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How	
  are	
  we	
  doing	
  in	
  the	
  eyes	
  of	
  
some	
  of	
  our	
  peers?	
  

2	
  

“[Integrated	
  Assessment]	
  models	
  
have	
  crucial	
  flaws	
  that	
  make	
  them	
  
close	
  to	
  useless	
  as	
  tools	
  for	
  policy	
  
analysis.”	
  (Pindyck,	
  2013)	
  
	
  
“all	
  models	
  are	
  wrong,	
  but	
  some	
  
are	
  useful.”	
  (George	
  Box)	
  

What our models are useful for?  



How	
  are	
  we	
  doing	
  in	
  the	
  eyes	
  of	
  the	
  public?	
  
-­‐>	
  Press-­‐coverage	
  of	
  a	
  recent	
  Snowmass	
  mee?ng	
  

“Can	
  Dr.	
  Evil	
  Save	
  The	
  World?	
  	
  
Last	
  summer,	
  an	
  elite	
  group	
  of	
  scien?sts,	
  economists	
  and	
  government	
  
officials	
  gathered	
  at	
  Snowmass	
  ski	
  resort	
  near	
  Aspen,	
  Colorado,	
  to	
  
contemplate	
  the	
  end	
  of	
  the	
  world.”	
  
	
  
	
  “Weyant,	
  surprised	
  by	
  the	
  “emo?onal	
  and	
  religious”	
  debate	
  	
  
over	
  Wood’s	
  proposal,	
  cut	
  off	
  discussion	
  before	
  it	
  turned	
  into	
  a	
  shou?ng	
  
match”	
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Do	
  we	
  have	
  the	
  educa?on,	
  informa?on,	
  and	
  tools	
  to	
  ra?onally	
  
analyze	
  and	
  discuss	
  climate	
  risk	
  management	
  strategies	
  in	
  the	
  
face	
  of	
  poten?al	
  high-­‐impact	
  events?	
  
	
  

What	
  are	
  examples	
  of	
  high-­‐impact	
  events?	
  



Climate	
  
Change	
  can	
  
be	
  abrupt.	
  

Data from Meese et al. (1994) and  Stuiver et al. (1995). 
20 year running mean, d18O-temp conversion based on Cuffey et al., 1995 

What	
  is	
  one	
  
poten?al	
  
mechanism	
  for	
  
abrupt	
  climate	
  
changes?	
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data	
  from	
  Meehl	
  et	
  al.	
  (2007);	
  figure	
  adapted	
  from	
  Randall	
  et	
  al.	
  (2007)	
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Two	
  interrelated	
  
challenges:	
  
(i) 	
  Coupled	
  natural	
  and	
  

human	
  systems	
  can	
  
react	
  with	
  nonlinear	
  
and	
  persistent	
  
threshold	
  responses.	
  

(ii)  Risk	
  es?mates	
  about	
  
these	
  threshold	
  
responses	
  are	
  deeply	
  
uncertain. 

What are examples of 
potential threshold 
responses? 
How do IAMs treat them? 
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Probability of triggering the response
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Nicholas	
  and	
  Keller	
  (2012),	
  synthesis	
  of	
  published	
  assessments	
  

Integrated	
  
Assessment	
  
models	
  are	
  
typically	
  
silent	
  on	
  
poten?al	
  
climate	
  
threshold	
  
events.	
  

What	
  are	
  poten?al	
  
impacts	
  for	
  one	
  
specific	
  example?	
  	
  

See talk by Bill 



A	
  poten?al	
  GIS	
  disintegra?on	
  could	
  eventually	
  raise	
  the	
  
global	
  mean	
  sea	
  level	
  by	
  roughly	
  seven	
  meters	
  and	
  
impose	
  sizable	
  risks.	
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6 Meter Inundation

Inundated Area

Haskell Indian 
Nations University

0 100 200 300 400 500 Miles

0 150 300 450 600 750 Kilometers

Inundation Map Courtesy of CReSIS 

Who	
  cares	
  and	
  why?	
  

https://www.cresis.ku.edu/data/sea-level-rise-maps 



Decisions	
  to	
  adapt	
  to	
  sea-­‐level	
  rise	
  are	
  made	
  in	
  the	
  face	
  of	
  	
  
diverse	
  objec?ves	
  and	
  risk-­‐management	
  instruments.	
  	
  

Port	
  of	
  Los	
  Angeles	
  
•  Focus	
  on	
  adapta?on.	
  
•  Focus	
  on	
  robust	
  economic	
  viability	
  	
  
and	
  (rela?vely	
  low)	
  reliability.	
  

•  Rela?vely	
  short	
  (~	
  decadal)	
  ?me-­‐scale.	
  

The	
  Netherlands	
  
•  Interac?ons	
  of	
  mi?ga?on,	
  adapta?on,	
  and	
  
geoengineering.	
  

•  Focus	
  on	
  saving	
  human	
  lives	
  and	
  very	
  high	
  
reliabili?es	
  (needs	
  deeply	
  uncertain	
  tails	
  of	
  the	
  
distribu?on).	
  

Tuvalu	
  
•  Interac?ons	
  of	
  mi?ga?on,	
  adapta?on,	
  and	
  
geoengineering	
  (“Tuvalu	
  Syndrome”).	
  

•  Focus	
  on	
  sustainability.	
  
•  Decadal	
  to	
  century	
  ?me-­‐scales.	
  	
  

8	
  How	
  have	
  such	
  decisions	
  been	
  analyzed?	
  

See	
  talks	
  by	
  Tad,	
  
David,	
  Rob,	
  and	
  

Bob.	
  



Two	
  approaches	
  to	
  decision	
  analysis.	
  	
  

parameter

probability

utility

Integrated
Assessment

Model

reliability, worst case, ...

Strategies, ...

Strategy

justice, ...

Legend

Expected Utilitity Maximization
(Bernoulli 1788)

Robust Decision Making
(e.g., Lempert et al 2012, McInerney et al. 2012)

Coupled Epistemic Ethical Questions

Epistemology (What can we learn?) Ethics (How should we act?)

Keller, Tuana, and Lempert (in prep) 9	
  

Step	
  one:	
  
characterize	
  
the	
  relevant	
  	
  
interac?ons…	
  

See talks by 
David, Rob, 
and Nancy 
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  What is a useful model of the relevant interactions? 



What	
  is	
  a	
  
useful	
  model	
  
of	
  the	
  
relevant	
  
interac?ons?	
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“Mandala […]  is a 
spiritual and ritual 
symbol in 
Hinduism and 
Buddhism, 
representing the 
Universe.” 

Can	
  we	
  come	
  up	
  with	
  
more	
  parsimonious	
  
model?	
  



Assessing	
  	
  
climate	
  risk	
  
management	
  
strategies	
  
requires	
  the	
  
analysis	
  of	
  
complex	
  
systems	
  with	
  
nontrivial	
  
interac?ons.	
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  are	
  key	
  
research	
  
ques?ons?	
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How large are the 
uncertainties?

What are the trade-
offs between current 
and potential future 

objectives?

What are the 
relevant value 

decisions?

What might be 
actionable early-
warning signals?

Economics
Philosophy
Statistics
Decision Science

Earth System Science

	
  
	
  
	
  
Overarching	
  ques?on:	
  
What	
  are	
  sustainable,	
  
scien?fically	
  sound,	
  
technologically	
  
feasible,	
  economically	
  
efficient,	
  and	
  ethically	
  
defensible	
  climate	
  risk	
  
management	
  
strategies?	
  
	
  
	
  

Why	
  are	
  key	
  ques?ons	
  and	
  challenges?	
  

Addressing these questions requires transdisciplinary networks.  
How can we build and sustain such networks? 



What	
  is	
  SCRiM?	
  

14	
  
What	
  are	
  network	
  components?	
  

•  SCRiM	
  links	
  a	
  
transdisciplinary	
  
team	
  of	
  scholars	
  at	
  
19	
  universi?es	
  and	
  5	
  
research	
  ins?tu?ons	
  
across	
  6	
  na?ons.	
  	
  

•  Coopera?ve	
  
Agreement	
  with	
  NSF	
  
over	
  five	
  years	
  and	
  
11.9	
  million	
  US$.	
  

•  Hub	
  at	
  Penn	
  State	
  
with	
  many	
  
subcontract	
  spokes	
  in	
  
the	
  US,	
  	
  as	
  well	
  as	
  
na?onal	
  and	
  
interna?onal	
  
partners.	
  

•  Scrimhub.org	
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How large are the 
uncertainties?

What are the trade-
offs between current 
and potential future 

objectives?

What are the 
relevant value 

decisions?

What might be 
actionable early-
warning signals?

Economics
Philosophy
Statistics
Decision Science

Earth System Science



Climate	
  sensi?vity	
  es?mates	
  typically	
  
neglect	
  known	
  unknowns.	
  

Olson	
  et	
  al.	
  JGR	
  (2013)	
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Figure 3: Posterior probability distributions (pdfs) for climate sensitivity from observation system simulation
experiments: (top left) ‘Standard’, (top right) ‘Nat. Var., (bottom left) ‘Higher CS’ and (bottom right) ‘Inf.
Priors’. Each grey line corresponds to one realization of unresolved climate noise. “True” input climate
sensitivities are shown by vertical dotted lines. The dashed pdf denotes CS prior in the ‘Inf. Priors’
experiment. Filled (open) red circles denote the mean (median) estimated CS mode, and the red lines
extend one standard deviation around the mean mode. The limits of the y-axes are the same between
panels.
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Do	
  we	
  see	
  evidence	
  for	
  nega?ve	
  learning?	
  

OLSON ET AL.: CLIMATE SENSITIVITY ESTIMATE X - 37
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Figure 3: Posterior pdfs (top row) and cdfs (bottom row) for model parameters obtained using
both temperature and ocean heat content observations. Red: for the NON-UNIF experiment;
blue: for the UNIF experiment. The dashed probability distribution lines represent the priors
used in the NON-UNIF experiment. The dashed whiskers in the box-and-whisker plots extend
to the most extreme data point which is no more than 1.5 interquartile ranges from the box.

D R A F T December 15, 2011, 3:34pm D R A F T

Olson	
  et	
  al.	
  JGR	
  (2012)	
  	
  

•  The	
  “standard	
  approach”	
  is	
  to	
  report	
  
sensi?vi?es	
  to	
  priors,	
  and	
  maybe	
  flag	
  
neglected	
  uncertain?es	
  as	
  caveat	
  	
  
(e.g.,	
  Olson	
  et	
  al,	
  2012).	
  

•  Published	
  climate	
  sensi?vity	
  es?mates	
  
typically	
  neglect	
  important	
  uncertain?es,	
  for	
  
example	
  regarding	
  parametric,	
  structural,	
  and	
  
prior	
  assump?ons.	
  

•  Considering	
  these	
  neglected	
  uncertain?es	
  can	
  
considerably	
  widen	
  the	
  deeply	
  uncertain	
  pdfs	
  
(e.g.,	
  Olson	
  et	
  al,	
  2013).	
  	
  

•  Given	
  this	
  dynamics,	
  one	
  may	
  expect	
  a	
  
widening	
  of	
  reported	
  credible	
  intervals	
  over	
  
?me	
  (“nega?ve	
  learning”).	
  



Current	
  communica?ons	
  of	
  sea-­‐level	
  rise	
  projec?ons	
  are	
  deeply	
  
uncertain	
  and	
  oten	
  miss	
  important	
  processes	
  and	
  uncertain?es.	
  

Alley	
  et	
  al,	
  IPCC,	
  SPM,	
  WG1	
  	
  (2007)	
  

Summary for Policymakers 
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Continued greenhouse gas emissions at or above 
current rates would cause further warming and 
induce many changes in the global climate system 
during the 21st century that would very likely be 
larger than those observed during the 20th century.  
{10.3}

�� Advances in climate change modelling now enable 
best estimates and likely assessed uncertainty ranges to 
be given for projected warming for different emission 
scenarios. Results for different emission scenarios are 
provided explicitly in this report to avoid loss of this 
policy-relevant information. Projected global average 
surface warmings for the end of the 21st century 
(2090–2099) relative to 1980–1999 are shown in Table 
SPM.3. These illustrate the differences between lower 
and higher SRES emission scenarios, and the projected 
warming uncertainty associated with these scenarios.  
{10.5}

�� Best estimates and likely ranges for global average 
surface air warming for six SRES emissions marker 
scenarios are given in this assessment and are shown 
in Table SPM.3. For example, the best estimate for 
the low scenario (B1) is 1.8°C (likely range is 1.1°C 
to 2.9°C), and the best estimate for the high scenario 

(A1FI) is 4.0°C (likely range is 2.4°C to 6.4°C). 
Although these projections are broadly consistent with 
the span quoted in the TAR (1.4°C to 5.8°C), they are 
not directly comparable (see Figure SPM.5). The Fourth 
Assessment Report is more advanced as it provides best 
estimates and an assessed likelihood range for each of 
the marker scenarios. The new assessment of the likely 
ranges now relies on a larger number of climate models 
of increasing complexity and realism, as well as new 
information regarding the nature of feedbacks from the 
carbon cycle and constraints on climate response from 
observations.  {10.5}

�� Warming tends to reduce land and ocean uptake of 
atmospheric carbon dioxide, increasing the fraction of 
anthropogenic emissions that remains in the atmosphere. 
For the A2 scenario, for example, the climate-carbon 
cycle feedback increases the corresponding global 
average warming at 2100 by more than 1°C. Assessed 
upper ranges for temperature projections are larger 
than in the TAR (see Table SPM.3) mainly because 
the broader range of models now available suggests 
stronger climate-carbon cycle feedbacks.  {7.3, 10.5} 

�� Model-based projections of global average sea level 
rise at the end of the 21st century (2090–2099) are 
shown in Table SPM.3. For each scenario, the midpoint 
of the range in Table SPM.3 is within 10% of the 

Table SPM.3. Projected global average surface warming and sea level rise at the end of the 21st century.  {10.5, 10.6, Table 10.7}

Table notes:
a These estimates are assessed from a hierarchy of models that encompass a simple climate model, several Earth System Models of Intermediate 

 Complexity and a large number of Atmosphere-Ocean General Circulation Models (AOGCMs).
b Year 2000 constant composition is derived from AOGCMs only.

 Temperature Change Sea Level Rise  
 (°C at 2090-2099 relative to 1980-1999)a (m at 2090-2099 relative to 1980-1999)

 
 Best Likely Model-based range excluding future 
Case estimate range rapid dynamical changes in ice flow 

Constant Year 2000  
concentrationsb 0.6 0.3 – 0.9 NA

B1 scenario 1.8 1.1 – 2.9 0.18 – 0.38

A1T scenario 2.4 1.4 – 3.8 0.20 – 0.45

B2 scenario 2.4 1.4 – 3.8 0.20 – 0.43

A1B scenario 2.8 1.7 – 4.4 0.21 – 0.48

A2 scenario 3.4 2.0 – 5.4 0.23 – 0.51

A1FI scenario 4.0 2.4 – 6.4 0.26 – 0.59

Surely this would not be missed by sophisticated analysts and decisionmakers…. 
17	
  



The	
  IPCC	
  projec?ons	
  are	
  oten	
  adopted	
  for	
  decision-­‐	
  and	
  risk-­‐analyses	
  
at	
  face	
  value	
  and	
  with	
  apparent	
  neglect	
  of	
  key	
  qualifiers.	
  

Keller	
  and	
  Nicholas	
  (2013)	
  

 3 

 

 

Figure 3 So, is this just a communication problem? 18	
  



The	
  paleo-­‐record	
  and	
  
simple	
  physics	
  suggest	
  
that	
  anthropogenic	
  
climate	
  forcings	
  cause	
  
considerable	
  risks	
  
driven	
  by	
  a	
  poten?al	
  
Greenland	
  Ice	
  Sheet	
  
(GIS)	
  disintegra?on.	
  

Paleo-­‐data	
  from	
  Alley	
  et	
  al	
  (2010),	
  popula?on	
  data	
  from	
  Li	
  et	
  al	
  
(2009),	
  climate	
  projec?ons	
  from	
  Meehl	
  et	
  al	
  (2007).	
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Paleo-­‐records	
  provide	
  
(quasi)	
  equilibrium	
  
responses.	
  	
  
	
  
What	
  is	
  the	
  ?me	
  scale	
  
of	
  the	
  response?	
  

Lenton	
  et	
  al	
  (2008)	
  
states:	
  	
  	
  
“>	
  300	
  years”.	
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Is	
  “>300	
  years”	
  a	
  good	
  model?	
  
What	
  are	
  sensi?vi?es	
  and	
  uncertain?es?	
  



How	
  to	
  iden?fy	
  the	
  most	
  important	
  uncertain?es?	
  

Butler,	
  Reed,	
  Fisher-­‐Vanden,	
  Keller,	
  and	
  Wagener	
  (in	
  revision)	
   20	
  

1.  Global	
  sensi?vity	
  analysis	
  of	
  
the	
  DICE	
  model	
  using	
  ~	
  8M	
  
evalua?ons	
  (for	
  numerical	
  
stability).	
  

2.  One-­‐at-­‐a-­‐?me	
  sensi?vity	
  
analyses	
  can	
  miss	
  important	
  
nonlinear	
  interac?on	
  effects.	
  

3.  Aside:	
  changing	
  climate	
  
sensi?vi?ty	
  pdf	
  from	
  real	
  
data	
  posterior	
  to	
  a	
  uniform	
  
prior	
  did	
  not	
  dras?cally	
  
change	
  the	
  plots	
  and	
  
conclusions.	
  

4.  Parameter	
  importance	
  varies	
  
with	
  the	
  performance	
  metric.	
  

  

6 Martha P. Butler et al.
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First Order Total Order Second Order

1% 32% 1% 48% 1% 6%
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Indices

Fig. 3 Global sensitivities of climate damage and abatement costs to exogenous DICE parameters. The vari-
ance decomposition-based sensitivity results are shown for first order (filled circles), total order (hollow
rings), and second order (lines) indices for sensitivities of: a The NPV of climate damages, b The NPV of
abatement costs, c Mid-21st century decadal climate damages, d Mid-21st century decadal abatement costs,
e Beginning 22nd century decadal climate damages, and f Beginning 22nd century decadal abatement costs.
Diameters of the first and total order sensitivity circles are proportional to their respective sensitivity indices.
Total sensitivities include first order and all higher order sensitivities. The larger the total order ring relative
to the first order circle, the greater the parameter interactions. Darker and thicker lines represent larger second
order sensitivities. Sensitivities of <1% are not shown; sensitivities of higher order than 2 are not explicitly
shown.



21 

How large are the 
uncertainties?

What are the trade-
offs between current 
and potential future 

objectives?

What are the 
relevant value 

decisions?

What might be 
actionable early-
warning signals?

Economics
Philosophy
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Decision Science

Earth System Science
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Geoengineering:	
  One	
  of	
  the	
  proposed	
  risk	
  management	
  instruments	
  

“SRM	
  may	
  be	
  the	
  only	
  human	
  response	
  that	
  can	
  fend	
  off	
  rapid	
  and	
  high-­‐consequence	
  climate	
  
impacts.”	
  (Keith,	
  Parson,	
  and	
  Morgan,	
  2010).	
  	
  

What	
  are	
  examples	
  of	
  trade-­‐offs	
  that	
  geoengineering	
  introduces?	
  

) 

5$

Geoengineering:$One$of$the$proposed$risk$management$
approaches$in$case$of$a$climate$emergency.$

“SRM$may$be$the$only$human$response$that$can$fend$off$rapid$and$highZconsequence$climate$
impacts.”$(Keith,$Parson,$and$Morgan,$2010).$$

“The$last$best$hope$may$reside$in$an$environmental$fix$[..],$namely$radiaLon$management$
that$cools$down$the$planet”$(Schellnhuber,$2011).$

Why$does$analyzing$such$approaches$require$a$network?$

Keith (2001) 

Solar$RadiaLon$
Management$

(SRM)$



There	
  is	
  a	
  poten?ally	
  strong	
  tension	
  between	
  the	
  objec?ves	
  
of	
  different	
  regions	
  in	
  choosing	
  a	
  geoengineering	
  strategy.	
  

24	
  Irvine, Sriver, and Keller, Nature Climate Change (2012) 

“In a world with similar countries, geoengineering is a Pareto improvement over a policy of only 
mitigation” (Moreno-Cruz, 2010) => Yes…, but how realistic is this assumption? 
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Goal 1: Reduce hazards due to sea-level rise

Goal 2:
Reduce

hazards due
to rates of
temperature
change

Abatement strategies

HHiigghh
((BBAAUU))
sscceennaarriioo

What	
  are	
  the	
  effects	
  of	
  	
  
(i)	
  spa?al	
  differences	
  in	
  
impacts,	
  
(ii)	
  poten?al	
  threshold	
  
responses,	
  	
  
(iii)	
  adap?ve	
  capaci?es,	
  
and	
  	
  
(iv)	
  deep	
  uncertain?es	
  
about	
  Earth	
  system	
  
proper?es,	
  
decisionmaking/ethical	
  
frameworks?	
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Does replacing CO2 abatement with aerosol 
geoengineering pass a cost-benefit test? 

Open questions: 
• What are priors for the deeply 

uncertain model parameters? 
• What is the effect of possible 

learning? 
• How fast could we learn? 
• What are the effects of 

parametric and structural 
uncertainties? 

• Are there strategies that 
perform reasonably well 
across the deep uncertainties?  

• What are trade-offs under 
different ethical frameworks?  
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Geoengineering fails a cost benefit test

Geoengineering passes
a cost-benefit test

Fig. 7 Scenario map for the cost-benefit test to substitute aerosol geoengineering for CO2 abatement
as a function of the probability of intermittent geoengineering and the estimated damages due to
geoengineering radiative forcing. The star at the axis origin represents the (sometimes implicit)
assumption of many previous studies that both the probability of intermittent aerosol geoengineering
is zero as well as that damages due to the aerosol geoengineering forcing are zero

variance in the utilities for the different strategies (Fig. 5). We analyze the objective
function values of the different strategies (Eq. 1) re-scaled such that the utilities for
the business-as-usual scenario cover a range of zero to 100 percent. The expected
value (the star in the box-whisker diagram) is highest for the case when aerosol geo-
engineering is continuous, followed, in decreasing order, by the CO2 abatement strat-
egy, the business-as-usual strategy, and the discontinuous geoengineering strategy.

Some decision-makers might choose to maximize the rejoice (or minimize the
regrets) of a decision compared to a base-case scenario (e.g., a business-as-usual
strategy) (Savage 1954). Choosing abatement over the business-as-usual strategy
leads to rejoice in roughly 95 percent of all considered cases (Fig. 6). Choosing the
geoengineering strategy relative to the business-as-usual strategy leads to higher re-
joice if geoengineering is continuous, but it leads to stronger regrets if geoengineering
is intermittent. Note that substituting aerosol geoengineering for CO2 abatement
increases the variance of the regrets.

4.3.2 Implication of aerosol-forcing-dependent damages

The analysis, so far, assumes that geoengineering causes environmental damages
only through the effects on global mean temperatures (i.e., for θ = 0). As discussed
above, the aerosol geoengineering forcing is projected to change Earth system
properties such as precipitation- and surface temperature-patterns, El Niño, and
polar ozone concentrations, to name just a few (Robock 2008; Lunt et al. 2008). A
review of the current literature on the impacts of stratospheric aerosol on natural
and human systems suggests that aerosol injections into the atmosphere might cause

Goes,	
  Tuana,	
  and	
  Keller	
  (2011)	
  

Assumption of 
Wiggley 
(2006) 
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What are dynamic implications for mixed strategies 
(i.e., a mixture of abatement and geoengineering)? 
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Fig. 7 Scenario map for the cost-benefit test to substitute aerosol geoengineering for CO2 abatement
as a function of the probability of intermittent geoengineering and the estimated damages due to
geoengineering radiative forcing. The star at the axis origin represents the (sometimes implicit)
assumption of many previous studies that both the probability of intermittent aerosol geoengineering
is zero as well as that damages due to the aerosol geoengineering forcing are zero

variance in the utilities for the different strategies (Fig. 5). We analyze the objective
function values of the different strategies (Eq. 1) re-scaled such that the utilities for
the business-as-usual scenario cover a range of zero to 100 percent. The expected
value (the star in the box-whisker diagram) is highest for the case when aerosol geo-
engineering is continuous, followed, in decreasing order, by the CO2 abatement strat-
egy, the business-as-usual strategy, and the discontinuous geoengineering strategy.

Some decision-makers might choose to maximize the rejoice (or minimize the
regrets) of a decision compared to a base-case scenario (e.g., a business-as-usual
strategy) (Savage 1954). Choosing abatement over the business-as-usual strategy
leads to rejoice in roughly 95 percent of all considered cases (Fig. 6). Choosing the
geoengineering strategy relative to the business-as-usual strategy leads to higher re-
joice if geoengineering is continuous, but it leads to stronger regrets if geoengineering
is intermittent. Note that substituting aerosol geoengineering for CO2 abatement
increases the variance of the regrets.

4.3.2 Implication of aerosol-forcing-dependent damages

The analysis, so far, assumes that geoengineering causes environmental damages
only through the effects on global mean temperatures (i.e., for θ = 0). As discussed
above, the aerosol geoengineering forcing is projected to change Earth system
properties such as precipitation- and surface temperature-patterns, El Niño, and
polar ozone concentrations, to name just a few (Robock 2008; Lunt et al. 2008). A
review of the current literature on the impacts of stratospheric aerosol on natural
and human systems suggests that aerosol injections into the atmosphere might cause

Goes,	
  Tuana,	
  and	
  Keller	
  (2011)	
  

Focus on 
sensitivity to 
one 
parameter 
(for now, for 
simplicity) 
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Geoengineering 
displaces sizable 
fractions of 
abatement only for 
quite optimistic 
assumption about 
negative 
geoengineering side 
effects. 

Goes,	
  Tuana,	
  and	
  Keller	
  (2011)	
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Fig. 8 Sensitivity of the geoengineering/CO2 abatement portfolio (and related outcomes) to the
damages due to aerosol radiative forcing: a) Geoengineering in percentage of CO2 forcing, b)
geoengineering radiative forcing, c) abatement, d) total costs, e) temperature change and f) global
atmospheric CO2 concentration of the mixed abatement/geoengineering strategy. Geoengineering
forcing damages (θ) vary from zero (solid line), one (triangle), two (square), three (circle), and five
(cross) percent of gross world product per forcing equivalent to a doubling CO2 forcing. Figure 8b,
d, e and f are the average over the considered states of the world

percent. For higher values of forcing damages (θ = 3%, circles; and θ = 5% crosses),
geoengineering is postponed for several decades, when the global mean temperatures
and hence the marginal damages of anthropogenic radiative forcing are higher. In a
sense, aerosol geoengineering is only used in the case of climate emergency.

5 Ethical implications

Economic analyses provide useful tools for policy decisions, but do not, by them-
selves, constrain action. The simple fact that some actions may cost more does not
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Fig. 8 Sensitivity of the geoengineering/CO2 abatement portfolio (and related outcomes) to the
damages due to aerosol radiative forcing: a) Geoengineering in percentage of CO2 forcing, b)
geoengineering radiative forcing, c) abatement, d) total costs, e) temperature change and f) global
atmospheric CO2 concentration of the mixed abatement/geoengineering strategy. Geoengineering
forcing damages (θ) vary from zero (solid line), one (triangle), two (square), three (circle), and five
(cross) percent of gross world product per forcing equivalent to a doubling CO2 forcing. Figure 8b,
d, e and f are the average over the considered states of the world

percent. For higher values of forcing damages (θ = 3%, circles; and θ = 5% crosses),
geoengineering is postponed for several decades, when the global mean temperatures
and hence the marginal damages of anthropogenic radiative forcing are higher. In a
sense, aerosol geoengineering is only used in the case of climate emergency.

5 Ethical implications

Economic analyses provide useful tools for policy decisions, but do not, by them-
selves, constrain action. The simple fact that some actions may cost more does not

Assumed 
damages of 

geoengineering 
[% of GWP per 
radiative forcing 
equivalent to a 

doubling of CO2 
concentrations] 
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How large are the 
uncertainties?

What are the trade-
offs between current 
and potential future 

objectives?

What are the 
relevant value 

decisions?

What might be 
actionable early-
warning signals?

Economics
Philosophy
Statistics
Decision Science

Earth System Science



parameter

probability

utility

Integrated
Assessment

Model

reliability, worst case, ...

Strategies, ...

Strategy

justice, ...

Legend

Expected Utilitity Maximization
(Bernoulli 1788)

Robust Decision Making
(e.g., Lempert et al 2012, McInerney et al. 2012)

Coupled Epistemic Ethical Questions

Epistemology (What can we learn?) Ethics (How should we act?)

Keller, Tuana, and Lempert (in prep) 29	
  

See talk by 
Nancy et al… 
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How large are the 
uncertainties?

What are the trade-
offs between current 
and potential future 

objectives?

What are the 
relevant value 

decisions?

What might be 
actionable early-
warning signals?

Economics
Philosophy
Statistics
Decision Science

Earth System Science

Closing	
  the	
  feedback	
  loop	
  



Inverse	
  decision	
  analysis:	
  
What	
  are	
  decision-­‐relevant	
  uncertain?es?	
  	
  

Earth-system 
Modeling


Uncertainty 
Quantification


Integrated 
Assessment


Climate Focus 
IAM Focus 

Stressors:	
  ∆T,	
  ∆P,	
  ∆SLR	
   Impacts	
  Analysis	
  

Risk	
  Analysis	
  

inverse decision analysis 

emulation 

31	
  How does this work in a real-world example?  



32	
  

26 

to sea level rise over the next century (Alley et al. 2005; Allison et al. 2009; Pfeffer et al. 2008). 

The figure shows\  in the lower middle left because few studies and little agreement exists on 

how climate change might affect the future hourly anomaly at PoLA, but the worldwide 

diversity of current storm surge patterns in different locations with different topographies may 

provide useful evidence for estimating upper bounds on what the port might expect over the 

twenty-first century. 

 

 
Figure 11: Assessment of the Evidence and Level of Agreement Underlying the Scientific 

Information Used in this Analysis, Following the Characterization Method of Mastrandrea et al. 
(2010). The size of the text reflects the importance of information to PoLA’s decision. Italics show 

that the factor was considered deeply uncertain in the RDM analysis. 

 

The RDM analysis in Section 3, as would an analysis of variance in the full probabilistic 

analysis, makes clear that PoLA’s decision whether or not the harden at the next upgrade 

depends more strongly on scientific estimates in which we have low confidence than those in 

which we have high confidence. The full probabilistic analysis does not distinguish between 

these levels of confidence when informing PoLA’s decision. The RDM analysis, in contrast, 

distinguishes between information with different levels of confidence, differentiating between 

relatively well-characterized uncertainty (e.g., sea level rise that follows the past observed 

dynamics) and deeply uncertain information (e.g., abrupt potential future dynamic changes of 

land ice, the hourly anomaly, or the characteristics of future terminal management). 

Lempert, Keller, and Sriver  (2012) 

Which uncertainties are the most important drivers of  
changes in adaptation strategies to sea-level rise? 

well-
characterized 
uncertainties 
are relatively 
unimportant 

drivers of 
robust decisions 

(small print) 

Some deep uncertainties are  
important drivers of robust decisions (large print) 

(i	
  
(ice sheets,..) 

(storm surges) 

See talk  
by Rob 



Key	
  Points	
  
Ø  Past	
  climate	
  projec?ons	
  oten	
  show	
  evidence	
  for	
  

overconfidence.	
  One	
  poten?al	
  reason	
  for	
  this	
  overconfidence	
  is	
  
that	
  these	
  projec?ons	
  typically	
  consider	
  only	
  a	
  subset	
  of	
  the	
  
decision-­‐relevant	
  uncertain?es.	
  	
  

Ø  Inverse	
  decision-­‐analysis	
  and	
  robust	
  decision-­‐making	
  are	
  
promising	
  tools	
  to	
  (i)	
  support	
  the	
  mission-­‐orienta?on	
  of	
  climate	
  
science,	
  (ii)	
  point	
  out	
  decision-­‐relevant	
  uncertain?es,	
  and	
  (iii)	
  
provide	
  decision-­‐support.	
  

Ø  We	
  need	
  to	
  improve	
  educa?on,	
  informa?on,	
  and	
  our	
  tools	
  to	
  
beNer	
  analyze	
  and	
  discuss	
  climate	
  risk	
  management	
  strategies	
  
in	
  the	
  face	
  of	
  poten?al	
  high-­‐impact	
  events.	
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Thanks	
  to	
  
(Former)	
  PSU	
  students,	
  postdocs,	
  
and	
  colleagues:	
  

–  Patrick	
  Applegate	
  
–  Byron	
  Parizek	
  
–  Dave	
  Pollard	
  
–  Pat	
  Reed	
  
–  Rob	
  Nicholas	
  
–  Toby	
  Svoboda	
  
–  Karen	
  Fisher-­‐Vanden	
  
–  David	
  McInerney	
  
–  Chris	
  Forest	
  
–  Marlos	
  Goes	
  	
  
–  Murali	
  Haran	
  
–  Nancy	
  Tuana	
  
–  Nathan	
  Urban	
  
–  Roman	
  Olson	
  
–  Ryan	
  Sriver	
  
–  ….	
  

Collaborators:	
  
–  David	
  Budescu	
  
–  Robert	
  Lempert	
  
–  Damon	
  MaNhews	
  
–  Peter	
  Irvine	
  
–  …	
  

Mentors:	
  
–  François	
  Morel	
  
–  David	
  Bradford	
  
–  Michael	
  Oppenheimer	
  
–  …	
  

All errors and opinions are (unless cited) mine. 



The	
  Journey	
  ahead	
  
Threshold	
  behavior	
  in	
  ice	
  sheets-­‐	
  
Physical	
  origins	
  of	
  deep	
  uncertainty	
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Tad Pfeffer 

Characterizing	
  the	
  probability	
  of	
  tail	
  
area	
  events	
  in	
  sea-­‐level	
  rise	
  

Using	
  the	
  geological	
  past	
  to	
  inform	
  sea-­‐
level	
  rise	
  projec?ons	
  

Informing	
  sea-­‐level	
  rise	
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