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“all	models	are	wrong,	but	some	are	useful”	
(George	Box)

“It	is	better	to	be	roughly	right	than	precisely	wrong.”	
(John	Maynard	Keynes)



Outline
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1.What	are	current	challenges?

2.How	can	we	overcome	these	
challenges?

3.What	are	example	projects?
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1.What	are	current	challenges?
->	Begin	with	real	question	to	
be	addressed	(Dorothy	Koch)

2.How	can	we	overcome	these	
challenges?

3.What	are	example	projects?



One	real-world	question	informed	by	ESM	results:
How	to	design	strategies	to	manage	flood	risks?

4Picture	credit:	Louisiana’s	Comprehensive	Master	Plan	for	a	Sustainable	Coast

How	did	
predictions	
inform	this	
decision?
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Picture:	Louisiana’s	Comprehensive	Master	Plan	for	a	Sustainable	Coast
Graph:	Dijkman (2007)	(Appendix	E)

A Dutch Perspective on Coastal Louisiana

Flood Risk Reduction and Landscape Stabilization
Final Report October 2007

Netherlands Water Partnership 1 6 5
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Figure 97 Results of economic optimization for the Northern levee ring, central part of New Orleans

E.4.2 Base case Northern levee ring, New Orleans East

The annual risk of this levee ring is equal to $200 million (= $10 billion x 1/50). This value can
be converted to a present value by dividing by the "net" discount rate (0,02), leading to a present
value of $10 billion. If the protection level is improved to 1/100, the present value of  the
annual risk will decrease with $5 billion, and if the protection level is lowered to 1/1,000, the
present value of the risk will decrease with $9.5 billion. This decrease in present value can be
considered as the benefits of the project. However, in a cost benefit analysis also the cost of the
improvements flood protection is important.

The  results  for  the  base  case  are  presented  in  Table  13  and  Figure  98  (both  show  the  same
information in different forms). The optimal level of flood protection that follows from the
analysis is 1/1,000 years (indicated in bold in Table 13).

Table 13 Economic optimization for Northern levee ring, New Orleans East: Input information and results

Return period (yr) 100 500 1,000 5,000 10,000 100,000 1,000,000
Flooding prob. (per year) 1/100 1/500 1/1,000 1/5,000 1/10,000 1/100,000 1/1,000,000
Design surge level
Lake Borgne (ft) 14 17 18 20 22 26 30
Investments ($) 3,9E+09 4,4E+09 4,7E+09 5,1E+09 5,5E+09 6,4E+09 7,4E+09
Risk ($) 5,00E+09 1,00E+09 5,00E+08 1,00E+08 5,00E+07 5,00E+06 5,00E+05
Total costs ($) 8,86E+09 5,40E+09 5,15E+09 5,17E+09 5,55E+09 6,40E+09 7,36E+09

This	design	problem	is	informed	by	predictions.

How	well	can	
we	predict
(especially	in	
areas	of	high	
reliability)?
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High	reliabilities	require	information	about	the	
upper	tails	of	the	probability	density	function.

Are	these	tails	provided	or	cut	off?

Examples of reliability requirements from decision makers
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Scenarios	based	
on	ensembles	of	
opportunity	can	
miss	decision-
relevant	tails.
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Garner and Keller (2016, in review)
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 197	
Figure 1 | Empirical and estimated distributions of climate sensitivity and the affect on sea-198	

level rise in a simple modeling framework.  The probability distributions of climate 199	

sensitivity(29) (a) are sampled and used to estimate sea-level rise in the year 2100 (b) using a 200	

simple modeling framework.  The resulting survival functions (one minus the cumulative 201	

frequency plotted on a log-scale) for c) climate sensitivity and d) sea-level rise in year 2100 202	

illustrate the consequences of under-representing the upper tails of (deeply) uncertain features of 203	

the Earth-system for the 1:100 and 1:10,000 events.  The black vertical bars in (a,b) and the 204	

black line in (c,d) are the ensemble of best-estimates from complex model outputs.  The gray 205	

lines are estimates of the full distribution of climate sensitivity (a,c) and how each estimate maps 206	

to future sea-level rise (b,d).  Four distributions were selected to highlight the range of possible 207	

tails (magenta(26), purple(27), orange(27), and cyan(28)). 208	
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Earth	system	models	can	provide	insights	about	the	
stakes.	(There	may	be	dragons	=>).		

ESM	runs	are	difficult	to	interpret	to	estimate	odds.	

Church	et	al	(2010)
8

Synthesis and Outlook for the Future  409

     Figure 13.5     Projected 
sea - level rise for the 21st 
century. The projected range 
of global averaged sea - level 
rise from the IPCC  (2001)  
assessment report for the 
period 1990 – 2100 is shown 
by the lines and shading (the 
dark shading is the model 
average envelope for the 
range of greenhouse gas 
scenarios considered, the 
light shading is the envelope 
for all models and for the 
range of scenarios, and the 
outer lines include an 
allowance for an additional 
land - ice uncertainty). The 
AR4 IPCC projections (90% 
confi dence limits) made in 
2007 are shown by the bars 
plotted at 2095, the magenta 
bar is the range of model 
projections, and the red bar 
is the extended range to 
allow for the potential but 
poorly quantifi ed additional 
contribution from a dynamic 
response of the Greenland 
and Antarctic Ice Sheets to 
global warming. The red 
arrow indicates that  “ larger 
values cannot be excluded, 
but understanding of these 
effects is too limited to assess 
their likelihood or provide a 
best estimate or an upper 
bound for sea - level rise ” ; 
updated from Church et al. 
 (2008) .  
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about 20%) far from the decaying ice sheets. As a result, ice - sheet contributions 
to future sea - level rise are likely to have a disproportionate impact in some far -
 fi eld and potentially vulnerable regions.  

   13.4    Projections of Sea - Level Rise for the 21st Century 
and Beyond 

 The IPCC Third Assessment Report (TAR; IPCC  2001 ) projections of sea - level 
rise were expressed in the form of globally averaged levels for 2100 compared with 
1990 levels (the lines and shaded regions in Figure  13.5 ), while the AR4 (IPCC 
 2007 ) were expressed for the 2090 – 2100 decade (shown as the bars plotted at 2095 
in Figure  13.5 ) compared with 1980 – 2000 averages (approximately equal to the 
1990 values).   

 The average of the TAR model projections for the full range of greenhouse gas 
scenarios is about 30 – 50 cm (dark shading in Figure  13.5 ). The range of all model 
projections over all scenarios is about 20 – 70 cm (light shading). The full range of 
projections, including an allowance for uncertainty in estimates of contributions 
from land - based ice, were for a sea - level rise of 9 – 88 cm (outer black lines). 

 The AR4 model projections are composed of two parts. The fi rst part consists 
of the estimated sea - level rise (with a 90% confi dence range) from ocean thermal 
expansion, glaciers and ice caps, and modeled ice - sheet contributions and is for 
a sea - level rise of 18 – 59 cm in 2095 (the magenta bar). This contribution is similar 
to, but slightly smaller than, the equivalent range from the TAR (the light shaded 
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Prior
Knowledge

Lines of 
Evidence

System 
Models

Strategies Values Outcomes

Monitoring 
and Learning

Decision 
Making

Metrics

Predicting

How	to	represent	and	quantify	natural	- human	
feedbacks	in	Earth	System	Models?	

How	important	are	these	feedback	loops	(cf.	discussion	in	Detlef’s talk)?		->	WIP
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1.What	are	current	challenges?

2.How	can	we	overcome	these	
challenges?

3.What	are	example	projects?



11
How	can	this	work?Keller	et	al. (in	prep)

Emulation can	facilitate	the	information	exchange	
between	a	suite	of	model	complexities.	

Uncertainty coverage

Process  
and spatial  
resolution

Ideal 
Point

ESM
- example: CESM 
- regional skill 
- often physically resolved processes

EMIC
- example: UViC 
- continental scale skill 
- more parameterized processes

Simple climate model
- examples: MAGICC / HECTOR 
- hemisphere scale skill 
- highly parameterized processes

trade-off 
curve for a  

given  
computational  

power

Emulation
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1.What	are	current	challenges?

2.How	can	we	overcome	these	
challenges?

3.What	are	example	projects?



We	have	build	emulators	that	enable	careful	uncertainty	
quantification	and	representation	in	IAMs	and	IAVMs.
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SIMPLE (Simple Ice-sheet Model for Projecting Large Ensembles)

Computing time compared to more complex models
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Putting	it	all	together:	The	BRICK	Model
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BRICK (Building blocks for Relevant Ice and Climate Knowledge) Earth system component

Planned structure BRICK

Subsidence

Land waterAtmospheric/ocean temperature

Steric AIS GIS GSIC

FingerprintingEmulator
ocean dynamics

Local Sea Level (LSL)

Storm surge
module

26 / 26

Bakker et al (in prep.)
Building blocks for Relevant Ice and Climate Knowledge

Slide before….



One	new	
scientific	
finding:	
ice	cliff	
instability.
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(Methods) captures dynamical atmospheric feedbacks as the ice mar-
gin retreats. This enhances retreat (Extended Data Fig. 3b, e), but 
still requires >4 °C of ocean warming to produce a >3.5 m increase 
in GMSL. We find that by accounting for the additional influence of 
circum-Antarctic ocean warming on the RCM atmosphere (Methods), 
the GMSL contribution increases to >6.5 m with just 3 °C sub-surface 
ocean warming (Extended Data Fig. 3c and f), despite the cooler orbit 
of the Earth 128 kyr ago. The ocean-driven continental warming at 
128 kyr ago agrees with ice core records29 and supports a Southern 
Ocean control on the timing of ice-sheet retreat30,31, possibly through 
Northern Hemisphere influences on the ocean meridional overturning 
circulation33.

Alternative simulations (Fig. 3) use time-evolving atmospheric and 
oceanic climatologies (Methods) based on marine and ice-core proxy 
reconstructions29. These time-continuous simulations produce GMSL 
contributions of 6–7.5 m early in the interglacial, followed by a pro-
longed plateau and rapid recovery of the ice sheet beginning around 
115 kyr ago. This result matches the magnitude, temporal pattern, and 
rate of LIG sea-level change in ref. 3. (Fig. 3a), and the simulated recov-
ery of the WAIS satisfies the presence of ice >70 kyr ago at the bottom 
of the WAIS Divide Ice Core34.

Combined with estimates of Greenland ice loss11,12,35 and ocean 
thermal effects10, the simulated, Antarctic contributions to Pliocene 
and LIG sea level are in much better agreement with geological esti-
mates2–4 than previous versions of our model18,27, which lacked these 
new treatments of meltwater-enhanced calving and ice-margin dynam-
ics, suggesting that the new model is better suited to simulations of 
future ice response.

Future simulations
Using the same model physics and parameter values as used in the 
Pliocene and LIG simulations, we apply the ice-sheet model to long-
term future simulations (Methods). Here, atmospheric forcing is  
provided by high-resolution RCM simulations (Extended Data Fig. 4)  

following three extended Representative Carbon Pathway (RCP) 
scenarios (RCP2.6, RCP4.5 and RCP8.5)36. Future circum-Antarctic  
ocean temperatures used in our time-evolving sub-ice melt-rate  
calculations come from matching, high-resolution (1°) National 
Center for Atmospheric Research (NCAR) CCSM4 simulations  
(ref. 37, Extended Data Fig. 5). The simulations begin in 1950 to provide  
some hindcast spinup, and are run for 550 years to 2500.

The RCP scenarios (Fig. 4) produce a wide range of future Antarctic 
contributions to sea level, with RCP2.6 producing almost no net change 
by 2100, and only 20 cm by 2500. Conversely, RCP4.5 causes almost 
complete WAIS collapse within the next five hundred years, primarily 
owing to the retreat of Thwaites Glacier into the deep WAIS interior. 
The Siple Coast grounding zone remains stable until late in the simu-
lation, thanks to the persistence of the buttressing Ross Ice Shelf (see 
Supplementary Video 2). In RCP4.5, GMSL rise is 32 cm by 2100, but 
subsequent retreat of the WAIS interior, followed by the fringes of the 
Wilkes Basin and the Totten Glacier/Law Dome sector of the Aurora 
Basin produces 5 m of GMSL rise by 2500.

In RCP8.5, increased precipitation causes an initial, minor gain in 
total ice mass (Fig. 4d), but rapidly warming summer air temperatures 
trigger extensive surface meltwater production38 and hydrofracturing 
of ice shelves by the middle of this century (Extended Data Fig. 4). The 
Larsen C is one of the first shelves to be lost, about 2055. Around the 
same time, major thinning and retreat of outlet glaciers commences in 
the Amundsen Sea Embayment, beginning with Pine Island Glacier 
(Fig. 4h), and along the Bellingshausen margin. Massive meltwater pro-
duction on shelf surfaces, and eventually on the flanks of the ice sheet, 
would quickly overcome the buffering capacity of firn39. In the model, 
the meltwater accelerates WAIS retreat via its thermomechanical  
influence on ice rheology (Methods) and the influence of hydrofac-
turing on crevassing and structural failure of the retreating margin. 
Antarctica contributes 77 cm of GMSL rise by 2100, and continued loss 
of the Ross and Weddell Sea ice shelves drives WAIS retreat from three 
sides simultaneously (the Amundsen, Ross, and Weddell seas), all with 
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Figure 2 | Schematic representation of MISI and MICI and processes 
included in the ice model. Top-to-bottom sequences (a–c and d–f) show 
progressive ice retreat into a subglacial basin, triggered by oceanic and 
atmospheric warming. The pink arrow represents the advection of warm 
circumpolar deep water (CDW) into the shelf cavity. a, Stable, marine-
terminating ice-sheet margin, with a buttressing ice shelf. Seaward ice 
flux is strongly dependent on grounding-line thickness h. Sub-ice melt 
rates increase with open-ocean warming and warm-water incursions into 
the ice-shelf cavity. b, Thinning shelves and reduced buttressing increase 
seaward ice flux, backing the grounding line onto reverse-sloping bedrock. 

c, Increasing h with landward grounding-line retreat leads to an ongoing 
increase in ice flow across the grounding line in a positive runaway 
feedback until the bed slope changes. d, In addition to MISI (a–c), the 
model physics used here account for surface-meltwater-enhanced calving 
via hydrofracturing of floating ice (e), providing an additional mechanism 
for ice-shelf loss and initial grounding-line retreat into deep basins. f, 
Where oceanic melt and enhanced calving eliminate shelves completely, 
subaerial cliff faces at the ice margin become structurally unstable where  
h exceeds 800 m, triggering rapid, unabated MICI retreat into deep basins.

© 2016 Macmillan Publishers Limited. All rights reserved

Cf. Pollard et al (2015)
DeConte and Pollard (2016) (figure)



How	to	pick	the	right	tree	to	bark	at?

16



Inverse	
decision	
analysis can	help	
to	close	the	loop.

What	are	decision-
relevant	
uncertainties?

What	are	
important	
interactions?	

17

Earth System
Science

Decision
Analysis

Risk
Analysis

Standard
forward
mode

Inverse
decision
analysis
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Demonstrating	inverse	decision	analyses	using	a	
real	(and	classic)	climate	risk	management	problem.	

Left:	Map	showing	land	surface	
elevation	above	mean	sea	level,	
the	Netherlands.	

How	high	to	build	
the	dikes	in	the	
Netherlands	in	the	
1960s?	(van	Dantzig,	
1956)

26

How	do	methodological	choices	impact	
decision	recommendations?

Classic	Climate	Risk	Adaptation	Example	(van	Dantzig,	1956)
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What	dike	height?
Global	sea	level	rise?	
Storm	surge?

Economics-Engineering-
Earth	Science:	A	
Synthesis	Problem	

Left:	Map	showing	land	surface	
elevation	above	mean	sea	level,	
the	Netherlands.

Oddo et al., Risk Analysis, In prep. (2016)
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The	basic	set-up	(remember	the	New	
Orleans	analysis	in	the	NAS	report)

Expected Damages
Investment Costs

Expected OutcomeNPV Total Costs
Optimal strategy

2.35	m

Oddo et al., Risk Analysis, In prep. (2016)
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Expected Damages
Investment Costs

Expected OutcomeNPV Total Costs
Optimal strategy

Oddo et al., Risk Analysis, In prep. (2016)

4.25	m	with	structural
and	parametric	uncertainties	

Step	1:	Update	science	models	and	add	uncertainties



Step	2:	Towards	closing	the	feedback	loop.
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This image cannot currently be displayed.
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K	=	cost	rate of	heightening a =	SLR	in	2015

δ’ =	effective	discount rate b	= SLR	rate

V	=	value	of	goods c	=	SLR	acceleration

σ =	GEV	scale parameter t*	=	year	of	abrupt	SLR

μ =	GEV	location parameter c* =	rate	of	abrupt	SLR

ξ =	GEV	shape	parameter η = subsidence	rateOddo et al., Risk Analysis, In prep. (2016)



Some	of	the	open	questions…

• How	to	communicate	results	given	the	deep	
uncertainty	and	the	known	unknowns?

• How	to	navigate	the	trade-offs	between	
model	realism,	resolution,	and	uncertainty	
coverage?

• How	to	achieve	the	required	integration	
within	the	ESM,	IAV,	and	IAM	communities	
and	beyond?

22
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