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Structured interviews using “expert elicitation”
methods drawn from decision analysis were
conducted with 16 leading U.S. climate scien-
tists. We obtained quantitative, probabilistic
judgments about a number of key climate vari-
ables and about the nature of the climate sys-
tem. We also obtained judgments about the rela-
tive contributions of various factors to the
uncertainty in climate sensitivity. We found
strong support for the importance of convection/
water vapor feedback and of cloud optical prop-
erties. A variety of questions were posed to
elicit judgments about future research needs
and the possible sources and magnitude of fu-
ture surprises. The results reveal a rich diversity
of expert opinion and, aside from climate sensi-
tivity, a greater degree of disagreement than is
often conveyed in scientific consensus docu-
ments. Research can make valuable contribu-
tions, but we interpret our results to mean that
overall uncertainty about the geophysics of cli-
mate change is not likely to be reduced dramati-
cally in the next few decades.

468 A ® VOL. 29, NO. 10, 1995 / ENVIRONMENTAL SCIENCE & TECHNOLOGY

When scientific uncertainty limits analytic model-
ing, but decision makers cannot wait for better sci-
ence, expert judgment can be used in the interim to
inform policy analysis and choice. Approaches such
as the “"Delphi method” (I, 2) have been developed
to obtain consensus summaries. Without using for-
mal methods, scientific panels, such as those of the
Intergovernmental Panel on Climate Change (IPCC)
(3) or the National Research Council (NRC) (4) of-
ten strive to produce consensus summaries.

However, when uncertainty is high because of fun-
damentally different views about underlying phys-
ical processes, a consensus summary may not best
serve policy analysis needs. An alternative ap-
proach, widely used in applied Bayesian decision
analysis (5-7), formalizes and quantifies the judg-
ment of individual experts through expert elicita-
tion (8-11). Subsequent analysis of results allows con-
clusions about the importance of the range of expert
opinions to the overall policy debate. Apparent deep
disagreements can make little difference to the pol-
icy conclusions or be critically important (11).

We conducted detailed expert elicitations with 16
leading climate scientists as part of a Carnegie Mel-
lon program of integrated assessment of climate
change (12). Several limited elicitations on climate-
related topics have been reported in the literature [13
(for a critique see Stewart, T. R.; Glantz, M. H. Cli-
mate Change 1985, 7, 159-83), 14, 15|, but ours were
more technically detailed. Because we were con-
cerned about both model uncertainty and param-
eter uncertainty, we also developed several new ques-
tion designs and response modes not used in
previous elicitations.

The results reveal a rich diversity of expert opin-
ion. Aside from estimates of climate sensitivity, de-
fined here as the global average surface warming
caused by a doubling of carbon dioxide concentra-
tions, they indicate a greater disagreement than we
believe is usually conveyed in scientific consensus
documents. We are aware of one instance in which
such a panel attempted to use subjective probabil-
ity distributions to characterize uncertainties (16, 17).
Although such techniques require time and care, we
believe that more general use of these methods could
improve communication significantly.

We find there is almost no agreement about the
effect of climate change on policy-relevant factors
such as changes in precipitation over land and var-
ious forms of interannual variability. However, ex-
perts agree that uncertainties in policy-relevant mea-
sures, such as climate sensitivity, could be reduced
by about 20% over the next decade or two if re-
search substantially improves understanding of con-
vection/water vapor feedback or cloud optical prop-
erties. Research on oceanic convection and CO,
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exchange with terrestrial biota and the oceans could
yield 10% reductions in uncertainty. Although en-
couraging, these findings suggest that dramatic re-
ductions in uncertainty are unlikely for the next few
decades.

Interviewing the experts

Judgments about uncertainty can be subject to bi-
ases, resulting from the cognitive heuristics people
use when reasoning under uncertainty (18). In de-
signing elicitation protocols, such effects must be
minimized (8). We developed the interview proto-
col over a nine-month period. We first listed tech-
nical and policy questions that we believed were cen-
tral to our integrated assessment. To assure systematic
coverage and avoid the effect of cognitive heuris-
tics called the availability bias (18), we constructed
a number of influence diagrams. By iterating be-
tween policy concerns, the scientific literature, and
trial questions administered to our colleagues, we
made trade-offs to reduce the set of questions to
something that could be completed in a day. We ran
full-scale rehearsals with Mark Handel of MIT (now
at NRC) and Filippo Giorgi at NCAR. Ann Henderson-
Sellers of Macquarie University reviewed the draft ma-
terials. Originally, we planned to conduct two rounds
of interviews: the first to develop questions that all
experts found appropriate, the second to adminis-
ter them. Resource constraints prevented this. We did
conduct a simple mail survey of the experts that re-
vealed several problems before we started the inter-
views. Modest mid-course refinements were made in
the protocol, one after the third and the other after
the sixth interview. Simple mail-back questions were
used to get uniform coverage. .

The protocol was produced as a workbook (19).
The interviews began with a general introduction. In
Part 2 we spent between 0.5 and 2.5 h in a free-
wheeling technical discussion that began with a cri-
tique of a briefing paper we had previously distrib-
uted in an effort to clarify key concepts and
definitions (20). We asked experts to provide us with
a detailed commentary on the state of the field, par-
ticularly discussing issues they believed were get-
ting too much or too little attention. To assist them,
we provided an influence diagram of our construc-
tion as well as one from the literature (21, 22). No one
chose to make significant use of these diagrams.

Part 3 involved a series of questions about un-
certain coefficient values and typically lasted be-
tween 1 and 1.5 h. Responses were elicited in the form
of subjective probability distributions, using stan-
dard methods from the literature (8). A number of
broader questions also were posed about time dy-
namics, interannual variability, and the nature and
structure of the climate system.

Part 4 involved a card-sorting task to systemati-
cally identify and rank order the factors that con-
tribute to uncertainty about climate sensitivity. This
lasted about an hour.

Part 5 involved a two-stage process of building a
zero-based U.S. climate research budget at a level of
$1 billion per year for 15 years. This task, which in-
volved the use of checkers on specially constructed
game boards, typically required about an hour.

In the final part, we asked the experts to system-

atically identify and discuss surprises that might be
uncovered by this research program. Then they quan-
titatively judged how these surprises might influ-
ence the mean and standard deviation of their fu-
ture judgment of the uncertainty of the value of
climate sensitivity. All were cooperative, complet-
ing the entire process. However, we frequently sensed,
as the final question came to a close, that we had
pushed to the limit of endurance. Several experts said
they found the process exhausting but intellectu-
ally stimulating. Most spoke enthusiastically about
the experience in our wrap-up conversation.

Because each set of expert judgments is offered
as a single considered view, it generally is not ap-
propriate to average across the results obtained from
different experts (for an elaboration see section 7.7
in (8)). For this reason, we made no attempt to se-
lect a group that was “statistically representative” of
the field. Rather, we sought to include at least one
representative from most of the mainstream schools
of thought. We gave serious consideration to the qual-
ity of scientific credentials; all experts could be char-
acterized as “serious scientific players of the first
rank.” Fiscal and logistical constraints limited the
number and precluded experts outside of the United
States. Three experts declined to participate. The ex-
perts are listed in the sidebar. Numbers used to ref-
erence experts were assigned randomly.

All interviews were recorded and transcribed. Tran-
scripts are between 20,000 and 56,000 words. In ad-
dition, the two authors, who jointly conducted all the
interviews, took extensive notes. Finally, experts re-
corded specific responses in written form in the in-
terview workbook. Detailed results can be made avail-
able to researchers who wish to make use of specific
findings. We report selected highlights. Further de-
tails will be reported in additional papers.

Parameter values and dynamics

Equilibrium temperature response to doubling the
concentration of CO, (2 x [CO,]) has become a
benchmark for assessing climate sensitivity. Al-
though the applicability of such scenarios to prac-
tical estimates of climate impact is indirect and con-
troversial, we began Part 3 with questions about a 2
x [CO,] scenario because all the experts would have
considered this case. We asked the experts to pro-
vide a probability distribution for “the equilibrium
change. . .in global average surface temperature” given
“a doubling of CO, from pre-industrial levels. . .” as-
suming “anthropogenic aerosols and other [green-
house gases] remain at current levels.” We defined
“equilibrium change” as elapsed time of about 200
years. IPCC’s best estimate in 1990 was 2.5 K (3) and
in 1992 it was “unlikely to lie outside the range 1.5
to 4.5 °C” (22).

The experts’ probability distributions are sum-
marized as box plots in Figure 1. We asked them to
consider all possible outcomes. Experts 2 and 4 pro-
duced a separate distribution for a “state change” or
a “surprise,” respectively. Except for these two dis-
tributions and that of Expert 5, all the distributions
are remarkably similar. Note that 5 of the 16 ex-
perts assess a small probability that a 2 x [CO,] sce-
nario could lead to net cooling. These negative val-
ues typically were explained by arguments about the
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Surface temperature change

Box plots of elicited probability distributions of climate sensitivity, the change
in globally averaged surface temperature for a 2 X [CO,] forcing. Horizontal
line denotes range from minimum to maximum assessed possible values.
Vertical tick marks indicate locations of lower 5 and upper 95 percentiles.
Box indicates interval spanned by 50% confidence interval. Solid dot is the
mean and open dot is the median. The two columns of numbers on right side
of the figure report values of mean and standard deviation of the distributions.
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Meridional temperature gradient

Box plots of elicited expert subjective probability distributions for meridional
temperature gradient (Equator to region above 70 °N) for a 2 x [CO,] forcing.
The current value is 40 K. Display conventions are as in Figure 1.
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disruption of North Atlantic deep-water formation.

We next asked experts for the “equilibrium value
of the change in meridional temperature gradient”
in the Northern Hemisphere. Responses to this ques-
tion (Figure 2) show much greater variability than the
previous question. Most experts expect polar re-
gions to warm more than low-latitude regions and
judged that the gradient would become more shal-
low. However, note that five experts assess a >5%
chance that the gradient could steepen. Asked to ex-
plain the 10% chance he'd placed on the gradient ex-
ceeding 40 K, Expert 1 said he was thinking about a
feedback that increased polar snow and ice cover.

We asked experts to estimate the impact of the
same scenario on the “annual amount of precipita-
tion over land” at several latitudes. The heavy dots
and solid bars in Figure 3 summarize results (in-
creases to the right, decreases to the left) from the
11 experts who answered. There was no clear con-
sensus, even about the qualitative form of the lati-
tudinal dependency. For example, four experts an-
ticipated a sizable increase in equatorial precipitation
relative to adjacent latitudes, whereas four clearly did
not. We asked experts for a judgment about change
in the interannual variability of precipitation. The four
experts who responded (open dots and light solid bars
in Figure 3) predicted an increase in interannual vari-
ability at intermediate latitudes. There was no con-
sistency in the results at high or low latitudes.

In our pre-interview surveys, several experts told
us to ask about variability. In addition to the precip-
itation question, we asked if the strength of an os-
cillatory behavior in the Pacific Ocean, known as El
Nifio-Southern Oscillation (ENSO), would be a good
indicator of regional-scale interannual variability. All
16 answered yes, though several said it was a “use-
ful but not sufficient indicator.” We asked how the
standard deviation of the ENSO sea surface temper-
ature anomaly in the eastern equatorial Pacific might
change from its current value of 0.6 K under 2 x [CO.].
Ten experts could not answer this question and six
added that they did not believe anyone else had the
knowledge to answer. Those who did answer pro-
vided the following estimates of the ratio change in
standard deviation: Expert 1, 1.1; Expert 5, ~1; Ex-
pert 7, 1.5; Expert 13, 1.1 to 1.5; Expert 14, >1; and
Expert 16, <1 "with low confidence.” In our wrap-up
discussions, several experts returned to stress the im-
portance of variability. For example, Expert 14 noted
that we had not asked about possible changes in the
frequency of long-lasting extreme events such as
droughts. We queried, “Suppose we had asked you
questions about extreme events and droughts. . ." and
were told, “1 would have given you an answer equally
evasive as my answer about ENSO.”

Anthropogenic aerosols generally are thought to
cause cooling. Figure 4 summarizes responses to the
question, “What is your current subjective probabil-
ity distribution for the true value of the average con-
tribution today of anthropogenic aerosols to radia-
tive forcing in the Northern Hemisphere in W/m*2"
including both direct and indirect effects, reported
as mean and 90% confidence interval. Of the 13 re-
sponses received, 4 of the means lie in the interval
—1 to <0 and 9 lie in the interval -2 to £ 1.

Our first question about climate sensitivity was
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Solid dots and bold bars show "best estimates” and 90% confidence intervals for experts’ judgments of “longitudinally averaged
average annual precipitation over land” as a function of latitude for 2 X [CO,]. Dashed lines were drawn by experts. Open dots
and light bars show experts’ estimated change in the standard deviation of interannual variability. Estimated changes in soil

moisture are reported with shaded dots and light bars.
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based on specitying a CO, concentration. However,
because of incomplete understanding of biogeo-
chemistry, there also is uncertainty about what con-
centration results from a given level of emissions. To
obtain an estimate of this uncertainty, we asked ex-
perts to assume that the current mix of anthropo-
genic emissions was adjusted to a level judged most
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likely to result in the same amount of radiative forc-
ing as 2 x [CO,|. They estimated the associated un-
certainty by editing a copy of the distribution they
had provided for the 2 x [CO,| scenario. The result-
ing means and standard deviations are reported in
the left-hand part of Table 1. Question formulation
constrained the resulting means to values similar to
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Responses of the 16 experts to various questions

Columns two to four report judgments about climate sensitivity of global average surface temperature, based on emissions rather
than concentration. A value of 1 in column four means the expert believes uncertainty in going from emissions to concentration
(i.e., uncertainty about biogeochemistry) is negligible compared with uncertainty in going from concentration to temperature
change. The four center columns report responses to questions about multiple-climate states. The last column reports the chance
that uncertainty about climate sensitivity will increase by more than 25% after a 15-year research program specified by the expert.

Future
Climate sensitivity for changed emissions Questions about multiple-climate states uncertainty
Chance climate

Ratio of Are there How much sensitivity
standard multiple Can forcing Probability CO, to uncertainty
deviations: stable with CO, alone  that 2 x CO, produce a 20%  grows >25%

Expert Standard  flux/concen-  climate cause a will cause chance of after a 15-year

number  Mean  deviation tration states? state change? a state change?  state change? research program

1 22 1.2 1.4 yes yes < 0.05 8x CO, 10

2 29 4.4 15 yes weak yes 0.1t0 0.2 na 18

3 26 23 1.0 yes yes 0.2 na 30 (Note 4)

4 5.1 6.9 1.3 yes yes 201 na 22

] 0.3 0.2 1.0 Note 1 no implicit 0 na 30

6 257 2.0 1.0 yes yes 0to <0.01 na 14

2 2.6 1.8 1.2 yes weak no implicit 0 na 20

8 3.2 251 1i5 yes yes 0.05 4% CO, 25

9 31 3.2 1.8 yes yes 0.01t0 0.1 na 12

10 2.7 1.2 12 yes yes very small 24 x CO, 20

1 3.0 2.0 14 yes no (Note 2) na na 40

12 3.3 1.6 14 yes yes 0.5 na 16

13 2.2 1.4 1.4 yes yes 0.25 na 12

14 3.0 1.1 1.1 no no na na 18

15 29 1.8 1.4 yes yes 0.02 10x CO, 14

16 3.0 14 14 yes yes (Note 3) na na 8

na = Expert did not answer.

Note 1: Expert 5 views the climate system as a nonequilibrium system wandering through phase space.
Note 2: Expert 11 specified not at plausible CO, levels.
Note 3: Expert 16 observed that on time scales of hundreds to thousands of years significant state change could result from melting of Greenland ice cap and

reduction in the thermohaline circulation,
Note 4: Expert 3 used a different response mode for this question. He gave a 30% of an increase by a factor of 525,

those in Figure 1. Experts broadened their distribu-
tions by between 0 and 80% with a mean increase
of 30% (fourth column of Table 1).

In order to explore their beliefs about the dy-
namic response of the climate system, we gave the
experts a linear CO, concentration ramp, which
started at 353 ppm and reached a concentration of
560 ppm over the next 50 years. We then asked them
to sketch the time response of the corresponding av-
erage surface temperature. We offered the option of
stating a time constant and asymptotic value. Ex-
pert 10 gave us a mixture of two time constants.

To avoid an anchoring effect, we offered a choice
between two different time resolutions. It is our im-
pression that experts had firm views on this subject
and that this precaution was unnecessary. Results are
reported in Figure 5. Most experts displayed consid-
erable consensus. Experts 2, 6, and 9 also gave con-
fidence intervals (not shown), which in the case of
Experts 2 and 6 included a small possibility of fall-
ing temperatures (by 2100 and 2150, respectively) af-
ter initial warming, because of a possible dramatic
change in the large-scale thermohaline circulation.

In a series of questions we asked whether the cli-
mate system has other stable states; whether forc-
ing from CO, alone could move the system to a new
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state in which it would remain for many years after
the forcing was removed; and, if so, how much forc-
ing with CO, would be required for a 20% chance of
accomplishing this. Most believed that forcing by CO,
alone could move the climate into another state (mid-
dle of Table 1). About half of the experts gave prob-
abilities of > 5% and a quarter gave probabilities of
> 20% that 2 x [CO,] could produce such a change.
In describing a “new state,” experts gave examples
ranging from an end to the production of North At-
lantic deep water to more extreme outcomes.

The experts generally agreed that predicting small-
scale climate change by “downscaling” from the re-
sults of large-scale models was a tractable prob-
lem. Most mentioned two methods: nested dynamic
models and statistical extrapolation from correla-
tions between large and small scale in the current cli-
mate. We asked them to estimate the fraction of the
uncertainty in small-scale climate prediction from un-
certainties in predicting the large-scale response ver-
sus uncertainties in performing the downscaling.
Most judged uncertainty in the large-scale sensitiv-
ity as the dominant factor in the total uncertainty,
9 of 10 = 70%. In addition to three “don't knows," qual-
itative responses included words like “substantial” and
“could be dominant.”



Sources of uncertainty

In Part 4, we explored the factors that contribute to
uncertainty about climate sensitivity. We presented
the experts with factors on two sets of cards. One set
consisted of eight factors involving boundary con-
ditions, including the biogeochemistry, that deter-
mine concentrations from anthropogenic emis-
sions (denoted by BC in Table 2). The second set
consisted of 14 factors that determine the climate
sensitivity given a concentration (denoted by CS in
Table 2). Experts reviewed our parsing of the prob-
lem and changed the wording on the cards until they
were content that everything important had been in-
cluded. They were then asked to rank order the two
sets of factors in terms of contribution to uncer-
tainty about climate sensitivity, assuming anthro-
pogenic emissions were known. Finally, two cards
having to do with the mechanics of modeling were
introduced (denoted by MD in Table 2). Experts
merged the three sets to obtain the top five factors
contributing to their uncertainty. Table 2 lists the fac-
tors as they appeared on the cards, along with more
detailed information for the top five. Because some
experts ranked more than one factor at the same level,
the second entry reports weighted ranks. Three dif-
ferent ordering procedures (number of mentions,
weighted number of mentions, and weighted sum of
number of mentions) vield the same top five fac-
tors across the set of all experts.

We asked how much uncertainty reduction could
be achieved, in the 90% confidence interval, if re-
search could completely eliminate the uncertainty
associated with each of the five top-ranked items. This
allowed a rough quantification of differences be-
tween the qualitatively ranked factors. The last cal-
umn of Table 2 reports the mean of these esti-
mates, which had a uniform distribution. Because the
categories are not exclusive and the system is non-
linear, the sum of the ratio reductions may be >1.

Temperature response

FIGURE 4

Radiative forcing

Elicited expert subjective judgments of mean and 90% confidence interval
on “the true value of the average contribution today of anthropogenic aerosols

to radiative forcing in the Northern Hemisphere in W/m?.”
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Part 5 addressed issues of research design and fu-
ture research needs. We asked experts to discuss pos-
sible tensions between short-term prediction and
other mission-oriented objectives and fundamen-
tal understanding. We had the experts “allocate a re-
search budget of $1 billion/year in climate science
over a period of 15 years” to minimize uncertainty
in a set of global-scale variables such as those con-
sidered in Part 3. To draw a sharp distinction be-

Summary of experts’ judgments about climate system response to a linear concentration ramp that leads to a doubling of CO,
over the next 50 years. Experts 2 and b also gave confidence intervals (not shown), which included some possibility of falling
temperatures (by 2100 and 2150 respectively) after initial warming, because of the possibility of a dramatic change in the large-

scale thermohaline circulation.
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Experts interviewed in the study

Expert numbers used in reporting results do not correspond with
either alphabetical order or interview order.

James Anderson, Harvard University

Robert Cess, State University of New York at Stony Brook

Robert Dickinson, University of Arizona

Lawrence Gates, Lawrence Livermore National Laboratories

William Holland, National Center for Atmospheric Research

Thomas Karl, National Climatic Data Center

Richard Lindzen, Massachusetts Institute of Technology

Michael MacCracken, U.S. Global Change Research Program

Syukuro Manabe, Geophysical Fluid Dynamics Laboratory

Ronald Prinn, Massachusetts Institute of Technology

Stephen Schneider, Stanford University

Peter Stone, Massachusetts Institute of Technology

Starley Thompson, National Center for Atmospheric Research

Warren Washington, National Center for Atmospheric Research

Tom Wigley, University Center for Atmospheric Research/National
Center for Atmospheric Research

Carl Wunsch, Massachusetts Institute of Technology

tween a topic’s importance and the marginal cost of
making research progress, we posed the question in
two parts. Experts first placed 50 chips on a spe-
cially designed game board indicating the relative im-
portance of each of six categories. The game board
was divided by “observational and data manage-
ment” and “understanding and prediction” on one
atmospheric and
ocean dynamics,” and “biogeochemical cycles” on
the other. Then they received a much larger game
board that preserved the six-part division but added
two lower levels of disaggregation. Space precludes
our providing more than a brief summary of the re-
sults. A draft manuscript that provides greater de-

" o

axis, and “radiative properties,

tail is available from the authors.

We found considerable diversity of opinion about
the issues most needing research and the strategies
most likely to yield improved understanding. How-
ever, a few generalizations are possible. Although
there was little consensus on the importance of ob-
servational studies (16 to 76% of the importance
weight) all experts allocated > 60% of their budget
(mean = 71%) to observational and data manage-
ment activities. Most allocated the largest amount to
activities in atmospheric and oceanic dynamics (min
= 28%, mean = 47%, max = 63% for observational and
data management; and min = 27%, mean = 42%, max
= 62% for understanding and prediction). Three ex-
perts allocated > 80% to observational activities. Of
these, Experts 4 and 13 allocated the largest por-
tion of their budget to studies of radiative proper-
ties (60% and 40%). Most allocated the smallest
amount to observational studies of biogeochemical
cycles (min = 9%, mean = 19%, max = 34%). Few of

the experts work primarily in this area.

We found broad agreement that the research com-
munity does a poor job of using the results of process
studies or field experiments on subjects such as cloud
microphysics to improve large-scale models. Several ar-
gued this was due not only to the difficulty of such syn-
thesis but also to systematic poor coordination within

the atmospheric science community.
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We found fairly wide agreement on the need to
expand monitoring of key climate variables. Al-
though most saw space-based observation as criti-
cal, many gave greater emphasis to smaller, cheaper,
and more flexible platforms that allow more consis-
tent coverage and more rapid programmatic adap-
tation. Low-cost, autonomous atmospheric and oce-
anic platforms received several mentions as deserving
greater attention. The need for expanded oceanic and
paleoclimatic studies and for expanded computa-
tional power also was emphasized frequently.

There was strong divergence of opinion about the
relative importance of theory and modeling versus
observational studies in reducing policy-relevant un-
certainties. The extreme views may be caricatured as
follows: “We have all the data needed to make sub-
stantial progress on reducing the uncertainty of cli-
mate prediction. We need to be smarter about us-
ing what we have, and we need more computational
power” and “The problem is too difficult to solve in
the next few decades before clearly detectable change
may occur. Our best course is to build a strong and
systematic climate monitoring program and inter-
pret the results, using our best available models, to
determine the climate sensitivity as change oc-
curs.” Observationalists tended to favor the second
position, but surprisingly, some modelers strongly
concurred.

On various occasions we asked about the utility
of large “climate system” models that couple atmo-
spheric and oceanic GCMs with models of the land
surface, the carbon cycle, or atmospheric chemis-
try. Few experts believed that the results of such mod-
els should be trusted in a quantitative sense. How-
ever, many claimed that building such models was
a healthy exercise because it encouraged scientists
to consider related disciplines.

At the end of the budget discussion, we asked the
experts to assume that $1 billion per year was be-
ing allocated to research in climate science and asked
them to indicate what they considered a “socially ap-
propriate” annual research budget for seven other ar-
eas. Average responses in millions of dollars per year
were as follows: human emissions, 60; ecosystem re-
sponse, 130; socioeconomic impacts and adapta-
tion, 120; strategies for abatement, 630 (the highest
3 allocations were 800, 2000, and 5000; the average
of the remaining 12 experts was 200); strategies for
geoengineering, 47 (3 responses were 0); and inte-
grated assessment, 38.

Exploring surprises
Having reminded the experts of their earlier mean
and standard deviation judgements of climate sen-
sitivity, we asked them to describe things that, if
learned in the course of the research program they
designed, would change the distribution of a re-
peated interview 20 years from now, after the re-
search was completed. All were able to describe many
such potential discoveries.

Several pursued a logic similar to that of Expert
4, who, when asked what could be learned “that
would result in your concluding that your mean es-
timate of delta T was a good deal less than it cur-
rently is,” responded “that would mean finding. . .ei-
ther a new negative feedback or a feedback that was



Uncertainty sources

Summary of results from the card-sorting task to determine sources of uncertainty about climate sensitivity. The first column
praduces the wording exactly as it appeared on the cards. The mnemonics BC (boundary conditions), CS (climate sensitivity), and
MD {modeling details) denote the three groups in which the cards were originally presented before the final merge. In the body of
the table the first value reported is the number of times the rank was assigned. In the second value, each expert's assignment of
a rank to an entry is weighted inversely by the total number of entries that expert gave that same rank. The column labeled
Weight is the weighted sum of the weighted ranks, where rank 1 is weighted 1, rank 2 is weighted 0.8, and so on. The last column
reports the mean of the experts’ estimates of how much uncertainty reduction there would be in their estimate of climate

sensitivity, if all uncertainty about this factor were removed.

Rank
Mean % uncertainty

Wording on card 1 2 3 4 5 Weight  reduction w/ full info.
Cloud [distribution and] optical properties

{including aerosol effects)}—CS 91.7 1 1 3 9.20 38
Convection/water vapor feedback (all

processes transport water vertically

excluding transport in the planetary

boundary layer}—CS 6/3.53 3 2 713 35
Carbon dioxide exchange with terrestrial

biota—BC 1/0.2 1025 325 545 1 3.90 19
Carbon dioxide exchange with the oceans

(including ocean biota}—BC 1025 5/4 2n5 2 3.60 16
Oceanic convection (e.g., high-latitude

production of deep water)}—CS 3/2.33 1 1 2.46 22

The additional cards, listed in order of the weighted sum of the weighted ranks (in parentheses) were:

Spatial resolution of ocean models—MD (2.4)

Effect of flux correction on results of coupled models—MD (1.75)
Initial state of the ocean—CS (1.6)

Large-scale atmospheric dynamics (large-scale processes which
transport heat, water, and momentum horizontally)—CS (1.43)
Large-scale oceanic dynamics—CS (1.40)

Land surface interactions (hydrological properties including plant
physiological response but not ecosystem change}—CS (1.35)

Solar flux variations—BC (0.80)

Ocean/atmosphere bulk transfer laws—CS (0.80)

Aerosol chemistry and physics (known emissions — aerosol
densities, e.g., SO, to H,S0,)—BC (0.75)

Methane nonanthropogenic sources and all sinks (e.g.,
removal by OH)—BC(0.46)

Atmospheric boundary layer physics—CS (0.33)

Oceanic quasi-vertical mixing processes (heat and salt)—CS

lce—ocean feedback (salt pump)—CS (1.06)

Ice-albedo feedback—CS (1.00)

“All ocean response and coupling”.—CS (0.80) See note 2
Clear sky properties of aerosols—CS (0.08)

(0.15)

Atmospheric mixing processes (horizontal mixing, other
than water, but not in the planetary boundary layer)—CS (0)
Other CHG nonanthropogenic sources and all sinks—BC (0)
Voleanic activity—BC (0)

Note 1: Expert 2 created a separate category “OH distribution and chemistry,” which he ranked 1 along with four other categories.
We have reparted it here under “methane nonanthropogenic sources and all sinks,” although the basis of his concem was broader.
Note 2: Expert 8 created a new summary category called “all ocean response and couplings.”
Note 3: Expert 11 split the distribution of clouds among "atmospheric boundary layer physics,” “convection/water vapor feedback,” and "large-scale atmospheric

dynamics” rather than include it under “cloud optical properties.”

Note 4: Expert 12 added “spatial resolution of atmospheric models” to “spatial resolution of oceanic models” and reported them together. We have reported this

under spatial resolution of oceanic models.

much stronger than you thought.” He discussed spe-
cific possibilities, focusing on clouds. Expert 5 noted
that if new “paleo data were to demonstrate that av-
E']'Zlge lflnpﬁ'rﬂ{llrt‘. - [Over lht‘ lf[)l)i('ﬁ wads not sta-
ble. . .that would call for a revolution in the field” and
elaborated some implications. Expert 2 focused on
how the cycles for greenhouse gases might be af-
fected, noting, for example, that if “the oxidizing ca-
pacity of the atmosphere becomes saturated. . .[that
will] drive up the lifetime of methane.”

Several experts emphasized discoveries that might
be made about the ocean. Expert 6 said, "Suppose
that the conveyer belt doesn't just simply turn off in
the Atlantic, but it turns on in the Pacific; then it could
be that the nature of the Pacific overturning could
drive a lot more heat to high latitudes. . .so that some-
how we could get a warmer climate.” He focused par-

ticularly on switching between “a set of stable or
metastable states.”

We asked the experts to quantify their judgment
by distributing 50 checkers (2% each) on a 6 x 7 cell
game board in the space of mean values (p) and stan-
dard deviations (o) for their possible future esti-
mates of climate sensitivity under forcing from the
mix of all anthropogenic sources. For example, the
center cell of the board encompassed the range of
outcomes 0.75p to 1.25p and 0.750 to 1.256. By in-
tegrating the data over p, we get the experts’ sub-
jective probability distributions of the change in their
estimate of uncertainty in climate sensitivity attrib-
utable to the results of the research program that they
view as most likely to reduce uncertainty. Results are
summarized in the rightmost column of Table 1. Only
five specifically said that uncertainty could de-
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crease by more than 75% (mean probability esti-
mate 0.09). Most expect a modest reduction in un-
certainty (weighted mean reduction of 8%). They gave
probabilities of between 0.08 and 0.40 (mean = 0.18)
that, after the research was completed, they would
be > 25% more uncertain than they are today.
These results, along with the estimates of uncer-
tainty reduction reported in Table 2, strongly sug-
gest that our ability to predict the gross character of
climate change will improve slowly, even with well-
designed research programs. These findings appear
to be at odds with the consensus view expressed in
the IPCC document (3), which predicts “substan-
tial” reduction in uncertainty in the next 10-15 years.

Reasons for consensus

Where possible we checked for biases from ques-
tion formulation by assuming that experts must be
consistent in certain ways. For example, we as-
sumed that it is inconsistent to believe that flux-to-
concentration feedbacks introduce no extra uncer-
tainty in climate sensitivity (Part 3) while asserting
that removal of all uncertainty about a biogeochem-
ical factor would reduce overall uncertainty (Part 4).
We identified three experts who had expressed such
views, and asked them to reconsider.

We can hypothesize four possible sources of the
high degree of consensus observed among the ex-
perts in their judgments of climate sensitivity, and
the much lower consensus about meridional tem-
perature gradient and zonally averaged precipita-
tion: varying degrees of familiarity with the rele-
vant science, differences in the intrinsic scientific
difficulty of the questions, conventional psycholog-
ical anchoring, and differences in the cognitive dif-
ficulty of various response modes.

From the responses in Part 6, it is possible to con-
struct an independent estimate of climate sensitiv-
ity. We combined normal distributions with means
and standard deviations given by their position in the
(1,0) space using the elicited weights. Because these
judgments were made by systematically consider-
ing the relevant sources of uncertainty (the card-
sorting task) and then designing a research pro-
gram to address them, the result arguably constitutes
a more carefully considered judgment than the ini-
tial holistic judgment of sensitivity. The results are
almost identical. Had there been a strong psycho-
logical anchoring in the initial judgments that pre-
vented experts from incorporating possible sur-
prise in their answers, it should have been revealed
here. The strong consistency between responses sug-
gests that experts have robust beliefs about the un-
certainty associated with climate sensitivity.

We hypothesize that the disagreement about me-
ridional temperature gradient results primarily from
the experts’ unequal familiarity with the relevant sci-
ence rather than from question formulation or in-
trinsic difficulty. Precipitation is known widely as an
inherently difficult problem. We hypothesize that it
is this difficulty that leads to the divergent re-
sponses we received.
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