
Climate chan!

On " back of an envelope





Why do we think
that more CO2 will make 

the climate warm up?



Is it because of

Trends in the observational record?



Is it because of

Computer models?



No, it’s simpler than that.



Warning:
The next two slides have equations.
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Assumptions: 1) Only CO2 is perturbed; 2) No feedbacks.

Increasing CO2 Perturbs the Earth’s Radiation Budget



Let’s put in some numbers:
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Feedbacks enhance the warming.

With no feedbacks, we would get 1.2 K for a 
doubling of CO2.

With feedbacks, we get about double that. 



Kinds of Feedbacks

• Snow & sea ice feedbacks

• Water vapor feedback

• Lapse-rate feedback

• Cloud feedbacks

• Carbon feedbacks

• Ice sheet feedback



Uncertainty in feedback strength ➙ Uncertainty in climate sensitivity

ing of the individual physical processes (in
particular, those associated with clouds), (ii)
complex interactions among the individual
processes, and (iii) the chaotic, turbulent nature
of the climate system, which may give rise to
thresholds, bifurcations, and other discontinu-
ities, and which remains poorly understood on a
theoretical level. We show here that the
explanation is far more fundamental than any
of these.

We use the framework of feedback analysis
(15) to examine the relationship between the
uncertainties in the individual physical processes
and the ensuing shape of the probability dis-
tribution of DT. Because we are considering an
equilibrium temperature rise, we consider only
time-independent processes.

Let DT = lDRf, where l is a constant. In the
absence of feedback processes, climate models
show l ≡ l0 = 0.30 to 0.31 [K/(W/m2)] (where
l0 is the reference climate sensitivity) (16),
giving an equilibrium increase DT0 ≈ 1.2°C in
response to sustained 2 × CO2. Because of
atmospheric processes, however, the climate
sensitivity has a value DT ≠ DT0. Conceptually,
the forcing DRf produces a temperature change
DT, which induces changes in the underlying
processes. These changes modify the effective
forcing, which, in turn, modifies DT. We assume
that the total change in forcing resulting from
these changes is a constant C times DT. Thus,
DT = l0 (DRf + CDT ), or

DT
DRf

≡ l ¼ l0

1 − f
ð1Þ

Here, the total feedback factor f ≡ l0 C (15).
Clearly, the gain G ≡ DT/DT0 > 1 if f > 0, which
appears to be the case for the climate system.
The range 2°C ≤ DT ≤ 4.5°C corresponds to
1.7 ≤ G ≤ 3.7 and 0.41 ≤ f ≤ 0.73. Under our
definitions, the feedback factors for individual
processes are linearly additive, but the temper-
ature changes, or gains, from individual pro-
cesses are not [see the supporting online material
(SOM)].

The uncertainties in measurements and in
model parameterizations can be represented as
uncertainties in f. Let the average value of f be
f and let its SD be sf, the sum of uncertainties
from all the component feedback processes. sf
can be interpreted in three ways: uncertainty
in understanding physical processes, uncer-
tainty in observations used to evaluate f , and,
lastly, inherent variability in the strengths of
the major feedbacks. If sf is fairly small, we
see from Eq. 1 that the uncertainty in the gain,
dG, is

dG ≈
1

ð1$ f Þ2
sf ≡ ðGÞ2sf ð2Þ

Thus for G ≈ 3 (corresponding to DT ≈ 3.6°C),
uncertainties in feedbacks are magnified by
almost an order of magnitude in their effect on

the uncertainties in the gain. A second point is
that even if sf is not large, dG will be large if f
approaches 1: Uncertainty is inherent in a
system where the net feedbacks are substantially
positive.

Finally, Eq. 2 shows that it is the sum of all
the uncertainties in the feedbacks that
determines dG; the uncertainties in the large
positive feedbacks are not more important
than the others. For example, a compilation of

values of the feedback factors extracted from
several GCMs (17) finds considerable inter-
model scatter in the albedo feedback, and al-
though the average magnitude of this feedback
is not high, this scatter has an important
impact on the uncertainty in the total climate
sensitivity.

We now derive the shape of the distri-
bution hT (DT): the probability density that the
climate sensitivity is DT. The important

Fig. 1. Demonstration of the
relationships linking hT(DT) to hf( f ).
DT0 is the sensitivity in the absence
of feedbacks. If the mean estimate
of the total feedbacks is substantially
positive, any distribution in hf(f) will
lead to a highly skewed distribution
in DT. For the purposes of illustra-
tion, a normal distribution in hf ( f)
is shown with a mean of 0.65 and a
SD of 0.13, typical to that obtained
from feedback studies of GCMs
(17, 18). The dot-dashed lines rep-
resent 95% confidence intervals
on the distributions. Note that
values of f ≥ 1 imply an unphysical,
catastrophic runaway feedback.
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Fig. 2. Probability density distributions (A and B) and cumulative probability distributions (C and
D) for climate sensitivity, calculated from Eq. 3, for a range of –f and sf. In (C) and (D), the gray
lines bound the 95% confidence interval. The peak and the shape of the density distributions are
sensitive to both –f and sf only for DT ≤ ≈ 5°C. The cumulative distributions show 50% probability
that DT ≥ 1=ð1 − –f ), independent of sf, and there is little dependence on sf of the probability
that DT > ≈ 10°C. These features of the distributions imply that diminishing sf will have a relatively
small impact on uncertainties in sensitivity estimates. See also SOM.
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NOT observed trends.

NOT big computer models.

Simple ideas on the back of an envelope.

Why do we think
that more CO2 will make 

the climate warm up?



Climate change on the back of an envelope


