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16. EPICA 800 KY DATA 

 Antarctic Dme C ice core data acquired by EPICA (European Project for Ice Coring in Antarctica) provide a record of 

atmospheric composition and temperature spanning 800 ky [S8], almost double the time covered by the Vostok data [17, 18] of 

Figs. (1) and (2). This extended record allows us to examine the relationship of climate forcing mechanisms and temperature 

change over a period that includes a substantial change in the nature of glacial-interglacial climate swings. During the first half 

of the EPICA record, the period 800-400 ky BP, the climate swings were smaller, sea level did not rise as high as the present 

level, and the GHGs did not increase to amounts as high as those of recent interglacial periods. 

 Fig. (S18) shows that the temperature change calculated exactly as described for the Vostok data of Fig. (1), i.e., 

multiplying the fast-feedback climate sensitivity °C per W/m2 by the sum of the GHG and surface albedo forcings (Fig. 

S18b), yields a remarkably close fit in the first half of the Dome C record to one-half of the temperature inferred from the 

isotopic composition of the ice. In the more recent half of the record slightly larger than °C per W/m2 would yield a 

noticeably better fit to the observed Dome C temperature divided by two (Fig. S19). However, there is no good reason to 

change our approximate estimate of °C per W/m2, because the assumed polar amplification by a factor of two is only 

approximate. 

 The sharper spikes in recent observed interglacial temperature, relative to the calculated temperature, must be in part an 

artifact of differing temporal resolutions. Temperature is inferred from the isotopic composition of the ice, being a function of 
the temperature at which the snowflakes formed, and thus inherently has a very high temporal resolution. GHG amounts, in 

contrast, are smoothed over a few ky by mixing of air in the snow that occurs up until the snow is deep enough for the snow to 

be compressed into ice. In the central Antarctic, where both Vostok and Dome C are located, bubble closure requires a few 

thousand years [17]. 

 

Fig. (S19). Global temperature change (left scale) estimated as half of temperature change from Dome C ice core [S8] and GHG forcing 

(right scale) due to CO2, CH4 and N2O [S38, S39]. Ratio of temperature and forcing scales is 1.5°C per W/m2. Time scale is expanded in the 
extension to recent years. Modern forcings include human-made aerosols, volcanic aerosols and solar irradiance [5]. GHG forcing zero point 
is the mean for 10-8 ky before present. Net climate forcing and modern temperature zero points are at 1850. The implicit presumption that the 
positive GHG forcing at 1850 is largely offset by negative human-made forcings [7] is supported by the lack of rapid global temperature 
change in the Holocene (Fig. S6). 

17. COMPARISON OF ANTARCTIC DATA SETS 

 Fig. (S20) compares Antarctic data sets used in this supplementary section and in our parent paper. This comparison is also 

relevant to interpretations of the ice core data in prior papers using the original Vostok data. 

 The temperature records of Petit et al. [17] and Vimeux et al. [18] are from the same Vostok ice core, but Vimeux et al. [18] 

have adjusted the temperatures with a procedure designed to correct for climate variations in the water vapor source regions. 
The isotopic composition of the ice is affected by the climate conditions in the water vapor source region as well as by the 

temperature in the air above Vostok where the snowflakes formed; thus the adjustment is intended to yield a record that more 

accurately reflects the air temperature at Vostok. The green temperature curve in Fig. (S20c), which includes the adjustment, 

reduces the amplitude of glacial-interglacial temperature swings from those in the original (red curve) Petit et al. [17] data. 

Thus it seems likely that there will be some reduction of the amplitude and spikiness of the Dome C temperature record when a 

similar adjustment is made to the Dome C data set. 

 The temporal shift of the Dome C temperature data [S8], relative to the Vostok records, is a result of the improved EDC3 

[S40, S41] time scale. With this new time scale, which has a 1  uncertainty of ~3 ky for times earlier than ~130 ky BP, the 

rapid temperature increases of Termination IV (~335 ky BP) and Termination III (~245 ky BP) are in close agreement with the 

contention [7] that rapid ice sheet disintegration and global temperature rise should be nearly simultaneous with late spring 
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(April-May-June) insolation maxima at 60N latitude, as was already the case for Terminations II and I, whose timings are not 

significantly affected by the improved time scale. 

 

Fig. (S20). Comparison of Antarctic CO2, CH4, and temperature records in several analyses of Antarctic ice core data. 

 

Fig. (S21). Solar irradiance from composite of several satellite-measured time series based on Frohlich and Lean [S44]. 
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18. CLIMATE VARIABILITY, CLIMATE MODELS, AND UNCERTAINTIES 

 Climate exhibits great variability, forced and unforced, which increases with increasing time scale [2, 90, 91]. Increasing 

abilities to understand the nature of this natural variability and improving modeling abilities [S42] do not diminish the 

complications posed by chaotic variability for interpretation of ongoing global change. 

 Expectation that global temperature will continue to rise on decadal time scales is based on a combination of climate models 

and observations that support the inference that the planet has a positive energy imbalance [5, 8, 96]. If the planet is out of 
energy balance by +0.5-1 W/m2, climate models show that global cooling on decadal time scales is unlikely [96], although one 

model forecast [95] suggests that the Atlantic overturning circulation could weaken in the next decade, causing a regional 

cooling that offsets global warming for about a decade. 

 The critical datum for determining the certainty of continued global warming on decadal time scales is the planet’s energy 

imbalance. Improved evaluations of ocean heat storage in the upper 700 m of the ocean [97] yield ~0.5 x 1022 J/yr averaged 

over the past three decades, which is ~0.3 W/m2 over the full globe. Our model has comparable heat storage in the ocean 

beneath 700 m, but limited observational analyses for the deep ocean [S43] report negligible heat storage. 

  If our modeled current planetary energy imbalance of 0.5-1 W/m2 is larger than actual heat storage, the likely explanations 
are either: (1) the climate model sensitivity of 3°C for doubled CO2 is too high, or (2) the assumed net climate forcing is too 

large. Our paleoclimate analyses strongly support the modeled climate sensitivity, although a sensitivity as small as 2.5 W/m2 

for doubled CO2 could probably be reconciled with the paleoclimate data. The net climate forcing is more uncertain. Our model 

[8] assumes that recent increase of aerosol direct and indirect (cloud) forcings from developing country emissions are offset by 

decreases in developed countries. 

 These uncertainties emphasize the need for more complete and accurate measurements of ocean heat storage, as well as 

precise global observations of aerosols including their effects on clouds. The first satellite observations of aerosols and clouds 

with the needed accuracy are planned to begin in 2009 [98]. Until accurate observations of the planetary energy imbalance and 

global climate forcing are available, and found to be consistent with modeled climate sensitivity, uncertainties in decadal 
climate projections will remain substantial. 

 The sun is another source of uncertainty about climate forcings. At present the sun is inactive, at a minimum of the normal 

~11 year solar cycle, with a measureable effect on the amount of solar energy received by Earth (Fig. S21). The amplitude of 

solar cycle variations is about 1 W/m2 at the Earth’s distance from the sun, a bit less than 0.1% of the ~1365 W/m2 of energy 

passing through an area oriented perpendicular to the Earth-sun direction. 

 Climate forcing due to change from solar minimum to solar maximum is about  W/m2, because the Earth absorbs ~235 

W/m2 of solar energy, averaged over the Earth’s surface. If equilibrium climate sensitivity is 3°C for doubled CO2 ( °C per 

W/m2), the expected equilibrium response to this solar forcing is ~0.2°C. However, because of the ocean’s thermal inertia less 
than half of the equilibrium response would be expected for a cyclic forcing with ~11 year period. Thus the expected global-

mean transient response to the solar cycle is less than or approximately 0.1°C. 

 It is conceivable that the solar variability is somehow amplified, e.g., the large solar variability at ultraviolet wavelengths 

can affect ozone. Indeed, empirical data on ozone change with the solar cycle and climate model studies indicate that induced 

ozone changes amplify the direct solar forcing, but amplification of the solar effect is by one-third or less [S45, S46]. 

 Other mechanisms amplifying the solar forcing have been hypothesized, such as induced changes of atmospheric 

condensation nuclei and thus changes of cloud cover. However, if such mechanisms were effective, then an 11-year signal 

should appear in temperature observations (Fig. 7). In fact a very weak solar signal in global temperature has been found by 
many investigators, but only of the magnitude (~0.1°C or less) expected due to the direct solar forcing. 

 The possibility remains of solar variability on longer time scales. If the sun were to remain ‘stuck’ at the present solar 

minimum (Fig. S21) it would be a decrease from the mean irradiance of recent decades by ~0.1%, thus a climate forcing of 

about -0.2 W/m2. 

 The current rate of atmospheric CO2 increase is ~2 ppm/year, thus an annual increase of climate forcing of about +0.03 

W/m2 per year. Therefore, if solar irradiance stays at its recent minimum value, the climate forcing would be offset by just 

seven years of CO2 increase. Human-made GHG climate forcing is now increasing at a rate that overwhelms variability of 
natural climate forcings. 

 Climate models are another source of uncertainty in climate projections. Our present paper and our estimated target CO2 

level do not rely on climate models, but rather are based on empirical evidence from past and ongoing climate change. 

However, the limited capability of models to simulate climate dynamics and interactions among climate system components 

makes it difficult to estimate the speed at which climate effects will occur and the degree to which human-induced effects will 

be masked by natural climate variability. 
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 The recent rapid decline of Arctic ice [S47-S49] is a case in point, as it has been shown that model improvements of 

multiple physical processes will be needed for reliable simulation. The modeling task is made all the more difficult by likely 

connections of Arctic change with the stratosphere [S50] and with the global atmosphere and ocean [S51]. 
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