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(25. Reaching ahospheric CQ concentrations of up to ~900 parts
per million (ppm) by 2100 CE, the ensemble of Representative Con-
centration Pathway 8.5 (RCP8.5) scenario Coupled Model Inter-
comparison Project Phase 5 (CMIP5) simulatiofsfrojects a
global mean SAT rise (relative to Pl conditions) of 4.84 K with an
ensemble range of 3.42 to 6.40 K. Using the average for the most re-
cent millennium of our 784-ka global mean SAT reconstruction as a
preindustrial reference state allows us to contextualize the projected
warming with respect to the range of past glacial-interglacial climate
variability. It becomes evident (Fig. 2, B and C) that the maximum
global mean paleo-SAT reconstructed for MIS5e will very likely be ex-
Fig. 1. Paleo-SST proxy data locations Locations of the 63 paleorecords of SST used ceeded by the ongoing greenhouse warming within the 21st century.
in our study. Refer to tables S1 and S2 for details regarding the records. The RCP8.5 ensemble mean CMIP5 projections for 2100 CE corre-
spond to a tripling of the maximurtong-term warming (relative to
On the basis of these methods, we can now derive two independ&intonditions), as reconstructed fime last eight glaal cycles. How-
reconstructions of glacial-inteeglial global mean SAT variations byever, because our temperature reconstruction is based on 1000-year
using the first empirical orthogonal function mode (fig. S4) of theverages, we cannot rule out the possibility that global mean SAT
14 SST reconstructions and the $&J¥del output (at every ocean gridin the past has been warmer on time scales shorter than the oRe

point), multiplied by the respective factors that account for the shodensidered by our reconstruction. §
comings and uncertainties discussed above (see Materials and S
Methods). The resulting paleo-SA&constructions, along with error Calculation of specific equilibrium climate sensitivity and its 2
bars that take into account systematic uncertainties (see Materials laackground state dependence S
Methods), show that the overall timing and amplitude of the twBarlier estimates @mainly relied on deep ocean temperature con-S
independent global SAT reconstiioos are in good agreement (Figversion of oxygen isotope dat2, assumptions regarding polar =
2A) (correlation ofr = 0.79), thus supporting the robustness of ouamplification ), shorter paleorecord,(26), or paleetime slices 2
methodology. Noticeable differences between the two reconstructi@)5). The nature of our globally averaged SAT reconstructiong
are visible for the glacial stagearnne isotope stage 2 (MIS2), MIS6allows us to independently estima®eand its background state §
and MIS12 and for the interglacial stages MIS5e and MIS11. For dependence by using an extended data period and a network f
warm phases MIS5e and MIS11, thexy-based SAT reconstructionsurface temperature proxies. Estimates of greenhouse and dust radia-

exceeds the warming obtained from the model-based one. This rtiige forcings for the last 784 ka are obtained following Roldingl
match is a well-known featur&%-17) that can be partially explained(2) and Kdhleret al (1), respectively (see Materials and Methods)$3
by age model uncertainties of the SST proxies and potential biasddppfer atmosphere net shortwave radiative forcing from ice sheets3s
recorded SSTs toward summér)( However, difficulties in simulat- directly calculated from the 784-ka transient Earth system mod&
ing the response of vegetation cover, sea ice extent, and continentalricalation (Fig. 2D and Materials and Methods). The resulting come
sheets to interglacial warming are also likely to contribute to thiged radiative forcing anomaly (Fig. 2D) reaches minimum values &
model-proxy mismatch. 6.5 W/nT (relative to the Pl mean state) during extreme glamalsm
The SAT SDs amount to 1.86 K fdret model-based reconstruc-such as the LGM.
tion and 1.76 K for the proxy-based one. The global SAT differenceThe specific equilibrium climate sensitivity is calculated as thg
between the LGM and the Holocene (represented here by the 10 kehange in global mean SAT for a given change in radiative forcing,
P. estimate) amounts to ~5.0°C when derived from the paleoproxiesallow for a comparison with the CMIP5 projections, our estimatééa
and ~6.5°C for the model-based estimate. Both values are consigte8nheeds to be consistent with the CMIP5 simulations regarding afz
with other combined model-proxy estimaté8(19 but slightly larger plied forcings and resolved feedkarocesses. Thus, we calcuids
than in a recent multiproxy study0) or as derived from a multimod- a climate sensitivity, for which albedo changes due to sea ice, land
el ensemble in combination with global proxy data (21). snow, and vegetation coverage are treated as feedbacks rather than
In a last step and to highlight the common variability, the twas forcings. Explicitly considered itie forcings for our calculation
independent global SAT estimates are averaged. For the time p#rB include changes in greenhoussses (GHG), land ice (LI), and
od 10 to O ka B.P., which is not covered by the proxy-based recaarosols (AE) [referred to &g iaein the study by Rohlingt al.
struction, only the model-based estimate is used. Extending backX®); see Materials and Methods fatalls and for an additional cal-
784 ka, the new global SAT reconstruction (Fig. 2B) illustrates tleatation using vegetation as forcing]. A scatter diagram (Fig. 3) be-
the Holocene has been significantly colder than the intergladiakeen reconstructed global mean SAT anomalies (Fig. 2B) and
states MIS5e and MIS11 by ~1.5 K. This result is supported by anotleliative forcing anomalies (Fig. 2D¢lative to their Pl states) reveals
recent SAT estimat®?2) that uses deep ocean temperatures extractedonsiderable background state delemce of the climate sensitivity.
from an oxygen isotope compilatiodd. Furthermore, the warmer con- The local slope of the scatter plot increases notably with increasing
ditions shown for MIS5e and MIS11 are in good qualitative agreemglabal mean SAT, thus indicatiag underlying nonlinearity its.This
with a 430,000-year sea-level reconstructdn that exhibits global sea-result is qualitatively in good agreement with another recent stydy (7
level high stands of 4.7 to 6.4 m above present-day values for both peritttien calculatings for specific periods of time, dating uncertainties
Carbon emissions from human activities have pushed the atnoan result in large biases &f Thus, to obtain and compare average
spheric carbon dioxide concentration substantially above the maspecific equilibrium climate sensitivities for cold and warm climates
mum values reached during interglacials in the last 800,000 yehmsng the last 784 ka, we apply a polynomial fit to the entire data
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