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On the basis of these methods, we can now derive two indepe
reconstructions of glacial-interglacial global mean SAT variations
using the first empirical orthogonal function mode (fig. S4) of
14 SST reconstructions and the SSTmodel output (at every ocean gr
point), multiplied by the respective factors that account for the sh
comings and uncertainties discussed above (see Material
Methods). The resulting paleo-SATreconstructions, along with erro
bars that take into account systematic uncertainties (see Materia
Methods), show that the overall timing and amplitude of the
independent global SAT reconstructions are in good agreement (F
2A) (correlation ofr = 0.79), thus supporting the robustness of
methodology. Noticeable differences between the two reconstru
are visible for the glacial stages marine isotope stage 2 (MIS2), MIS
and MIS12 and for the interglacial stages MIS5e and MIS11. Fo
warm phases MIS5e and MIS11, the proxy-based SAT reconstructio
exceeds the warming obtained from the model-based one. This
match is a well-known feature (15–17) that can be partially explaine
by age model uncertainties of the SST proxies and potential bia
recorded SSTs toward summer (17). However, difficulties in simulat
ing the response of vegetation cover, sea ice extent, and contine
sheets to interglacial warming are also likely to contribute to
model-proxy mismatch.

The SAT SDs amount to 1.86 K for the model-based reconstru
tion and 1.76 K for the proxy-based one. The global SAT differ
between the LGM and the Holocene (represented here by the 10
P. estimate) amounts to ~5.0°C when derived from the paleopr
and ~6.5°C for the model-based estimate. Both values are con
with other combined model-proxy estimates (18,19) but slightly larger
than in a recent multiproxy study (20) or as derived from a multimod
el ensemble in combination with global proxy data (21).

In a last step and to highlight the common variability, the t
independent global SAT estimates are averaged. For the time
od 10 to 0 ka B.P., which is not covered by the proxy-based re
struction, only the model-based estimate is used. Extending ba
784 ka, the new global SAT reconstruction (Fig. 2B) illustrates
the Holocene has been significantly colder than the intergl
states MIS5e and MIS11 by ~1.5 K. This result is supported by an
recent SAT estimate (22) that uses deep ocean temperatures extra
from an oxygen isotope compilation (23). Furthermore, the warmer con
ditions shown for MIS5e and MIS11 are in good qualitative agree
with a 430,000-year sea-level reconstruction (24) that exhibits global se
level high stands of 4.7 to 6.4 m above present-day values for both p

Carbon emissions from human activities have pushed the a
spheric carbon dioxide concentration substantially above the m
mum values reached during interglacials in the last 800,000
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(25). Reaching atmospheric CO2 concentrations of up to ~900 par
per million (ppm) by 2100 CE, the ensemble of Representative
centration Pathway 8.5 (RCP8.5) scenario Coupled Model I
comparison Project Phase 5 (CMIP5) simulations (6) projects a
global mean SAT rise (relative to PI conditions) of 4.84 K with
ensemble range of 3.42 to 6.40 K. Using the average for the m
cent millennium of our 784-ka global mean SAT reconstruction
preindustrial reference state allows us to contextualize the pro
warming with respect to the range of past glacial-interglacial cli
variability. It becomes evident (Fig. 2, B and C) that the maxim
global mean paleo-SAT reconstructed for MIS5e will very likely b
ceeded by the ongoing greenhouse warming within the 21st ce
The RCP8.5 ensemble mean CMIP5 projections for 2100 CE c
spond to a tripling of the maximumlong-term warming (relative to
PI conditions), as reconstructed forthe last eight glacial cycles. How-
ever, because our temperature reconstruction is based on 100
averages, we cannot rule out the possibility that global mean
in the past has been warmer on time scales shorter than the
considered by our reconstruction.

Calculation of specific equilibrium climate sensitivity and its
background state dependence
Earlier estimates ofSmainly relied on deep ocean temperature c
version of oxygen isotope data (22), assumptions regarding pol
amplification (7), shorter paleorecords (2, 26), or paleo–time slices
(3, 5). The nature of our globally averaged SAT reconstruct
allows us to independently estimateS and its background stat
dependence by using an extended data period and a netwo
surface temperature proxies. Estimates of greenhouse and dust
tive forcings for the last 784 ka are obtained following Rohlinget al.
(2) and Köhleret al. (1), respectively (see Materials and Metho
Upper atmosphere net shortwave radiative forcing from ice she
directly calculated from the 784-ka transient Earth system m
simulation (Fig. 2D and Materials and Methods). The resulting c
bined radiative forcing anomaly (Fig. 2D) reaches minimum valu
� 6.5 W/m2 (relative to the PI mean state) during extreme glac
such as the LGM.

The specific equilibrium climate sensitivity is calculated as
change in global mean SAT for a given change in radiative for
To allow for a comparison with the CMIP5 projections, our estim
of Sneeds to be consistent with the CMIP5 simulations regarding
plied forcings and resolved feedback processes. Thus, we calculateSas
a climate sensitivity, for which albedo changes due to sea ice
snow, and vegetation coverage are treated as feedbacks rath
as forcings. Explicitly considered radiative forcings for our calculatio
of S include changes in greenhouse gases (GHG), land ice (LI), an
aerosols (AE) [referred to asSGHG,LI,AE in the study by Rohlinget al.
(27); see Materials and Methods for details and for an additional ca
culation using vegetation as forcing]. A scatter diagram (Fig. 3
tween reconstructed global mean SAT anomalies (Fig. 2B)
radiative forcing anomalies (Fig. 2D) (relative to their PI states) revea
a considerable background state dependence of the climate sensitivit
The local slope of the scatter plot increases notably with incre
global mean SAT, thus indicatingan underlying nonlinearity inS.This
result is qualitatively in good agreement with another recent stud).
When calculatingS for specific periods of time, dating uncertaint
can result in large biases ofS. Thus, to obtain and compare avera
specific equilibrium climate sensitivities for cold and warm clim
during the last 784 ka, we apply a polynomial fit to the entire d
Fig. 1. Paleo-SST proxy data locations.Locations of the 63 paleorecords of SST use
in our study. Refer to tables S1 and S2 for details regarding the records.
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