice area and volume
reach lower values at the end of this century compared to the multi-model mean without selection. This arises
both from a more rapid reduction in these quantities through this century and from a lower present-day sea-ice
area. Using such a model selection, the timing of an almost ice-free Arctic in summer is advanced by up to 29
years in the high-emission scenario, i.e. it could occur as early as around 2035.”). See also Peng G., Matthews J.
L., Wang M., Vose R., & Sun L. (2020) What Do Global Climate Models Tell Us about Future Arctic Sea Ice
Coverage Changes?, CLIMATE 8(15): 1–24, 17 (“Excluding the values later than 2100, the averaged projected
[first ice-free Arctic summer year (FIASY)] value for RCP4.5 was 2054 with a spread of 74 years; for RCP8.5,
the averaged FIASY was 2042 with a spread of 42 years. ...which put the mean FIASY at 2037. The RCP8.5
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40(10): 2097–2101, 2097 (“Three recent approaches to predictions in the scientific literature are as follows: (1)
extrapolation of sea ice volume data, (2) assuming several more rapid loss events such as 2007 and 2012, and (3)
climate model projections. Time horizons for a nearly sea ice-free summer for these three approaches are roughly
2020 or earlier, 2030 ± 10 years, and 2040 or later. Loss estimates from models are based on a subset of the most
rapid ensemble members. … Observations and citations support the conclusion that most global climate model
results in the CMIP5 archive are too conservative in their sea ice projections. Recent data and expert opinion
should be considered in addition to model results to advance the very likely timing for future sea ice loss to the
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RES. LETT. 46(13): 7474–7480, 7477 (“This heating of 0.71 W/m2 is approximately equivalent to the direct
radiative effect of emitting one trillion tons of CO2 into the atmosphere (see calculation in Appendix A). As of
2016, an estimated 2.4 trillion tons of CO2 have been emitted since the preindustrial period due to both fossil fuel
combustion (1.54 trillion tons) and land use changes (0.82 trillion tons), with an additional 40 billion tons of CO 2
per year emitted from these sources during 2007–2016 (Le Quéré et al., 2018). Thus, the additional warming due
to the complete loss of Arctic sea ice would be equivalent to 25 years of global CO 2 emissions at the current
rate.”). See also Institute for Governance & Sustainable Development (2019) Plain Language Summary of Pistone
K., et al.
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(“Warm air over an ice-free Arctic also causes the snowline to retreat. … This of the same magnitude as the sea
ice negative anomaly during the same period, and the change in albedo is roughly the same between snow-covered
land and snow-free tundra as it is between sea ice and open water. Nobody has yet published the calculations for
tundra as Pistone and her colleagues did for sea ice, but the similarity of the magnitudes means that snowline
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Fram Strait induced by Arctic sea ice decline increases the salinity in the Greenland Sea, which lowers the sea
surface height and strengthens the cyclonic gyre circulation in the Nordic Seas. The Atlantic Water volume
transport to the Nordic Seas and Arctic Ocean is consequently strengthened. This enhances the warming trend of
the Arctic Atlantic Water layer, potentially contributing to the Arctic “Atlantification.” … In these processes, the
Nordic Seas play the role of a switchyard, while the reduction of sea ice export flux caused by increased air-sea
heat flux over the Arctic Ocean is the switchgear. Increasing ocean heat can reduce sea ice thickness, and currently
this occurs mainly in certain regions including the western Eurasian Basin near the Fram Strait and the northern
Kara Sea (Carmack et al., 2015; Dmitrenko et al., 2014; Ivanov et al., 2012; Onarheim et al., 2014; Polyakov et
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subsequently extending hundreds of kilometers into the Beaufort Gyre. Upward turbulent mixing of these subsurface pockets of heat is likely accelerating sea ice melt in the region. This Pacific-origin water brings both heat
and unique biogeochemical properties, contributing to a changing Arctic ecosystem.”).
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Arctic sea ice retreat, GEOPHYS. RES. LETT. 40(4): 720–726, 722 (“The rapid reduction in ice volume during the
storm is due to enhanced ice melt (Figures 3a–3d). The simulated total ice melt is 0.12 ×103 km3 d–1 before the
cyclone, but almost doubled during the cyclone, averaging 0.21 × 103 km3 d–1 (or 0.17 × 103 km3 d–1 in the ICAPS)
during 6–8 August (Figure 2c and Table 1). The enhanced melt is widespread in the ICAPS, but is strongest in
the Canada Basin, where ice melt is as high as 0.12 m d–1 (Figures 3b and 3c). This explains the large decrease in
ice thickness during the storm in these areas (Figures 1j–1l), up to 0.5 m by 10 August (Figure 1l). The simulated
ice in most of these areas was already thin on 4 August before the storm (Figures 1i and 2b).”). See also Valkonen
E., Cassano J., & Cassano E. (2021) Arctic Cyclones and their Interactions With the Declining Sea Ice: A Recent
Climatology, J. GEOPHYS. RES. ATMOS. 126(12): 1–35, 20 (“We also showed that the increased cyclone counts in
the cold season were indeed connected to the declining sea ice in both the warm and cold seasons (Figures 11and
A15). Less sea ice in the cold season or the following warm season was related to increased cyclone counts in the
cold season.”); and Finocchio P. M. & Doyle J. D. (2022) Summer Cyclones and Their Association With ShortTerm Sea Ice Variability in the Pacific Sector of the Arctic, FRONT. EARTH SCI. 9(738497): 1–17, 15 (“The
advective tendency of SIC due to the 10-m wind is one of the most consistent predictors of both local and regional
ice loss for the large sample of cyclones in the ECB region. We find the strongest relationship between advection
and sea ice loss for low concentration sea ice in August. This supports previous studies arguing that the reduced
mechanical strength of lower concentration sea ice makes it more susceptible to wind-induced drift and
deformation (Hakkinen et al., 2008; Rampal et al., 2009; Spreen et al., 2011).”); and Finocchio P. M., Doyle J.
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Amerasian Arctic (140°E-120°W), where reanalyses indicate that the average upper-ocean temperature has
increased by 0.2-0.8°C and the average ice thickness has decreased by almost 1 m between the two decades. Such
changes promote cyclone-induced ocean mixing and sea-ice divergence that locally increase the likelihood for
rapid ice loss near cyclones. In contrast, June cyclones in both decades locally slow down seasonal sea-ice loss.
Moreover, the 7-day sea-ice loss in June has increased from the early to the recent decade by 67% more in the
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absence of cyclones than in the presence of cyclones. The largest increases in June ice loss occur in the Eurasian
Arctic (0-140°E), where substantial reductions in average surface albedo in the recent decade have allowed more
of the abundant insolation in the absence of cyclones to be absorbed at the sea surface.”). Research is also
underway that analyzes 2022 trends for accelerated ice loss in the Arctic due to late summer cyclones. See Hand
E. (23 August 2022) Arctic stormchasers brave giant cyclones to understand how they chew up sea ice, SCIENCE..
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Laaksonen A. (2022) The Arctic has warmed nearly four times faster than the globe since 1979, COMMUN. EARTH
ENVIRON. 3(168): 1–10, 3 (“During 1979–2021, major portions of the Arctic Ocean were warming at least four
times as fast as the global average (Fig. 1c). The most extreme AA values occur in the sea areas near Novaya
Zemlya, which were locally warming up to seven times as fast as the global average. These high warming rates
are consistent with recent research44, and evidently, the primary reason for such a high amplification ratio is the
reduction of cold-season ice cover, which has been most pronounced in the Barents Sea 44,45. Furthermore, it has
been found that changes in atmospheric circulation have amplified the warming in this area 46,47. In general, there
are no regions within the Arctic Circle where AA43 is smaller than two, apart from the northern North Atlantic.”);
discussed in Budryk Z. (11 August 2022) Arctic warming up to four times as fast as global average: study, THE
HILL; and Fountain H. (11 August 2022) Arctic Warming Is Happening Faster Than Described, Analysis Shows,
THE NEW YORK TIMES. See also Jacobs P., Lenssen N. J. L., Schmidt G. A., & Rohde R. A. (2021) The Arctic Is
Now Warming Four Times As Fast As the Rest of the Globe, Presentation at the American Geophysical Union
Fall Meeting, A13E-02 (“We demonstrate the Arctic is likely warming over 4 times faster than the rest of the
world, some 3-4 times the global average, with higher rates found both for more recent intervals as well as more
accurate latitudinal boundaries. These results stand in contrast to the widely-held conventional wisdom —
prevalent across scientific and lay publications alike — that the Arctic is "only" warming around twice as fast as
the global mean.”); discussed in Voosen P. (14 December 2021) The Arctic is warming four times faster than the
rest of the world, SCIENCE; and Chylek P., Folland C., Klett J. D., Wang M., Hengartner N., Lesins G., & Dubey
M. K. (2022) Annual Mean Arctic Amplification 1970–2020: Observed and Simulated by CMIP6 Climate Models,
GEOPHYS. RES. LETT. 49(13): e2022GL099371, 1–8, 1 (“While the annual mean Arctic Amplification (AA) index
varied between two and three during the 1970–2000 period, it reached values exceeding four during the first two
decades of the 21st century. The AA did not change in a continuous fashion but rather in two sharp increases
around 1986 and 1999. During those steps the mean global surface air temperature trend remained almost
constant, while the Arctic trend increased. Although the “best” CMIP6 models reproduce the increasing trend of
the AA in 1980s they do not capture the sharply increasing trend of the AA after 1999 including its rapid steplike increase. We propose that the first sharp AA increase around 1986 is due to external forcing, while the second
step close to 1999 is due to internal climate variability, which models cannot reproduce in the observed time….
Annual mean Arctic Amplification (AA) within the period 1970–2020 changed in steep steps around 1986 and
1999. It reached values over 4.0…”); discussed in Los Alamos National Laboratory (5 July 2022) Arctic
temperatures are increasing four times faster than global warming, PHYS.ORG.
Cai Z., You Q., Wu F., Chen H., Chen D., & Cohen J. (2021) Arctic Warming Revealed by Multiple CMIP6
Models: Evaluation of Historical Simulations and Quantification of Future Projection Uncertainties, J. CLIM.
34(12): 4871–4892, 4878 (“The Arctic’s warming rate from 1986 to 2100 is much higher than that of the Northern
Hemisphere and the global mean under the three different scenarios (You et al. 2021). Figure 8 shows the spatial
patterns of annual mean near-surface temperature change in the Arctic according to the MMEM for the three
periods relative to 1986–2005 under the three scenarios. Projections for the regionally averaged mean near-surface
temperature increases in the Arctic under SSP1-2.6, SSP2-4.5, and SSP5-8.5 scenarios are +2.5°, +2.6°, and
+2.8°C respectively in the near term (2021–40), +3.3°, +4.0°, and +5.1°C in the midterm (2014–60), and +3.5°,
+5.8°, and +10.4°C in the long-term (2081–2100) relative to the reference period based on the CMIP6 MMEM.”).
Ciavarella A., et al. (2021) Prolonged Siberian heat of 2020 almost impossible without human influence, CLIM.
CHANGE 166(9): 1–18, 1 (“Over the first half of 2020, Siberia experienced the warmest period from January to
June since records began and on the 20th of June the weather station at Verkhoyansk reported 38 °C, the highest
daily maximum temperature recorded north of the Arctic Circle… We show that human-induced climate change
has dramatically increased the probability of occurrence and magnitude of extremes in both of these (with lower
confidence for the probability for Verkhoyansk) and that without human influence the temperatures widely
experienced in Siberia in the first half of 2020 would have been practically impossible.”). See also DeGeorge K.
(24 June 2021) Siberia is seeing record heat — again, ARCTICTODAY (“On Monday, satellites with the European
Union’s Copernicus Earth observation program detected exceptionally high ground temperatures across much of
the region, with a high reaching an astounding 48 degrees Celsius (118 degrees Fahrenheit) near Verkhoyansk,
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in the Sakha Republic, while other sites recorded highs of 43 degrees C (109.4 degrees F) and 37 degrees C (98.6
degrees F). It’s important to note that those are ground temperatures, not air temperatures. For example, that latter
figure was recorded in Saskylakh, also in the Sakha Republic, where air temperatures taken at the same time were
a slightly cooler 31.9 degrees C (89.4 degrees F). That still set a record for Saskylakh, though, as the hottest presolstice temperature recorded there since measurements began in 1936. The news comes a month after the Arctic
Council’s Arctic Monitoring and Assessment working group issued a report confirming that the region is now
warming three times faster than the global average, rather than twice as fast. And it comes almost exactly a year
after the first 100-degree (Fahrenheit) temperature was recorded north of the Arctic Circle — also in
Verkhoyansk.”).
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Schweiger A. J., Steele M., Zhang J., Moore G. W. K., & Laidre K. L. (2021) Accelerated sea ice loss in the
Wandel Sea points to a change in the Arctic’s Last Ice Area, COMMUN. EARTH ENVIRON. 2(122): 1–11, 2, 6 (“The
Polarstern’s route was guided by satellite images showing extensive areas of open water and sea ice concentration
(SIC) as low as 70% at 87N (Figs. 1a, S1b). We define our WS study area by 81.5°N–85°N, 10°W–50°W, the
same area where we saw signs of change in February 201810. Daily 2020 WS SIC drops below the 5th percentile
of the 1979–2020 time series on July 25 and stays there almost until the end of August (Fig. 1b). August 14, 2020
constitutes a record low 52% SIC minimum (Fig. 1c). Several earlier years (e.g., 1985: 57%, 1990: 67%, and
1991: 62%) also show significant low SIC minima, although none as low as 2020.”); 1 (“During spring 2020, ice
accumulated in the WS (Fig. 4a, b) in response to anomalous advection (mostly in February; Fig. 4c, d). As a
result, ice thickness was near its 1979–2020 mean value by June 1 according to PIOMAS; Fig. 2c), and actually
thicker than in recent years (2011–2019) as confirmed by the combined CryoSat-2/SMOS satellite product…
While primarily driven by unusual weather, climate change in the form of thinning sea ice contributed
significantly to the record low August 2020 SIC in the WS. Several advection events, some relatively early in the
melt season, transported sea ice out of the region and allowed the accumulation of heat from the absorption of
solar radiation in the ocean. This heat was mixed upward and contributed to rapid melt during high wind events,
notably between August 9 and 16. Ocean-forced melting in this area that is traditionally covered by thick, compact
ice is a key finding of this study.”; “These ensemble experiments underline the importance of both spring sea ice
and summer atmospheric forcing to August SIC. In summary, we find that: Spring ice conditions were mostly
responsible for the summer SIC anomaly through the end of July, while the atmosphere was mainly responsible
for driving SIC to a record low during August. Partitioning the impact of 2020 spring initial sea ice conditions vs.
summer atmospheric forcing on the sea ice anomaly at the time of the WS sea ice minimum on August 14 (see
“Methods”) attributes ~20% to the initial conditions while ~80% is the due to the atmospheric forcing.”).
Labe Z., Magnusdottir G., & Stern H. (2018) Variability of Arctic Sea Ice Thickness Using PIOMAS and the
CESM Large Ensemble, J. CLIM. 31(8): 3233–3247, 3245 (Figure 10. “While twenty-first-century sea ice thins
substantially in all seasons, a large sea ice cover continues to reform during the cold season. A region of
perennially thick ice north of Greenland also remains…..An area of perennially thick sea ice remains north of
Greenland during all months of the year, but it significantly thins (especially in September) by the mid-twentyfirst century. Average September SIT in all regions eventually falls below 0.5 m during the 21st century.”).
Schweiger A. J., Steele M., Zhang J., Moore G. W. K., & Laidre K. L. (2021) Accelerated sea ice loss in the
Wandel Sea points to a change in the Arctic’s Last Ice Area, COMMUN. EARTH ENVIRON. 2(122): 1–11, 2 (“The
LIA is considered to be a last refuge for ice-associated Arctic marine mammals, such as polar bears (Ursus
maritimus), ice-dependent seals such as ringed seals (Pusa hispida) and bearded seals (Erignathus barbatus), and
walrus (Odobendus rosmarus) throughout the 21st century.”).
Isaksen K., et al. (2022) Exceptional warming over the Barents sea, SCI. REP. 12(9371): 1–18, 11 (“The
accelerated warming up to the latest decade is in agreement with the most recent assessments of instrumental
observations in the Arctic7,8. Przybylak and Wyszyński8 analyzed trends from 1951 to 2015 and showed that the
strongest temperature increase in the Arctic in winter was observed over Svalbard, but no stations in north-eastern
areas were then available. By including newly available SAT observations from northern and eastern Svalbard
and from FJL, we were able to additionally study the regional SAT developments in the NBS. Our main findings
are summarised in Fig. 7 and show that the warming in western Svalbard is large, but even larger in northern and
eastern Svalbard and in FJL. From 1981 to 2020, we found an annual warming rate varying between 1.0 and
1.6 °C per decade, whereas, over the two periods 1991–2020 and 2001–2020, the annual warming rates ranged
from 1.1 to 2.7 °C per decade. These rates are stronger than hitherto known in this region. The increasing
temperature rates for the Northern Barents Sea region are exceptional on the Arctic and global scale and
correspond to 2 to 2.5 times the Arctic warming averages and 5 to 7 times the global warming averages (Fig. 7).”);
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discussed in Carrington D. (15 June 2022) New data reveals extraordinary global heating in the Arctic, THE
GUARDIAN.
Isaksen K., et al. (2022) Exceptional warming over the Barents sea, SCI. REP. 12(9371): 1–18, 3 (“Record-high
warming was observed over the two periods 1991–2020 and 2001–2020, with annual values ranging from ~ 1.1 °C
per decade in Ny-Ålesund to 2.7 °C per decade at Karl XII-øya (Table 1 and Fig. 3c). The annual warming was
dominated by higher autumn and winter warming but enhanced warming occurred in all seasons (Table 1). In
autumn (SON) we noticed an accelerated warming for 1991–2020 and 2001–2020, with up to 4.0 °C per decade
for the latter period at Karl XII-øya.”); discussed in Carrington D. (15 June 2022) New data reveals extraordinary
global heating in the Arctic, THE GUARDIAN.
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Arctic Monitoring and Assessment Programme (2021) ARCTIC CLIMATE CHANGE UPDATE 2021: KEY TRENDS
POLICY-MAKERS, 6 (“The extent of Arctic sea ice in September declined by 43%
between 1979 and 2019, and—with the exception of the Bering Sea—sea-ice extent and area are declining
throughout the Arctic in all months. Sea-ice cover also continues to be younger and thinner than during the 1980s,
1990s, and early 2000s.”). See also Druckenmiller M. L., et al. (2021) The Arctic, BULL. A M. MET. SOC. 102(8):
S263–S316, S280 (“September is the month when the minimum annual sea ice extent occurs. In 2020, this average
monthly ice extent was 3.92 million km2 (Fig. 5.8b), the second lowest monthly extent in the 42-year satellite
record. On 15 September, the annual minimum Arctic sea ice extent of 3.74 million km 2 was reached; this was
also the second lowest on record. The September monthly extent has been decreasing at an average rate of −82,700
km2 per year since 1979 (−13.1% per decade relative to the 1981–2010 average; Fig. 5.8c).”).
AND IMPACTS, SUMMARY FOR
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Docquier D. & Koenigk T. (2021) Observation-based selection of climate models projects Arctic ice-free
summers around 2035, COMMUN. EARTH ENVIRON. 2(144): 1–8, 4, 6 (“In the high-emission scenario, five out of
six selection criteria that include ocean heat transport provide a first ice-free Arctic in September before 2040
(range of multi-model means: 2032–2039), more than 20 years before the date of ice-free Arctic for the multimodel mean without model selection (i.e. 2061)”; “This model selection reveals that sea-ice area and volume
reach lower values at the end of this century compared to the multi-model mean without selection. This arises
both from a more rapid reduction in these quantities through this century and from a lower present-day sea-ice
area. Using such a model selection, the timing of an almost ice-free Arctic in summer is advanced by up to 29
years in the high-emission scenario, i.e. it could occur as early as around 2035.”). See also Peng G., Matthews J.
L., Wang M., Vose R., & Sun L. (2020) What Do Global Climate Models Tell Us about Future Arctic Sea Ice
Coverage Changes?, CLIMATE 8(15): 1–24, 17 (“Excluding the values later than 2100, the averaged projected
[first ice-free Arctic summer year (FIASY)] value for RCP4.5 was 2054 with a spread of 74 years; for RCP8.5,
the averaged FIASY was 2042 with a spread of 42 years. ...which put the mean FIASY at 2037. The RCP8.5
projections tended to push FIASY earlier, except for those of the MICRO-ESM and MICRO-ESM-CHEM
models. Those two models also tended to project earlier Arctic ice-free dates and longer durations.”); and
Overland J. E. & Wang M. (2013) When will the summer Arctic be nearly sea ice free?, GEOPHYS. RES. LETT.
40(10): 2097–2101, 2097 (“Three recent approaches to predictions in the scientific literature are as follows: (1)
extrapolation of sea ice volume data, (2) assuming several more rapid loss events such as 2007 and 2012, and (3)
climate model projections. Time horizons for a nearly sea ice-free summer for these three approaches are roughly
2020 or earlier, 2030 ± 10 years, and 2040 or later. Loss estimates from models are based on a subset of the most
rapid ensemble members. … Observations and citations support the conclusion that most global climate model
results in the CMIP5 archive are too conservative in their sea ice projections. Recent data and expert opinion
should be considered in addition to model results to advance the very likely timing for future sea ice loss to the
first half of the 21st century, with a possibility of major loss within a decade or two.”).
Pistone K., Eisenman I., & Ramanathan V. (2019) Radiative Heating of an Ice-Free Arctic Ocean, GEOPHYS.
RES. LETT. 46(13): 7474–7480, 7477 (“This heating of 0.71 W/m2 is approximately equivalent to the direct
radiative effect of emitting one trillion tons of CO2 into the atmosphere (see calculation in Appendix A). As of
2016, an estimated 2.4 trillion tons of CO2 have been emitted since the preindustrial period due to both fossil fuel
combustion (1.54 trillion tons) and land use changes (0.82 trillion tons), with an additional 40 billion tons of CO 2
per year emitted from these sources during 2007–2016 (Le Quéré et al., 2018). Thus, the additional warming due
to the complete loss of Arctic sea ice would be equivalent to 25 years of global CO 2 emissions at the current
rate.”). See also Institute for Governance & Sustainable Development (2019) Plain Language Summary of Pistone
K., et al.
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NASA, Key Indicators, Global Climate Change: Vital Signs of the Planet (last visited 22 July 2022) (“Arctic
sea ice reaches its minimum extent (the area in which satellite sensors show individual pixels to be at least 15%
covered in ice) each September. September Arctic sea ice is now shrinking at a rate of 13% per decade, compared
to its average extent during the period of 1981 to 2010.”).
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Ice from Satellite Observations, REMOTE SENS. 14(8): 1846, 1–22, 19 (“Arctic AICA SIE was reduced 22% over
the last four decades, mainly caused by PICA SIE reduction that declined at an annual rate of −1.105 ×
105 km2 per year. The annual increase in SICA SIE, at a rate of 2.640 × 104 km2 per year, does not offset the
decline in the PICA SIE, resulting in a net loss of AICA SIE at a rate of −7.871 × 104 km2 per year. The AICA
SIE in September had a minimum extent of 4.32892 × 106 km2 in 2020 compared to the much larger SIE of
7.63860 × 106 km2 in 1982, resulting in a 43% decline over the past four decades.”).
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Ice from Satellite Observations, REMOTE SENS. 14(8): 1846, 1–22, 13 (“The AICA SIT in March decreased to
1.80 m in 2020 from 3.85 m in 1982, resulting in a 53% decrease at a rate of −0.058 m per year when Arctic sea
ice reaches its seasonal maximum extent in the Arctic Ocean. In September, when the Arctic sea ice is at its
minimum extent, AICA SIT declined to 0.71 m in 2020 from 1.36 m in 1982, resulting in a 48% decrease at a
rate of −0.016 m per year. On an annual average, AICA SIT decreased by 1.22 m, which is 52% of the 2.35 m in
1982, resulting in 1.13 m in 2020. Both PICA and SICA SIT declined to 1.32 m and 0.96 m in 2020 from 2.55 m
and 1.86 m in 1982, respectively. All of the Arctic SIT trends in all months are statistically significant, however
the SICA SIT trend in September is slightly positive, with a confidence level of 0.496 due to the very small sample
size of seasonal ice in September (Table 3).”).
Wang X., Liu Y., Key J. R., & Dworak R. (2022) A New Perspective on Four Decades of Changes in Arctic Sea
Ice from Satellite Observations, REMOTE SENS. 14(8): 1846, 1–22, 18 (“Over 1982–2020, AICA SIV decreased
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decrease at a rate of −170.2 km3 per year. Based on an annual average, AICA SIV decreased by 17,284.8 km3,
which is 63% of the 27,590.4 km3 in 1982, resulting in 10,305.5 km3 SIV in 2020. PICA SIV and SICA SIV
declined to 5766.0 km3 and 4522.8 km3 in 2020 from 20,313.0 km3 and 7271.0 km3 in 1982, respectively. In
addition, the ratios of PICA SIV and SICA SIV to AICA SIV were declining in March, when Arctic sea ice
reaches its maximum volume over 1982–2020 (Figure 14). It is around 2019 when the SICA SIV proportion
started surpassing the PICA SIV proportion in March.”).
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minimum (“On September 15, Arctic sea ice likely reached its annual minimum extent of 3.74 million square
kilometers (1.44 million square miles). The minimum ice extent is the second lowest in the 42-year-old satellite
record, reinforcing the long-term downward trend in Arctic ice extent. Sea ice extent will now begin its seasonal
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late-season melt could still reduce the Arctic ice extent, as happened in 2005 and 2010. NSIDC scientists will
release a full analysis of the Arctic melt season, and discuss the Antarctic winter sea ice growth, in early October.
… The 14 lowest extents in the satellite era have all occurred in the last 14 years.”). See also Richter-Menge J.,
Druckenmiller M. L. & Thoman R. L. (2020) 15 Years of Arctic Observation: A Retrospective, in ARCTIC REPORT
CARD 2020, Thoman R. L., Richter-Menge J., & Druckenmiller M. L. (eds.), National Oceanic and Atmospheric
Administration, 8 (“As it turns out, the first publication in 2006 coincided with a cusp of transformation in the
sea ice cover, which is literally and figuratively central to the Arctic system. The 2007 September minimum sea
ice extent stunned scientists and grabbed world-wide media attention with a new record minimum that was 23%
below the previous record low set in 2005. Just five years later, in 2012, the 2007 record was overtaken by a
September minimum sea ice extent that was 18% below 2007. The 2012 record low still stands as of 2020.
However, in the 14 years since ARC2006 the late summer sea ice minimum extent has never returned to pre-2007
values.”).
National Snow and Ice Data Center (22 September 2022) Arctic sea ice minimum tied for tenth lowest (“On
September 18, Arctic sea ice likely reached its annual minimum extent of 4.67 million square kilometers (1.80
million square miles). The 2022 minimum is tied for tenth lowest in the nearly 44-year satellite record, with 2018
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and 2017. The last 16 years, from 2007 to 2022, are the lowest 16 sea ice extents in the satellite record.”). See
also National Snow and Ice Data Center (22 September 2021) Arctic Sea Ice at Highest Minimum Since 2014
(“On September 16, Arctic sea ice likely reached its annual minimum extent of 4.72 million square kilometers
(1.82 million square miles). The 2021 minimum is the twelfth lowest in the nearly 43-year satellite record. The
last 15 years are the lowest 15 sea ice extents in the satellite record. The amount of multi-year ice (ice that has
survived at least one summer melt season), is one of the lowest levels in the ice age record, which began in
1984.”).
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years old), which once dominated within the Arctic Ocean, now makes up just a small fraction of the Arctic Ocean
ice pack in March, when the sea ice cover is at its maximum extent (Fig. 3). In 1985, 33% of the ice pack was
very old ice (>4 years), but by March 2019 old ice only constituted 1.2% of the ice pack within the Arctic Ocean.
The total extent of the oldest ice declined from 2.52 million km2 in March 1985 to 0.09 million km2 in March
2019. … First-year ice now dominates the sea ice cover, comprising ~70% of the March 2019 ice pack, compared
to approximately 35–50% in the 1980s. Given that older ice tends to be thicker, the sea ice cover has transformed
from a strong, thick ice mass in the 1980s to a younger, more fragile, and thinner ice mass in recent years. Firstyear ice is therefore more vulnerable to melting out in summer, thereby increasing the likelihood of lower
minimum ice extents.”; “The oldest ice (> 4 years old) was once a major component of the Arctic sea ice cover,
but now makes up just a small fraction of the March Arctic Ocean ice pack (Fig. 3). In 1985, 33% of the ice pack
was very old ice (> 4 years), but by March 2020 old ice only constituted 4.4% of the ice pack within the Arctic
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the annual minimum in September, with regional variations. The long-term trend over the 1979–2019 period
indicates that Arctic summer sea-ice extent has declined at a rate of approximately 13% per decade (Figure 4). In
every year from 2016 to 2020, the Arctic average summer minimum and average winter maximum sea-ice extent
were below the 1981–2010 long term average. In July 2020, the Arctic sea-ice extent was the lowest on record
for July. There is very high confidence that Arctic sea-ice extent continues to decline in all months of the year
and that since 1979, the areal proportion of thick ice, at least 5 years old, has declined by approximately 90%.”);
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the MY ice area has declined from about two-thirds of the Arctic basin area to less than one third (Galley et al.,
2016). Along with the significant decrease in the MY coverage and extent, there is also a clear transitioning trend
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between snow-covered land and snow-free tundra as it is between sea ice and open water. Nobody has yet
published the calculations for tundra as Pistone and her colleagues did for sea ice, but the similarity of the
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(Schneider von Deimling et al., 2015; McGuire et al., 2018). Schneider von Deimling et al., (2015) estimated that
thawing permafrost could release 20–40 PgC of CO2 in the period from 2100 to 2300 under a RCP2.6 scenario,
and 115–172 PgC of CO2 under a RCP8.5 scenario. The multi-model ensemble in (McGuire et al., 2018) project
a much wider range of permafrost soil carbon losses of 81–642 PgC (mean 314 PgC) for an RCP8.5 scenario
from 2100 to 2300, and of a gain of 14 PgC to a loss of 54 PgC (mean loss of 17 PgC) for an RCP4.5 scenario
over the same period... Methane release from permafrost thaw (including abrupt thaw) under high-warming
RCP8.5 scenario has been estimated at 836–2614 Tg CH4 over the 21st century and 2800–7400 Tg CH4 from
2100–2300 (Schneider von Deimling et al., 2015), and as 5300 Tg CH4 over the 21st century and 16000 Tg CH4
from 2100–2300 (Turetsky et al., 2020). For RCP4.5, these numbers are 538–2356 Tg CH4 until 2100 and 20006100 Tg CH4 from 2100–2300 (Schneider von Deimling et al., 2015), and 4100 Tg CH4 until 2100 and 10000 Tg
CH4 from 2100–2300 (Turetsky et al., 2020).”).
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