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1. Introduction

Knutti and Plattner (2012, hereinafter KP) wholly

mischaracterize the ‘‘warming discrepancy’’ that we

presented in our paper (Schwartz et al. 2010, hereinafter

S10). Briefly, we noted that the calculated increase in

global temperature due to long-lived greenhouse gases

(LLGHGs) alone greatly exceeds the observed warm-

ing. We then examined possible causes of this discrep-

ancy, importantly, thermal disequilibrium, forcing by

aerosols, and uncertainty in climate sensitivity. We

showed that the warming discrepancy can be resolved

in a multiplicity of ways, and the way in which the dis-

crepancy is resolved has major implications for the un-

derstanding of and development of policy responses to

human-induced climate change. KP state that if the causes

of the discrepancy ‘‘are properly taken into account, there

is no discrepancy between predicted and observed warm-

ing.’’ It is just this false sense of confidence in climate

models, arising out of their concordance with observations,

that we sought to avoid by not including these causes in

calculating the expected warming.

In addition, KP dispute our conclusion that for the

present best estimate of climate sensitivity, emissions of

greenhouse gases (GHGs) would need to be abruptly

halted to avoid an increase in global temperature that

exceeds 2 K above preindustrial levels. We concede that

our use of the terms ‘‘equilibrium’’ and ‘‘stabilization’’

may have led to some confusion. We clarify here that the

focus of our calculation was on allowable CO2 emissions

on the decadal time scale such that the global mean

surface temperature (GMST) not exceed a given in-

crease above its preindustrial value, not on the ultimate

stabilization of global temperature. The essential dif-

ferences between the scenario that we presented in S10

and those examined by KP deal with forcings over the

time period in which the climate system responds to

cessation of emissions. The model calculation pre-

sented by KP shows an increase in GMST to nearly

2 K above its preindustrial value following cessation

of emissions of CO2 and associated aerosols and aero-

sol precursors. This result in fact supports the conclu-

sion reached in our paper that if Earth’s equilibrium

climate sensitivity is either at or near the present In-

tergovernmental Panel on Climate Change (IPCC) best

estimate, such a reduction in CO2 emissions would be

necessary to avoid committing the planet to such a tem-

perature increase.
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As elaborated below, we stand by the key conclusions

of S10: 1) that there is substantial uncertainty in how to

resolve the discrepancy between the observed increase

in GMST and that expected from LLGHGs alone, 2)

that the present uncertainty in climate sensitivity pre-

cludes determination even of the sign of the amount of

future CO2 emissions that would be allowed so as not to

exceed a given increase in GMST, and 3) that the only

realistic way to reduce these uncertainties is to greatly

reduce the uncertainty in aerosol forcing.

2. The warming discrepancy

The 2.1-K increase in GMST that would be expected

from radiative forcing by LLGHGs alone was calculated

from present best estimates by the Intergovernmental

Panel on Climate Change (Solomon et al. 2007) of this

forcing and of the Earth’s equilibrium climate sensitiv-

ity, expressed as the increase in GMST that would result

from a sustained doubling of CO2 DT23 5 3 K. We de-

noted the difference between this expected increase in

GMST and the observed increase in GMST over the last

150 yr, about 0.8 K, the ‘‘warming discrepancy.’’ Our

paper then systematically examined and quantified pos-

sible reasons for this discrepancy. We concluded that the

warming discrepancy, as we defined it, is due to some

combination of forcing by anthropogenic atmospheric

aerosols offsetting much of the expected warming and/or

lower climate sensitivity than that given by the IPCC

best estimate. We went on to show that the present

uncertainty in aerosol forcing is so large that the ob-

served increase in GMST would be consistent with a

sensitivity anywhere within the IPCC ‘‘likely’’ range

for this quantity, that is, 2.0–4.5 K and even well be-

yond, both higher and lower (Fig. 2 of S10). In this

context we explicitly reject the suggestion by KP that

S10 concluded that the IPCC best estimate DT23 5

3 K is erroneously high.

KP dispute both the premise of a warming discrepancy

and the conclusions we reached, although they go on to

cite numerous modeling studies that reach similar con-

clusions. For example, they quote Knutti et al. (2002) as

concluding that ‘‘given the uncertainties in the radiative

forcing, in the temperature records, and in currently used

ocean models, it is impossible at this stage to strongly

constrain the climate sensitivity.’’ KP also call attention

to a long string of studies that have used modeling and

observations to constrain climate sensitivity, several of

which, they state, ‘‘do not find discrepancies between the

observed warming and the warming expected from esti-

mates of radiative forcings’’ noted by S10. Unlike the

approach of S10, the climate model studies have in-

corporated representations of the countervailing (cooling)

forcings caused by the increase in loadings of atmospheric

aerosols that has occurred concomitantly with the in-

crease in mixing ratios of and forcings by LLGHGs.

However, present estimates of aerosol forcing are quite

uncertain because the magnitude and time history of an-

thropogenic enhancement of tropospheric aerosols and

resulting forcings are not well established, and because the

mechanisms of the forcings that involve interactions with

clouds—the albedo effect (Twomey 1974) and the en-

hanced lifetime effect (Albrecht 1989)—are not well

understood or quantified (e.g., Chin et al. 2009;

Heintzenberg and Charlson 2009). As a consequence of

this uncertainty it is possible to reproduce the increase in

GMST observed over the twentieth century with high

skill using models with either high negative aerosol

forcing and high sensitivity or, alternatively, low nega-

tive aerosol forcing and low sensitivity (Randall et al.

2007), it thus seems clear that the agreement results from

advertent or inadvertent selectivity on the part of some

modeling groups in their choice of aerosol forcing em-

ployed in twentieth-century runs (Schwartz et al. 2007;

Kiehl 2007; Knutti 2008). Because of the uncertainties in

these compensating effects of aerosol forcing and cli-

mate sensitivity, the resultant latitude in choosing values

for these quantities in model calculations, and the con-

sequent risk of circular logic (Rodhe et al. 2000), no

confidence can be attached to constraints on aerosol

forcings derived from agreement of modeled tempera-

ture trends with observations such as that exemplified

in the following sentence from KP: ‘‘Constraints from

the observed warming suggested that values for the total

aerosol effect exceeding 21 to 22 W m22 . . . would

result in a net forcing that is too small to account for the

observed warming.’’

A second, strong motivation for excluding tropo-

spheric aerosol forcing from the calculation of expected

warming is that, in contrast to the LLGHGs, which have

atmospheric residence times of decades to centuries, the

aerosols that are responsible for the forcing have a resi-

dence time of about 1 week. Thus, although the planet is

committed for decades to centuries to forcing by the

LLGHGs and to the increase in GMST that would be

expected from this forcing, there is no similar commit-

ment to the cooling influence of the aerosols. For this

reason, it is the future increase in GMST that may be

expected from the LLGHGs that is of the greatest in-

trinsic societal interest.

The observation by KP that ‘‘if all radiative forcings

(including the negative contributions from aerosols) and

the imbalance of the climate system and their respective

uncertainties are properly taken into account, there is no

discrepancy between predicted and observed warming,’’

seems highly revealing of their thinking. It is simply not
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possible, given the present uncertainty in aerosol forc-

ing, to represent aerosol forcing, or total forcing, in cli-

mate models in a way that meaningfully constrains the

modeled change in GMST over the twentieth century.

We thus take strenuous exception to the statement of

KP that ‘‘the relation between forcings, feedback, cli-

mate sensitivity, and observed warming, as well as their

implications for future warming, are well understood

and quantified.’’ As shown in S10 and expanded upon

here, as a consequence of the present uncertainty in

aerosol forcing it is not possible to state with any con-

fidence the warming that would result from maintaining

the incremental amounts of LLGHGs in the present

atmosphere.

3. Allowable future CO2 emissions

Our paper went on to examine the implications of the

forcing resulting from the increase in the mixing ratios of

the LLGHGs relative to preindustrial times in the ab-

sence of the cooling influence of anthropogenic aerosols

and the warming influence of incremental tropospheric

ozone; forcing by these short-lived substances was ex-

cluded because they are introduced into the atmosphere,

in great part, in conjunction with fossil fuel combustion.

This analysis showed that for the IPCC best estimate of

Earth’s climate sensitivity, DT23 5 3 K, forcing by the

LLGHGs alone, if maintained at its present (2005) value

of 2.6 W m22, would commit the planet to an increase in

GMST slightly greater than 2 K, a widely cited upper

limit to an acceptable increase in GMST. This analysis

found that if DT23 & 3 K, then exceeding the 2-K target

maximum increase in GMST could be averted for mix-

ing ratios of LLGHGs somewhat greater than those at

present, and, conversely, if DT23 * 3 K, then the 2-K

target would be exceeded unless these mixing ratios

were reduced below their present values. KP did not

express objection to these findings.

Our paper went on to state that the above calculations

would lead to the conclusion that if DT23 is equal to 3 K,

avoiding exceedance of the 2-K target maximum

increase in GMST would require an abrupt halt to

emissions of CO2 and other LLGHGs. In their second

criticism of our paper, KP speak to the consequences of

our analysis not having accounted for disequilibrium

between the current climate and forcing and for removal

of excess CO2 from the atmosphere by the oceans and

the terrestrial biosphere. In support of their argument

they present a calculation using a coupled climate–

carbon cycle model (with DT23 5 3 K) that shows that

taking the reduction of atmospheric CO2 into account as

GMST increases following cessation of emissions of

CO2 and aerosols results in a temperature increase,

relative to its preindustrial value of 1.6 K, rather than

the 2.1 K we obtained. We consider such a difference to

be of second order and are thus surprised that KP con-

sider the results of their time-dependent model calcu-

lation to be greatly at variance from the result we

presented.

We are surprised also at the confidence KP place in

their model calculations of CO2 mixing ratio and GMST

that would follow an abrupt cessation of emissions. Such

model calculations are highly dependent on assumptions

affecting the rate of response of atmospheric CO2 to an

abrupt change in emissions and the rate of response of

the GMST to an abrupt forcing, both of which are highly

uncertain. The rate of decrease in atmospheric CO2 in

the initial decades following a hypothetical abrupt ces-

sation of emissions varies widely in recent model studies.

In the model study presented by KP the atmospheric

mixing ratio of CO2 in excess of the preindustrial value

of 280 ppm decreased at a rate of about 1.2% yr21,

corresponding to a time constant of 85 yr. Other stud-

ies show removal rates that range from considerably

greater than this (Matthews and Caldeira 2008; Hare

and Meinshausen 2006; Frölicher and Joos 2010) to ap-

proximately the same (Solomon et al. 2009) to substan-

tially less (Allen et al. 2009). A rapid decrease in CO2

following cessation of emissions would reduce the

committed increase in GMST, whereas a slower de-

crease in CO2 would result in a greater increase in

GMST. The profile of GMST following cessation of

emissions would depend also on the rate of the climate

system response to the change in forcing. An analysis of

climate models that participated in the IPCC Fourth

Assessment Report climate model intercomparison

(Andrews and Allen 2008) finds a mean value for the

e-folding time of adjustment to changes in forcing of

30 6 9 yr (1 s). An even more rapid response is found

in recent GCM studies (e.g., Brasseur and Roeckner

2005; Matthews and Caldeira 2007) examining change in

GMST following abrupt cessation of aerosol forcing.

A shorter climate system response time would yield a

greater maximum increase in GMST following abrupt

cessation of aerosol emissions, and vice versa. For these

reasons we suggest that little confidence can be placed in

the time profiles of CO2 mixing ratio and GMST pre-

sented by KP.

Finally, KP take issue with the fraction of CO2 emit-

ted from fossil fuel combustion that would be expected

to remain in the atmosphere, the so-called airborne

fraction, that we employed in our estimates (Table 1 of

S10) of allowable future CO2 emissions (for DT23 ,

3 K), and of the amount of emissions by which the

present atmospheric mixing ratio exceeds the allow-

able amount (for DT23 . 3 K). Here we would simply
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note that on a time scale of a few decades pertinent to

those calculations the airborne fraction has been re-

markably constant at a value that is, in fact, slightly

greater than the value 0.5 employed in S10 (e.g.,

Hansen and Sato 2004). This observationally based

measure of the airborne fraction refutes the assertion

by KP that the value of the airborne fraction employed

in S10 was too large by more than a factor of 2, and

therefore that the amount of allowable future CO2

emissions presented by S10 was, for this reason, erro-

neously low by such a factor.

4. Conclusions

In conclusion, we remain convinced that the identifi-

cation of the warming discrepancy and the examination

of its possible causes contribute valuably to understand-

ing the consequences of the increases in atmospheric

greenhouse gases over the past 200 yr. Importantly, S10

rules out departure from thermal equilibrium as a major

cause of the warming discrepancy, and therefore focuses

attention on the interplay between equilibrium climate

sensitivity and aerosol forcing as the two major contrib-

utors to this discrepancy. This examination leads natu-

rally to the consideration of the consequences of this

interplay. Specifically, S10 showed that if climate sensi-

tivity is at the low end of the IPCC ‘‘likely’’ range, then

the amount of allowable future emissions of equivalent

CO2, such that the increase in GMST not exceed 2 K

above its preindustrial value corresponds to no more than

a few decades of present CO2 emissions from fossil fuel

combustion. In contrast, if Earth’s equilibrium climate

sensitivity is at the high end of that range, LLGHG

emissions to date have already exceeded the allowable

amount by a few decades of present fossil fuel CO2

emissions. Although a treatment that accounts for the

decrease in CO2 or other LLGHGs subsequent to the

cutoff of emissions alters either the exact number of

years of allowable future emissions or years by which

emissions have already exceeded the allowable thresh-

old, such treatment does not materially alter the con-

clusions reached by S10. We thus stand by both the

approach taken by S10 and the conclusions drawn in that

paper.

Finally, in the introduction to their comment, and

again in the conclusions, KP accurately restate the

premise of our paper, namely that there is a large dis-

crepancy between the observed increase of global mean

surface temperature and the increase that would be

expected from present best estimates of Earth’s climate

sensitivity and the greenhouse gas forcing alone. However,

KP go on to state, incorrectly in our opinion, that by

calling attention to this discrepancy we ‘‘create the

impression of conflicting evidence between theory and

models on one hand, and observations on the other

hand.’’ While an impression, like beauty, is in the eye of

the beholder, we nonetheless take exception to the ex-

tension of our simple statement of discrepancy to an

impression of conflict between theory and models versus

observations. Rather, our intent in calling attention to the

discrepancy, and in the paper as a whole, was to provide

important insight that we felt, and continue to feel, had

been lacking in prior work.

Acknowledgments. Work by SES was supported by

the U.S. Department of Energy (Office of Science,

OBER) under Contract DE-AC02-98CH10886. Work

by RJC was supported in part by NASA’s CALIPSO

Mission (Contract NAS1-99105) and NSF Grant ATM-

0601177.

REFERENCES

Albrecht, B. A., 1989: Aerosols, cloud microphysics, and fractional

cloudiness. Science, 245, 1227–1230.

Allen, M. R., D. J. Frame, C. Huntingford, C. D. Jones, J. A. Lowe,

M. Meinshausen, and N. Meinshausen, 2009: Warming caused

by cumulative carbon emissions towards the trillionth tonne.

Nature, 458, 1163–1166.

Andrews, D. G., and M. R. Allen, 2008: Diagnosis of climate

models in terms of transient climate response and feedback

response time. Atmos. Sci. Lett., 9, 7–12.

Brasseur, G. P., and E. Roeckner, 2005: Impact of improved air

quality on the future evolution of climate. Geophys. Res. Lett.,

32, L23704, doi:10.1029/2005GL023902.

Chin, M., R. A. Kahn, and S. E. Schwartz, Eds., 2009: Atmospheric

aerosol properties and climate impacts. U.S. Climate Change

Science Program Synthesis and Assessment Product 2.3, 128 pp.

[Available online at http://downloads.climatescience.gov/sap/

sap2-3/sap2-3-final-report-all.pdf.]
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