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Depending on the choice of future carbon emission scenarios, 
projected global surface air temperature changes for the end 
of this century relative to pre-industrial conditions (defined 

here as average conditions from �� 1850–1900 (ref. 1)) range from 
1.6 °C (0.9 to 2.4 °C, 5–95% confidence interval, Representative 
Concentration Pathway (RCP) 2.6) to 4.3 °C (3.2 to 5.5 °C, 5–95% 
confidence interval, RCP8.5 (ref. 2)). Models project substantially 
higher warming at high latitudes, with Arctic temperature changes 
being amplified in simulations by a factor of 2 to 3, implying future 
warming of ~3 °C (RCP2.6) to ~12 °C (RCP8.5) in these regions. 
Moreover, in most areas, the warming is projected to be greater over 
land than over the ocean.

Even if future emissions are reduced, warming will continue 
beyond 2100 for centuries or even millennia because of the long-
term feedbacks related to ice loss and the carbon cycle3,4. Given con-
cern about these impacts, the Paris Agreement proposes reducing 
emissions to limit global average warming to below 2 °C and pursue 
efforts to limit it to 1.5 °C, effectively defining a climate ‘defence line’5.  

Although this guardrail concept is useful, it is appropriate to ask 
whether the global limits proposed in the Paris COP21 climate 
agreement really constitute a safe operating space for humanity6 on 
our complex planet.

Many state-of-the-art climate models may underestimate both 
the rates and extents of changes observed in palaeo data7. Models 
are calibrated based on recent observations, simplifying some pro-
cesses (for example, the representation of clouds and aerosols) or 
neglecting processes that are important on long timescales under 
significantly warmer boundary conditions (for example, ice-sheet 
dynamics or carbon-cycle feedbacks). This lack of potentially 
important feedback mechanisms in climate models underscores 
the importance of exploring warm climate intervals in Earth’s his-
tory. Understanding these past intervals may illuminate feedback 
mechanisms that set long-term climate and Earth system sensitivity 
(ESS), enabling an assessment of the possible impacts of warming 
on physical, biological, chemical and ecosystem services on which 
humanity depends.

Palaeoclimate constraints on the impact of 2 °C 
anthropogenic warming and beyond
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Over the past 3.5 million years, there have been several intervals when climate conditions were warmer than during the pre-
industrial Holocene. Although past intervals of warming were forced differently than future anthropogenic change, such periods 
can provide insights into potential future climate impacts and ecosystem feedbacks, especially over centennial-to-millennial 
timescales that are often not covered by climate model simulations. Our observation-based synthesis of the understanding 
of past intervals with temperatures within the range of projected future warming suggests that there is a low risk of runaway 
greenhouse gas feedbacks for global warming of no more than 2 °C. However, substantial regional environmental impacts can 
occur. A global average warming of 1–2 °C with strong polar amplification has, in the past, been accompanied by significant 
shifts in climate zones and the spatial distribution of land and ocean ecosystems. Sustained warming at this level has also led 
to substantial reductions of the Greenland and Antarctic ice sheets, with sea-level increases of at least several metres on mil-
lennial timescales. Comparison of palaeo observations with climate model results suggests that, due to the lack of certain feed-
back processes, model-based climate projections may underestimate long-term warming in response to future radiative forcing 
by as much as a factor of two, and thus may also underestimate centennial-to-millennial-scale sea-level rise.

A full list of authors and affiliations appears at the end of the paper.
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Examples of such warmer conditions with essentially modern 
geographies can be found in Fig. 1 during the Holocene thermal 
maximum (HTM) and the Last Interglacial (LIG; ~129–116 thousand 
years ago (ka), where present is defined as 1950). Here, the HTM is 
broadly defined as a period of generally warmer conditions in the time 
range 11–5 ka, which, however, were not synchronous in their spatio-
temporal expression. The LIG can also be compared to the warmer 
peak interglacial Marine Isotope Stage (MIS) 11.3 (~410–400 ka),  
where climate reconstructions exist. Note that these times of peak 
warmth were associated with different orbital parameters, and thus 
different spatial and seasonal distribution of solar insolation, while 
their greenhouse concentrations were close to pre-industrial levels  
and their temperatures, although within the projected range of 
anthropogenic warming for the near future, have been controlled by 
a different blend of forcing mechanisms (see section ‘Earth system 
responses during warm intervals’). Accordingly, past interglacials can 
be thought of as a series of natural experiments characterized by dif-
ferent combinations of climate boundary conditions8. Although they 
are not strict analogues for future warming, these past warm intervals 
do illustrate the regional climate and environmental response that 
may be triggered in the future, and thus remain useful as an observa-
tional constraint on projections of future impacts.

The HTM is amenable to detailed reconstruction based on data 
availability and more refined approaches to chronology, but the 
older interglacial intervals illustrate greater warming and impacts. 
To examine past climates with greenhouse gas concentrations of  
� ​450 ppm (as expected for RCP2.6), we must look farther back in time, 
to the mid-Pliocene warm period (MPWP), 3.3–3.0 million years ago 
(Ma), when atmospheric CO2 was between 300 and 450 ppm9 (Fig. 1)  
and warm conditions lasted long enough to approach equilib-
rium. Older intervals, such as the early Eocene climatic optimum  
(EECO, ~53–51 Ma) offer an opportunity to study extremely high-CO2 
scenarios (900–1,900 ppm) that are comparable with the fossil-fuel-
intensive RCP8.5 scenario2,10 (� ​1,200 ppm); however, these older inter-
vals had continental configurations significantly different from today.

Palaeo evidence over the last 2,000 years and during the Last 
Glacial Maximum (LGM) was discussed in detail in the Fifth 
Assessment Report of the Intergovernmental Panel for Climate 
Change2. Here, we focus on the climate system responses during the 
three best-documented warm intervals, the HTM, LIG and MPWP 
(Figs. 1 and 2), and address spatial patterns of environmental 
changes and the forcing leading to them. Observations on the spa-
tial temperature expression of these warm periods and their forc-
ing are presented in Box 1, which also includes a discussion of the 
limitations of these time intervals as first-order analogues for future 
global and regional warming. Palaeo evidence on the Earth system 
response to these warmer conditions is reviewed in the next sec-
tion (summarized in Fig. 3). The section ‘Amplification and thresh-
olds: palaeo lessons for the future’ discusses potential feedbacks and 
thresholds in the climate system in light of the palaeo record and 
their implications for future warming impacts. Based on the palaeo 
evidence on climate, sea level and past CO2 in warm intervals, we 
assess the long-term ESS11 as imprinted in the palaeo record in Box 2  
and draw conclusions on limitations of current climate models to 
predict the long-term (millennial) change in Earth’s climate. Given 
its different continental configuration, we limit our analysis of the 
EECO to the issue of ESS in Box 2, based on available palaeo data 
and published model experiments where we account for the global 
effects of changing distribution of landmasses at that time.

Earth system responses during warm intervals
Changes in temperature conditions lead to significant regional 
responses in the Earth system. In the following sections, past changes 
in important components of the Earth system are summarized,  
for which the palaeo record allows us to draw conclusions for a 
future warming of 2 °C and beyond. 
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Fig. 1 | Changes in global climate and radiative forcing over the last 4 Myr. 
a, Changes in global surface air temperature (GSAT: Snyder103 (blue line) 
with 2.5% and 97.5% confidence intervals (light blue shading), Hansen 
et al.104 (grey line)) reconstructed from proxy records (left y-axis) and 
changes in atmospheric CO2 (right y-axis) from ice-core air bubbles (red 
line: Bereiter et al.69) and marine CO2 proxies (light orange dots: Bartoli et 
al.105; dark orange dots: Hönisch et al.106; green dots: Martinez-Boti et al.9) 
over the last 4 Myr. b, Same as in a for the last 800,000 years. c, Same 
as in a and b for the last 160,000 years. d, GSAT reconstructed from 
proxy records by Marcott et al.107 over the Holocene (blue line with 2.5% 
and 97.5% uncertainty limits in light blue shading) and the Past Global 
Changes (PAGES) 2k Consortium108 (purple line) together with changes in 
atmospheric CO2 from ice-core air bubbles (red line69). e, Measured GSAT 
over the last 150 years (HADCRUT4 (ref. 1, black line)) and reconstructed 
from proxy records over the last 2,000 years108 (purple line, 30 bins with 
2.5% and 97.5% bootstrap confidence limits in grey shading) together 
with changes in atmospheric CO2 from ice-core air bubbles (red line69) and 
globally averaged atmospheric observations (data from https://www.esrl.
noaa.gov/gmd/). Note that temperatures in d–e are given as anomalies 
relative to the pre-industrial mean, where pre-industrial is defined as the 
time interval 1850–1900. Proxy data in a–c are not available in sufficiently 
high resolution to unambiguously quantify a mean for this short time 
interval. Accordingly, panels a–c are given relative to an extended pre-
industrial reference time interval of the last 1,000 years. The horizontal 
yellow bars indicate the 1.5–2 °C warming target relative to pre-industrial of 
the Paris agreement. T, temperature; PI, pre-industrial.
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