realistic temperature goals. There is certainly
the need, and demand', for an IPCC Special
Report. Prioritizing research to fill the
existing knowledge gaps will lead to a more
balanced and valued Special Report*. In this
Commentary I have outlined several gaps:

o Defining methodologies to track progress
towards the aims of the Paris Agreement,
clearly specifying methods for temporal
and spatial averaging of temperatures and
the desired likelihood to stay below given
temperature levels.

o A systematic analysis of uncertainties,
applicability and policy usefulness of the
cumulative emission (quota) concept.

o A focus on communicating the
characteristics and uncertainties of
emission pathways, without details
becoming obscured in aggregated
model ensembles (Fig. 1 and
Supplementary Fig. 5).

o Developing a long-term and stable
interdisciplinary research framework for
all types of carbon dioxide removal.

o Reduction in uncertainties on the
potential for large-scale deployment
of key technologies — energy
efficiency, bioenergy, fossil fuels,
carbon capture and storage, renewable
technologies — focusing on political,
social, economic and technical challenges
and opportunities.

o The implementation of more realistic
policy assumptions in modelling
frameworks, grounded in research on
political feasibility and social acceptability.

A fertile ground for future research is
greater collaboration with the social and
political sciences and humanities, going
far beyond the technical analysis that
dominated AR5 Working Group III. Within
a short time-frame (with the report due
by 2018), one could debate if the literature
will be mature enough to provide a robust
assessment? that goes sufficiently beyond
the IPCC ARS. Greater integration of the
natural and social sciences is needed to fill
the knowledge gaps, and a new generation
of economic models may be necessary®. If a
Special Report is too soon, it will be biased
by existing material or material from groups
already working on these questions. For the
slow process of science to work, a broad
range of research across interdisciplinary
groups with appropriate funding needs to
be mobilized. a

Glen P. Peters is at the Center for International
Climate and Environmental Research - Oslo
(CICERO), Norway.
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COMMENTARY:

Why the right climate target
was agreed in Paris

Hans Joachim Schellnhuber, Stefan Rahmstorf and Ricarda Winkelmann

The Paris Agreement duly reflects the latest scientific understanding of systemic global warming risks.
Limiting the anthropogenic temperature anomaly to 1.5-2°C is possible, yet requires transformational
change across the board of modernity.

ast December, after some 20 years of

negotiations under the auspices of the

United Nations Framework Convention
on Climate Change (UNFCCC), a historic,
binding climate agreement was reached in

Paris. At the twenty-first Conference of the
Parties (COP21), 195 nations committed' to
“holding the increase in the global average
temperature to well below 2 °C above pre-
industrial levels and to pursue efforts to
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limit the temperature increase to 1.5 °C
above pre-industrial levels, recognizing
that this would significantly reduce the
risks and impacts of climate change”. This
establishes nothing less than a centennial

649


mailto:glen.peters@cicero.oslo.no
http://www.metoffice.gov.uk/news/releases/archive/2016/2015-global-temperature
http://www.metoffice.gov.uk/news/releases/archive/2016/2015-global-temperature
http://go.nature.com/kBYAgX
http://go.nature.com/aXPQAU
http://go.nature.com/16LZaH
http://dx.doi.org/10.1038/nclimate3000
http://dx.doi.org/10.1038/nclimate3000

Tipping elements possibly

switched within Paris range @ -
81 ° ® 8 3 o
-~ N e s )
( o | £ = Z
j<2] L © B %) < L
<C © c = <
T
64 < % S 8 = & .
w ©
o : i1 : :IRmER .
o S € ‘S < ©
> = 5 ) — ©
> | g a = , M o 8 3 RCP6.0
£ 4 5 £ £ 03 S % &
e © 2 =3 ° - c = (
© < < © 5 B
v S = )
..g 2 - - © X =
E — Paris range =
) RCP2.6
5 ,/ RCP26 |

. RCP8.5

-20000 -15000 -10000

-5000 0 2000 2500

Year

Figure 1| Tipping elements in context of the global mean temperature evolution. Shown is the global-
mean surface temperature evolution from the Last Glacial Maximum through the Holocene, based on
palaeoclimatic proxy data®>3¢ (grey and light blue lines, with the purple and blue shading showing one
standard deviation), instrumental measurements since 1750 Ab (HadCRUT data, black line) and different
global warming scenarios for the future (see ref. 37 for the latter). Threshold ranges for crossing various
tipping points where major subsystems of the climate system are destabilized have been added from

ref. 8, 14 and 37-40. (Note that we follow the tipping point definition of Lenton et al.® which does not
require irreversibility, so that sea ice cover is included here.) The range for the West Antarctic Ice Sheet
(WAIS) has been adapted to account for the observation that part of it has probably tipped already'™".
THC, thermohaline circulation; ENSO, El Nifilo-Southern Oscillation; EAIS, East Antarctic Ice Sheet.

benchmark for the human enterprise. In
view of the monumental implications of that
benchmark, it is imperative to review the
adequacy of the Paris target.

Our assessment begins with
decomposing the term adequacy into three
crucial components, namely (1) necessity,
(2) feasibility and (3) simplicity. The
latter dimension is often ignored, but
is tremendously important for political
recognition and implementation, as we
shall explain. The feasibility question has
been studied thoroughly not least by the
IPCC in its Fifth Assessment Report? (AR5).
The preliminary conclusion is that the
2 °C line may be held with remarkably low
economic cost, if only the political will can
be mustered. However, the feasibility issue
is well worth revisiting in light of the Paris
aspiration to limit warming to 1.5 °C. We
begin, however, by reviewing the necessity of
a global warming limit, guided by the latest
insights from climate science.

Necessity

The UNFCCC, established in 1992 at the
Earth Summit in Rio de Janeiro, defines

its ultimate goal (in the famous Art. 2)

that demands to stabilize greenhouse gas
(GHG) concentrations at levels that prevent
“dangerous anthropogenic interference
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with the climate system”. This phrase has
been a bonanza for lawyers and political
scientists ever since, who came up with
many different and partly contradictory
interpretations. Being climate scientists,
we concentrate on the terms that allow for
a concrete operationalization of that goal,
namely ‘dangerous’ and ‘climate system’ A

straightforward interpretation then emerges:

“GHG emissions that would modify the
character of the climate system in a way
that creates intolerable risks for humankind
must be avoided.” As a sensible conclusion,
the Holocene mode of operation of the
planetary environmental machinery needs
to be preserved.

In fact, the sustenance of Holocene
climate conditions under which Homo
sapiens thrived while the Neolithic
Revolution established human civilization
was an early key argument in favour of the
2 °C guardrail (ref. 3; see also ref. 4). One
of the authors (H.J.S.) in the 1990s helped
to start the related political process that
eventually led, via the German government
and the EU, to the current global climate
benchmarking. Limiting global warming to
at most 2 °C, with an option to amend this
to 1.5 °C after a scientific review, was first
agreed upon at the UNFCCC Conference of
the Parties in Cancun, 2010°.

Today, Earth system science has come
of age and can provide robust evidence
for the intuitive assumption that it is not a
good idea to leave the “safe operating space”
of humanity®’, and that this space is well
within the Paris confines. The keywords
in this context are non-linearity and
irreversibility. Impacts research indicates
that unbridled anthropogenic climate
change would be most likely to play out
in a disruptive and irreparable way. This
becomes clear when one moves from
the conventional, yet valuable, realms of
analysis (“How will wheat yields vary with
changes in local temperature, precipitation,
insolation etc?”) to the macro-components,
mega-patterns and super-ecosystems that
determine how the climate system functions
as a whole (“When will the Greenland Ice
Sheet collapse under progressive global
warming?”). These critical entities have
been called tipping elements?®, since their
character is closely related to certain pockets
of planetary state space. This means that
those elements may be destroyed, damaged
or transmuted if critical threshold values
(tipping points) of key environmental
parameters are transgressed.

The impressive advances made by climate
system research over the past two decades
allow us to draw the first ‘big pictures’ of
planetary criticality, identifying both tipping
elements and their respective niches. There
is compelling evidence that almost all of
them are affected by anthropogenic warming
in some way or another. Put briefly, the
worldwide environmental risks scale with
global warming, or more precisely, with the
mean surface temperature deviation from
pre-industrial levels, AT. This insight is
summarized and visualized in Fig. 1.

This diagram provides an indispensable
map for global stewardship®. It roughly
decomposes the temperature space into four
qualitatively distinct domains: the first one
(D,) embraces the range between the Last
Glacial Maximum and the Holocene Climate
Optimum in which the pre-industrial
human enterprise was born. The second
one (D,) is the AT range between 1 °C and
3 °C and thus includes the Paris range.
From Fig. 1 it is immediately apparent that
even if global warming is limited to below
2 °C, some important tipping elements
may already be harmed or transformed. In
fact, the tipping point for marine ice sheet
instability in the Amundsen Basin of West
Antarctica may well have been crossed
already, and the risk of crossing further
tipping points will increase with future
warming'®!!. Significant impacts of climate
change are projected already for a warming
of 1.5 °C above pre-industrial levels, and
have been shown to rise substantially
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between 1.5 °C and 2 °C (ref. 12). The
difference between 1.5 °C and 2 °C of global
warming is apparent when considering
long-term sea-level rise: Even holding global
warming to 2 °C may lead to 2-3 metres of
rise by the year 2300, still rising then at twice
the rate as today, whereas a 1.5 °C scenario
could see the peak sea level at a median
estimate of 1.5 m above 2000".

Beyond 2 °C the course would be set for
a complete deglaciation of the Northern
Hemisphere, threatening the survival of
many coastal cities and island nations.
Global food supply would be jeopardized
by novel extreme-event regimes, and major
ecosystems such as coral reefs forced into
extinction'. Yet, staying within the Paris
target range, the overall Earth system
dynamics would remain largely intact.
Progressing into the third domain (D,)
on the other hand, with global warming
reaching 3-5 °C, would seriously harm most
tipping elements. For warming levels beyond
this range (spanning the fourth domain D),
the world as we know it would be bound
to disappear.

Note that the individual elements in
Fig. 1 do not come with a sharp tipping
point, but with a ‘tipping bar’ that basically
grows in length with increasing AT for
obvious reasons. These uncertainty bars
will either shrink with advancing scientific
understanding or collapse through
factual evidence.

Thus Fig. 1 does not provide perfect
guidance for climate policymakers, yet
this is as good as it can get today. The risk
clustering as reflected by the map is actually
a most valuable orientation: clearly, it
would be highly risky to transgress the D,
range, and madness to let the planet slip
into the Dydomain where practically all
tipping elements would be pushed out of
their current mode of operation. However,
a 2 °C strategy is not a safe bet, and the
world’s governments therefore were wise to
set the limit at “well below 2 °C” and aspire
to 1.5 °C. This target was also supported by
the UNFCCC’s own scientific review and
consultation process in preparation of the
Paris summit, involving over 70 climate
experts'®. In summary, there is a convincing
rationale for the Paris target as derived from
Earth system analysis.

Feasibility

The Paris climate target is highly ambitious,
if not aspirational. The long lifetime of CO,
in the atmosphere implies a strictly limited
total carbon budget and thus forces us to
reach zero emissions — if warming is to be
stopped at all. The climate target determines
the speed of the decarbonization process:
for a 66% probability of staying below 2 °C
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of warming, cumulative CO, emissions after
2011 need to be constrained to another
1,000 GtCO, (ref. 37, Table 2.2). In order to
not exceed 1.5 °C of warming, they would
need to be restricted to an additional 400
GtCO, compared to 2011 levels (see Fig. 2).

Several analysts have recently claimed
that the 2 °C line is already untenable'®", but
they failed to underpin their ‘impossibility
hypothesis’ with concrete calculations,
so the prime reference point remains the
monumental 2014 assessment provided
by Working Group III of the IPCC~
This assessment concludes that the 2 °C
guardrail can be respected at moderate cost
under certain (not entirely unreasonable)
assumptions, including the realization of
‘negative-emissions’ schemes. However,
the enormous challenges associated with
massive atmospheric CO, removal or
negative emissions have been highlighted
by several experts'®. A recent study"’
nevertheless maintains that anthropogenic
global warming could be confined to 1.5 °C,
an environmental excursion that would
probably allow for the survival of most of the
low-lying island states. The Paris Agreement’
formally invites the IPCC to explore — by
2018, in a Special Report — global emissions
pathways consistent with the lower end of
the temperature target range.

The 2014 IPCC analysis has to be
applauded for shattering the sweeping
infeasibility myth. However, the authors
of this Commentary are not convinced
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that decarbonization will necessarily come
in the form of such a planned, smooth,
centennial-scale transition.

We think that a better chance to deliver
on the Paris promises can be generated
by an alternative and more plausible
route: in order to avoid the need to
recourse to negative emissions as a late-
regrets magic bullet (with questionable
outcome), renewable energies and
efficiency technologies could be scaled up
exponentially, more rapidly than envisaged
in the integrated assessment models behind
the IPCC scenarios. We expect that such
a ‘technical explosion’ will be matched by
an ‘induced implosion’ of the incumbent
industrial metabolism nourished by coal,
oil and gas. Among the driving processes,
investment dynamics is crucial, and this
dynamic might in fact transgress its own
tipping point in response to the narrative
transpiring from Paris. This has often been
described as the bursting of the ‘carbon
bubble’®. Yet what could be concrete triggers
of such a disruptive change in asset fluxes?

We can think of at least three causative
pathways, which all have to do with
expectation and fear. First, there is the
classical hypothesis that a strong climate
agreement paves the way towards carbon-
pricing instruments that will be adopted
by more and more nation states in the
medium term. As a consequence, investors
anticipating the so-induced rise in fossil
business costs should make the rational
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choice to opt out of that business. Second,
there is a growing risk/chance that morals
are going to interfere significantly with
economics. The so-called divestment
campaign has become a global social
movement that demands leaving most of
the fossil fuel resources in the ground**.
In public, many business leaders and
government officials still try to ridicule

or dismiss this sentiment surge within

civil society. Yet in private conversations
they admit their worries that particularly
institutional investors (such as pension
funds or big foundations) might be ‘infected’
by the divestment virus. Third, there is
Schumpeter’s ‘creative destruction’ that
might instigate a systemic innovation of the
existing economic structures. Let us briefly
elaborate on this: when studying industrial
history for a better understanding of
transformational processes, one encounters
certain evidence for a semi-quantitative
rule, known as Pareto Principle®, which
states that in heterogeneous community
production systems, roughly 80% of the
total output is typically generated by roughly
20% of the individual units involved. The
Italian economist Vilfredo Pareto originally
formulated this empirical rule in his studies
about the distribution of population and
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wealth and provided a number of supporting
observations. The ‘80-20 law’ was later
found to work in numerous other contexts,
including prominent examples from
manufacturing, quality control, computing
science and hazard protection®*?.

With respect to the Paris Agreement,
the Pareto Principle could come into play
in two different ways*: following the ‘law
of the vital few it can be argued that the
decarbonization of the world will be led by a
critical minority of key agents that advance
transformative action. In fact, the intended
nationally determined contributions
submitted by crucial countries in the run-
up to COP21 are not sufficient in terms of
medium-term emissions reductions, yet
may initialize an accelerating diversion of
development pathways away from fossil
trajectories. China has recently announced
the closure of a thousand coal mines as its
coal use is falling and expected to continue
its decline, and India appears very serious
about implementing its colossal renewables
target announced before Paris. These are
self-amplifying developments that have the
potential to tip the global market scales.

Based on certain observations from
industrial history and investment behavior
(see, for example, ref. 27) we submit here

also a different Pareto-type hypothesis: if a
traditional and a novel business paradigm
compete with each other, the old one tends
to implode once the new one reaches a
market penetration of about 15-20 percent
(according to appropriate metrics). On the
one hand, it can be argued that investors
will perceive an alternative systems option
as too marginal as long as its business share
is clearly below 10%. For instance, in the
1990s solar electricity was expected to never
rise to significance. On the other hand,
asset managers are looking for emerging
opportunities, where they are ahead of the
pack and can expect above-average returns.
Once the alternative systems option exceeds
around a quarter of the overall pertinent
business volume, it cannot be considered a
smart minority choice any more. These two
arguments combine to delineate a “basin
of venture capital attraction” centred in the
15-20% domain.

The share of new renewables is rapidly
increasing®, especially in the electricity
sector, and might quickly pass through
this critical domain, as several examples
on the national level teach us. A prime
country example is provided by Denmark,
which increased its wind share in total
power demand to a new record in 2015,
moving from 17% to 42% within just
one decade”. By contrast, the renewables
contribution to the overall global energy
consumption only rose from 17% in 2004
to 19% in 2013%. This does not indicate,
however, that the dynamics got stuck in the
15-20% range; those numbers only mask
several dramatic developments: first, the
pertinent lion’s share still refers to the ‘old’
renewables such as traditional biomass and
conventional hydroelectricity, which are
either resource-restricted or highly capital/
planning-intensive. Those problems are
much less serious for the ‘new’ renewables
such as solar photovoltaics (solar PV),
which has virtually no supply limits and
is perfectly scalable. Second, entire energy
market sectors such as transportation are
poised for transformational change towards
electrification, not least by imminent
advances in storage technologies and
operations. Therefore, we expect the new
renewables to take the lead and to push the
total renewables share quickly beyond the
20% line.

A recent study® confirms that the
deployment of solar and wind power
capacities worldwide has increased
exponentially while the costs of solar and
wind power generation have fallen in a
similarly non-linear fashion (Fig. 3). In
retrospective, these developments may be
considered as transgression of regional and
global tipping points.
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Although the induced implosion remains

an educated speculation for now, we have
already witnessed the bankruptcy of at
least 27 US coal companies in recent years,

including this January Arch Coal, one of the

US’s largest coal producers, and Oregon has
just become the first US state to pass law
that eliminates coal-fired power by 2035 at
the latest.

Simplicity

Beyond necessity and feasibility, the 2 °C
guardrail has a comparative advantage over
competing targets, something that cannot
be overrated in the world of ‘realpolitik’: the
guardrail is easy to grasp and to memorize.
Planetary surface temperature naturally
reflects the quintessence of the global-
warming challenge, and many impacts
increase in proportion with it. That the 2 °C
confinement proposal has become a focal
point for climate discourse worldwide is the
result of an extended process going back as
far as the 1980s*".

In 1994, the top German government
advisory body for environmental issues,
WBGU, introduced the ‘tolerable windows
approach’ (ref. 3; see also refs 32 and 33),
which tried to sketch a ‘safe operating

domain™ in climate phase space. The original

window was actually two-dimensional,
spanned by the global temperature anomaly
AT and its time derivative dAT/dT, and had
a curvilinear contour. Intensive discussions
within the scientific community and with
pertinent stakeholders led to a perpetual
simplification process reducing the contour
complexity to the straight 2 °C line.

Several alternatives to the 2 °C target
have been proposed since then, which were
categorized and systematically analysed
in ref. 34. The authors conclude that the
risks and uncertainties associated with
the alternative options were so substantial
that decision makers might be inclined
to fully commit to the 2 °C target “as the
least unattractive course of action” For
all practical purposes, it turned out to
be impossible to add more technicalities
to an objective that needs to appeal to
non-scientists.

Such lessons are taught to every
researcher who engages with the world
of politics. This may be deplored by
some, but it is a truth that complicated
operationalizations of Article 2 that have
occasionally been suggested (such as ocean
heat content or CO,-equivalent greenhouse
gas concentrations in ppm) have no
chance of being appreciated — neither by
the multilateral system nor the ordinary

citizens, since already the units of measure
are meaningless to them. In particular,
stakeholders have been unable to recognize,
let alone embrace, the more sophisticated
criterion of temperature change rate
(relevant to ecosystems migration, for
instance). This is not a fatal deficiency,
however, as limiting global warming to less
than 2 °C implicitly also constrains the time
derivative. In that vein it can be argued

that one has to propose something that

is “as simple as possible, but not simpler”
(A. Einstein). The 2 °C guardrail seems to
satisfy that criterion as well.

As a matter of fact, the dramatic days
(and nights) of Paris have proven this in a
quite unexpected way. The most important
accomplishment of COP21 was the
reconciliation of the ‘North’ and the ‘South’
for the sake of a common climate strategy.
This could only be achieved through the
adoption of the 1.5 °C aspiration — along
with the legally binding 2 °C limit — as
the self-determined goal of the developing
world. Sentiments such as self-esteem
actually play a big role in the multi-lateral
theatre, and quite rightly so. But such
sentiments can only play out if you have
tangible issues to argue about. It is hard
to imagine, for instance, that 195 nations
would negotiate the tolerable upper-ocean
heat content in terms of an exajoule limit.
By way of contrast, the global temperature
limit proposals allowed every party to take
a stance.

Almost miraculously, the countries of the
world — from Saudi Arabia to the US, from
the Solomon Islands to China — have agreed
on a sensible, science-based climate target
in Paris, albeit very late in the game. This
is a historical achievement and a genuine
triumph of reason. Now the pressure is on to
implement that consensus in time, in order
to avoid the looming humanitarian tragedy
for good. a
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