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Precís
Asten uses the Pearson et al., 2009 boron-derived atmospheric CO2 record across the
Eocene-Oligocene Transition (EOT) and a benthic oxygen isotope record from DSDP
hole 744 (Kerguelen Plateau) to derive estimates of climate sensitivity. The manuscript is
riddled with unjustified assumptions and is generally not up to the standards of current
scholarship.
Within the piled-high overburden of sloppy science in this manuscript is a nugget of
often-overlooked potential truth: the substantial increase in CO2 reconstructed by
Pearson et al. post-EOT in the absence of similarly significant deep ocean warming is
presumably telling us that something is wrong with these paleo-proxy records or their
interpretation or that climate sensitivity during this interval was weak. A better
manuscript would carefully sift through the evidence and present a compelling case for
one of those options. This manuscript does not.
In this review I will address the strengths and weaknesses in Asten’s arguments about
EOT sensitivity. It is also crucial to understand the great conceptual failure in any
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The problem, as I see it, is that the author does not fully grasp the potential errors in the proxies
Figure 3 | Reconstructed pCO2 atm compared with the deep-sea benthic
foraminiferal stable isotope record. a, pCO2 atm (6 uncertainty from d11B
measurements at 95% confidence). Blue symbols are calculated using
modelled [CO322] changes based on varying calcite compensation depth;
red symbols are for constant [CO322]. The grey band is the threshold for
2

1

Antarctic glaciation5,6. b, Deep-sea oxygen isotopes from DSDP site 522 (red
crosses) and ODP site 744 (black diamonds; ref. 13). c, Alkenone proxy
estimates (green symbols with green shaded band for maximum and
minimum; ref. 20) and d11B proxy measurements (this study; colouring as in
a).

themselves and especially the uncertainties in their interpretation. Several flawed assumptions are
made that, by themselves, completely account for Asten’s results. His main justification is that
others have made the same flawed assumptions. I cannot disagree with the fact that others have
made the same flawed assumptions and written papers suggesting very high values of climate
sensitivity, but I am not reviewing those papers here. In the past, I have actually reviewed such
papers or handled them as Editor, and as the interested reader can see, I have rejected them as
flawed (http://www.earth-syst-dynam-discuss.net/2/211/2011/esdd-2-211-2011-discussion.html).

Summary of the main weaknesses
• Weakness One, and it’s a big one (and probably not one that Pearson et al. really want to
advocate) is that the CO2 record of Pearson et al. (2009) may not be entirely accurate.
The gold standard in paleoclimate is multiple, independent reconstructions. Even then, any proxy
record interpretation is not guaranteed to be accurate, but at least it is more likely to be correct
than one reconstruction. The ‘new’ boron paleo-CO2 reconstruction technique used in Pearson et
al. (2009) is a large improvement over prior work, but it still has its weaknesses and comparison
with other methods is informative. New paleo-CO2 reconstructions across the EOT in Pagani et
al. (2011) utilizing an independent method, alkenones, looks very similar to the boron record in
terms of the fall across the EOT, but not in terms of the post-EOT rise. See the figure here from
that analysis (their Figure 4).
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Fig. 4. Reconstructed pCO2 records from low-latitude sites 925 and 929. Calculations apply ef = 25‰
and modern [PO43–] at paleolocations (SOM). Error bars associated with each point reflect the
uncertainty in CO2 because of temperature uncertainties for each temperature proxy. Gray line
represents a compilation of d18O values of benthic foraminifera (30).
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No CO2 rise corresponding to that in the Pearson et al. record. Given the divergence of these two
proxy records during this interval, they cannot both be correct. If we calculated sensitivity using
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compilations. Importantly, other published CO2
results from equivalent localities (28) could reflect similar biases and offsets. In contrast, these
effects are substantially reduced across low-latitude
sites, where uncertainties in temperature and nutrient input are smaller and the lower magnitude
of ep diminishes the range of CO2 uncertainty.
Accordingly, we focus on CO2 reconstructions
derived from low-latitude sites 925 and 929 and
apply modern phosphate concentrations at each
paleolocation.
Low-latitude records show a persistent CO2
2
decline beginning about two million years before
the onset of rapid cooling 33.7 million years ago
(Fig. 4) that continues just beyond the climate
event. Site 925 data suggest CO2 increased somewhat before cooling; however, corroborating results from site 929 are lacking. Site 925 also shows
an increase in CO2 during the mid-Oligocene that
tracks warming inferred from benthic d18O values (Fig. 4), a pattern corroborated by ep37:2 trends
from site 336 (Fig. 2A). A long-term lowering of
CO2 during the Oligocene is consistent with
early Miocene CO2 reconstructions from other
localities (10), but our sensitivity analysis allows
for higher early Miocene CO2 levels relative to
previously published results if [PO43– ] and temperature estimates were higher than originally
assumed.

f

Collectively, CO2 estimates calculated by using
K′
U37
and TEX86 SST estimates and a range of ef
values indicate that CO2 decreased ~40% from
35.5 to 32.5 million years ago (SOM). Application of reasonable ef values (25 to 28‰) indicates
that the partial pressure of atmospheric CO2 fell
from 1200 to 1000 ppm to 700 to 600 ppm.
Interestingly, the change in CO2 determined from
this study, as well as the boron-isotope methodology (11), is consistent with model estimates for
a threshold CO2 level required for rapid Antarctic glaciation (8, 29).
We conclude that the available evidence supports a fall in CO2 as a critical condition for
global cooling and cryosphere evolution ~34 million years ago. Whether CO2 acted alone to cause
the E-O transition or whether a threshold CO2
level in combination with favorable orbital configurations (1) ultimately triggered glaciation cannot
be determined from our results. However, during the E-O transition both CO2 decline and
enhanced ice albedo account for global temperature changes. Lastly, the long-term permanence
of the CO2 decline (10) and the impermanent inorganic carbon isotope shift (1) implicate the role
of silicate weathering rates over the influence of
short-term organic-carbon burial rates as the primary cause for long-term change in atmospheric
carbon dioxide.

The main point is, in paleoclimate one should never believe or use just one proxy or one proxy
record. Instead, the modern approach to paleoclimate is to use multiple, independent proxies and
investigate the robust signals arising from multi-proxy convergence and to explore the remaining
uncertainties imposed by multi-proxy divergence. That is not done in the current manuscript.
Asten has cherry picked a CO record that ensures a weak sensitivity.
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• Weakness Two is another big one: you cannot estimate global mean surface temperature changes
from one location and its even more impossible if that is a record from the deep ocean, not the
surface.
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of Liu et al. (2008). The showed large cooling in high southern latitudes at the surface. Notably,
there is no comparable cooling in the deep ocean seen in Mg/Ca (there is obviously a large signal in
oxygen isotopes that reflects some mixture of ice volume and temperature). There is no obvious
immediate post-EOT warming in the records presented in that paper, or in other papers such as
Eldrett et al. 2009. This does not necessarily mean that warm did not occur, but simply that it is
actually very hard to establish with any accuracy anything but the largest temperature trends
across these intervals. The signal is quite ‘noisy’ and as such one record is likely to reflect either
local temperature conditions or may not even record temperature at all.
Asten’s argument is that Hansen and Sato (2012) and Kohler et al., (2010) make similar
assumptions and therefore it is correct. Again, I cannot be responsible for the review process on
other people’s papers, only this one. The manuscript implicitly assumes that vertical ocean
stratification (the vertical temperature gradient) did not change during the EOT or post-EOT.
This would be very surprising given that a major climate change occurred during these intervals,
an ice sheet was emplaced with associated wind and sea ice feedbacks, and finally major changes in
ocean gateways were ongoing through this interval. Such issues are discussed at length in section
2.2.4 of Gasson et al (2012) and are totally ignored in this study.
Additionally, Asten makes the following unjustified and incorrect assumption, “Since global
temperatures in the post EOT time under discussion are approximately equivalent to, or may be a
degree or so warmer than, peak interglacial temperatures (with a unipolar ice-cap as inferred by
ZQS), a linear 25 relation between deep ocean and global temperatures is a reasonable assumption
for the post EOT.” I’m not sure how he reaches the conclusion that post EOT temperatures were
equivalent to peak interglacial temperatures. It is clear that not only is he assuming that vertical
stratification did not change much during the EOT but did not change much from modern
interglacials to the early Oligocene, which flies in the face of most scholarship (see Toggweiler and
Bjornsson, 2000; Nong et al., 2000; Cramer et al., 2009; Sijp et al., 2011; Gasson et al., 2012).
Perhaps Asten makes the circular assumption that he can use the benthic oxygen isotope record to
infer EOT temperatures because he infers from benthic isotopes that EOT temperatures were
near modern values? The argument is tortured at best and is not even made in any clear fashion
Global mean temperature at the end of the Eocene is a debatable quantity, but estimates are that
it was >7°C warmer than modern, not (the equivalent of) ~1°C warmer than modern. Asten appears
to have missed most of the literature on surface temperatures and vertical temperature gradients
in the late Eocene-early Oligocene and consequently sees the climate as a small perturbation from
modern, and his assumptions reflect this.
I prefer to not simply guess what the relationship between temperature at a site (say, DSDP site
744) and global mean temperature is (site indicated by circle on figure). Or the how the vertical
(surface to benthic) temperature gradient might have changed. Guesses tend to have infinite
error bars and zero falsifiability. In place of a guess, I show unpublished results from fully coupled
ocean-atmosphere model simulations (using the NCAR CESM1 model) for late Eocene-Oligocene
conditions. I show a comparison of annual mean surface temperatures from a simulation with 560
ppm CO2 and no ice Antarctic ice sheet with one with 1120 ppm CO2 and a near-modern sized ice
sheet.

3

The former state corresponds to the low CO2 state that immediately preceded ice sheet initiation
and the latter state corresponds to the situation in which the ice sheet remains but CO2 has risen
as in the Pearson et al. (2009) reconstruction. Much of the results shown here is very similar to
that in Goldner et al. (2012) (http://www.clim-past-discuss.net/8/2645/2012/cpd-8-2645-2012discussion.html) although these are fully coupled results.
The figure shows the annual mean surface temperature anomaly. As can be clearly seen, most of
the is much warmer because of higher CO2 (global mean temperature 2.49°C anomaly). But it is
also clear that the presence of ice on Antarctica cools locally and has an impact on the Southern
Ocean. Site 744 is located at 60°S latitude and 77° longitude, right at the heart of a warm SST
anomaly in the model results. What about at depth?
Next, I show a slice through the ocean model results at that longitude. The plot shows
temperature anomaly in a latitude-depth transect. Positive values, as before correspond to the
higher CO2 case being warmer, and negative values reflect cooling due to the higher ice sheet in
that case. The paleodepth of site 744 was approximately 1800m. The model results indicate local
cooling at depth even though the simulation is more than two degrees warmer in global mean at
the surface. More careful analysis reveals that changes in winter temperatures, wind fields, and sea
ice along Antarctic in the case with significant Antarctic ice volume and enhanced CO2 results in
the interesting situation of a warmer surface climate and a cooler deep ocean, i.e. a significant
change in vertical ocean circulation (about 4°C on average).

One does not have to believe these model results or any model results to acknowledge the fact
that assuming constant ocean stratification during some of the largest climate changes in Earth’s
history is diﬃcult to justify. At the least it introduces large sources of uncertainty (error). Asten’s
paper makes just this assumption although it is not acknowledged as such. The results shown
here, or for that matter in a number of the prior mentioned studies support large changes in
vertical stratification during this interval.
This is absolutely the worst period to choose using a benthic temperature as a good estimator of
surface temperature change.

• Weakness Three is more nuanced but just as important: sensitivity is likely to be state
dependent, so this is all not directly relevant to many of the other sensitivity estimates
compared by Asten.
The manuscript actually acknowledges this possibility in several places, but does not do it justice.

I refer the interested reader to the recent discussion of this kind of issue in a recent Nature paper,
(PALEOSENS, 2012). The key point is that one should be very careful to distinguish between
paleo-estimates of sensitivity and modern estimates. It is only through finding models that agree
with paleo-estimates of sensitivity and then using those models to project into the future that one
can find a good application of these estimates as prognostic tools. One cannot simply project into
the future with a paleo-sensitivity estimate because the climate system was in a diﬀerent state in
the past. Comparing modern and E-O estimates in the cavalier way done in this manuscript is
misleading.

Concrete recommendations for a new manuscript
• Try to actually estimate surface temperature changes in many places, not benthic temperature
changes at one point.
• Try to utilize multiple CO2 proxies (boron, alkenones, and stomata)
• Try to perform a proper Monte Carlo type error propagation considering the joint errors in both
the surface temperature and CO2 estimates from above.
• Articulate clearly how EOT sensitivity estimates are quantitatively relatable to other, modern
estimates.
• Consider the fact that many processes are operating concurrently, some of which may involve
non-CO2 forcing, such as ocean gateway changes.
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