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Abstract

I consider decision-making when the stakes are high, but information is poor,
and outcomes may be far from our experience. My leading example is climate
change. We do not know the probabilities of diverse outcomes; we disagree about
societal impatience, risk, and inequality aversion. I offer a simple model of “jus-
tifiable acts”, providing maximal agreement between decision theories, and facil-
itating quantification of the remaining disagreement. When this disagreement is
large, I characterise the choice situation as “dismal”. I demonstrate that the ques-
tion of climate policy is “dismal”. This illuminates how subjective much of the
literature on climate change economics really is, and so how poor a guide to policy
this literature may form. The “dismal” framework here generalises Weitzman’s
(2009a) “dismal theorem”, giving a broader view, which shows that it may be
unnecessary or unwise to focus on highly unlikely events.

JEL: D81, Q54

Keywords: Knightian Uncertainty, Incomplete Preferences, Climate Change, Applied
Decision Theory

1 Introduction

Sometime a policy choice may have very large-scale consequences, but we understand
these very poorly. How should economics address such issues? This paper proposes a
model in which we explicitly model the range of what is plausible. In the context of
climate change, it shows that existing approaches have tended to only consider a very
narrow range of possible welfare losses from warming. In consequence, the range of
policies they prescribe are similarly conservative.
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This paper’s contribution is to apply a new style of decision theory to questions of this
nature: incompleteness in “tastes” and “beliefs”. It proposes a characterisation of when
such a description matters, and discusses how to assess policy in this scenario. This
characterisation applies to the economics of climate change, as is shown numerically.
Different plausible choices will lead to very different stringencies of policy prescription.
Elegant stylsed facts demonstrated in the literature, such as the independence of the
social cost of carbon on cumulative emissions, are shown not to be robust. It takes
a decision theory which distinguishes between subjective and objective information, to
illuminate this.

There are reasonable scientific bounds on what the climate response to greenhouse
gas emissions might be, but precise probability distributions cannot be given. Moreover,
even if climatic scenarios were predictable, their economic consequences are not. Very
little work has been done, or can convincingly be done, to understand the macroeconomic
welfare implications of higher levels of global warming, such as 4°C. But we will see such
temperature changes this century under business-as-usual emissions, and they remain
a non-trivial risk even under ambitious abatement scenarios. Additionally, the long-
term cost of such abatement depends on the progress of technological change, which
is far from well understood. These are examples of our inadequate information on the
probability distribution of states of the world. There is no unique defensible way to
predict what may happen.

Moreover, experts disagree on how outcomes should be valued. We must trade off
certainty against risk; economically developed nations against those most vulnerable;
the present against the future. These trade-offs embody the utility value we put upon
outcomes. So there is no unique defensible way to value what happens.

One may model this formally as follows: there are many uncertain “states” that
drive outcomes; many plausible “beliefs” which give a probability distribution over such
states; and many valuations, or “tastes”, evaluating outcomes in welfare terms. In
contrast with the majority of works on the economics of climate change, I assume it
is not rational to restrict attention to a single taste and belief (nor to specify a single
probability distribution over beliefs, for example, as this amounts to identifying a single
belief). That is, I do not apply the model of “subjective expected utility”.! Instead,
I use an “incomplete” decision theory in which one act is objectively preferred over
another only if it preferred under all such tastes and beliefs.?2 Not all policy choices can
therefore be ranked.

This rules out some acts, but it leaves many on the table. As I show, under mild
assumptions, either an act is optimal under some tastes and beliefs, or there is an
objectively preferred act. I refer to the former as “justifiable acts”.®> Thus the model
is equivalent one of disagreement between multiple agents, each with simple (subjective
expected utility) tastes and beliefs. I call these “formal agents” as they do not represent
participants in the model.

Incompleteness, when it is significant, is a critical characteristic of the problem: in
my view our models should reflect and communicate the scope of what is objectively
possible. Although there are many recent decision theories available to “complete” the

1See Anscombe and Aumann (1963).
2Cf. Galaabaatar and Karni (2013) and Riella (2015).
3Cf. Battigalli et al. (2016).
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model and return us to a uniquely optimal prescribed act (see discussion in Section 1.2
below), to choose and apply such a model would be to impose subjective choices.

Moreover, as I show, if an act is prescribed by any one of a very wide class of such
models, it would also be recommended by one of my simple “formal agents”. And these
are the only acts that these decision theories do not all reject. Thus my characterisation
is as complete as can be obtained objectively.

When does this incompleteness indeed matter? The prescription of one formal agent
will be chosen, so I analyse the policy preferred by one, from the point of view of
another. I suggest a criterion of “dismal choices”: when the change in pay-off from
a small change in act is large, relative to some fixed benchmark, under some plausible
tastes and beliefs; and moreover if this evaluation differs significantly from its evaluation
under other plausible tastes and beliefs.

An alternative criterion I suggest is similar to Savage-style “regret”.* Take the per-
spective of one formal agent, and identify the act they would choose. Then assess the
loss in expected welfare they experience, due to instead enacting the policy prescribed
by a different formal agent. Broadly speaking, the situation is dismal when this “dis-
agreement regret” is large.

I show how a general climate-economy model provides an example of this structure.
I numerically simulate such a model, incorporating scientific uncertainty and incom-
pleteness in economic knowledge. Thus I show that assessments of marginal damages
from climate change are indeed “dismal”, for moderately high cumulative emissions.

There is also large disagreement on the welfare cost of emission reductions. However,
different subjective assessments of damages tend to diverge strongly for high cumulative
emissions of greenhouse gases, whereas the cost of mitigation is better constrained in a
business-as-usual scenario and only becomes ambiguous when we consider low emission
targets. Thus there may be some intermediate range in which incompleteness in cost-
benefit analysis does not pass the “dismal” threshold. Alternatively, policy-makers may
face two sources of deep uncertainty.

The “dismal” nomenclature I use is inspired by Weitzman’s (2009a) “dismal theo-
rem”, and his body of work on the subject forms the clearest point of comparison with
this paper.® Weitzman imposes a lower bound on global disutility, and shows that the
expected value of policy tends to infinity as this lower bound is relaxed. He concludes,
broadly, that an analysis of the effects of climate change depends on assessing the “very
rare, very catastrophic” scenarios.

His results provide an example of my dismal situation: it matters, in relative and
absolute terms, how we place that subjective lower bound on disutility. However, my
paradigm makes clearer that the evaluation is sensitive to many subjective assumptions
within the model. So, extraordinary catastrophe need not be the driver of the multi-
plicity of valuations, or of the potential for extreme values in cost-benefit analysis. In
concrete terms: perhaps we should not focus on the very small chance of 10 or 20°C
warming, since 4°C is the median temperature change at 2100 for business as usual
emissions, and the effects of this could well be dramatic.

[ also assess “stylised facts” which emerge from several papers in the literature. These
are not robust to changes between the many plausible modelling assumptions. First,

4See Savage (1951).
5See also Weitzman (2009b,c, 2010, 2011, 2012, 2013, 2014).
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climate change policy is indeed sensitive to incorporating geophysical uncertainties —
but the effect of this uncertainty depends on the “damage function”.® Second, marginal
damages do indeed depend on the final policy scenario — so that delays in applying
policy do mean that optimal abatement is more expensive.

Other papers have considered climate change under ambiguity. Notably Millner
et al. (2013) assess the impacts of climate change using smooth ambiguity aversion in
the distribution of the climate sensitivity parameter (keeping other tastes and beliefs
fixed), while Xepapadeas (2012) uses robust control. Lempert (2015), Metcalf and Stock
(2015), Otto et al. (2015) and Rosen (2015) have all recently emphasised the importance
understanding ambiguity and the questioning of assumptions in integrated assessment
models. Lempert et al. (2006), Polasky et al. (2011), Lemoine and McJeon (2013) and
Weaver et al. (2013) use techniques of robust Bayesian analysis to assess policy.

More recent papers, concurrent with this, (Danan et al., 2016, Dietz and Matei,
2016, and Chambers and Melkonyan 2017) apply models of incomplete social tastes or
beliefs to climate change. These are discussed in more detail in Section 7.1. However,
this paper uniquely proposes an exploration of the full range of assessments that are
objectively possible, and how the extent of this range undermines much accepted wisdom
on climate change policy.

The paper is arranged as follows. Sections 1.1 and 1.2 provide more background,
first on climate change, and then on decision theory. Section 2 introduces the model
of incomplete beliefs and tastes, and shows how to apply this to climate change, fitting
an integrated assessment model, of climate change and the economy, into a simple
model of private benefits and public damages. Section 3 introduces “justifiable acts”
and my notions of “dismal” choices and “disagreement regret”, giving an approximate
relationship between the latter two. Section 4 gives numerical modelling in the climate
change context. Section 5 discusses the implications of modelling in this way: the
comparison with Weitzman’s (2009a, and subsequent) work, and problems with “stylised
facts” in the wider literature. Section 6 shows that this model of this paper provides
maximal agreement between a whole host of decision theories. Section 7 provides further
discussion, and concludes.

1.1 The Climate Change Context

An assessment of the economics of climate change depends on the economic benefits
pollutants bring, the damages they cause, and the wider economic outlook. Moreover it
depends on our welfare interpretations of all such outcomes. There are serious problems
with such a valuation, as recent literature discusses in detail.”

Weitzman (2007, 2009a) first raised some of these issues, focussing most explicitly
on geophysical uncertainty in the long-term global mean temperature rise that should
be associated with any increase on COy concentrations. It is difficult or impossible for
science to provide truly objective probability distributions (see e.g. Kunreuther et al.

6 All effects so happen to cancel out with the function which is conventionally used but, as discussed
in Section 1.1, it is only convention which dictates this functional form.

"See Weitzman (2007, 2009a,b,c, 2010, 2014), Hanemann (2009), Stern (2010, 2013), Pindyck
(2011a,b, 2012, 2013a,b, 2017), Millner et al. (2013), Fisher and Le (2014), Heal and Millner (2014a),
Kolstad et al. (2014) and Dietz and Stern (2015).
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2013). But too often still, this uncertainty is captured in restrictive distributions, or not
modelled at all.

Moreover, these need not be the most important sources of uncertainty. The eco-
nomic damages associated to a given level of global warming are very badly understood,
especially at higher temperatures. We potentially face 4-5°C warming before 2100. In-
tegrated assessment models typically assume this would give rise to an output loss of
1-5%, a level that some leading experts consider “ludicrously small”.® But this has not
been estimated directly; it comes from extrapolations of damages estimated at much
lower temperature changes, using methods that are without “theoretical or empirical
foundation”.? Despite recent efforts in improving this situation,'® it is unlikely that
damage functions can be based on empirical estimates for the full range of possible cli-
mate responses. In fact, 4-5°C warming represents a very significant climatic shift, of
the same scale as the difference between the present day and the last ice age. And there
is serious concern that warming of this level might be disastrous for economic growth
where it is most needed.!! These problems have led some scientists to despair of optimal
outputs from integrated climate-economy models.'?

Technology change is also far from perfectly understood. To model it accurately, one
must consider serious market imperfections, as well as endogenous growth.!® Surveys of
experts help to form forward projections, but disagreement between experts can reach
an order of magnitude.'

Moreover, the state of the wider economy determines the demand for energy inputs,
and so the cost of cutting emissions to a given level. And economic growth alters the
welfare implications of climate change damages: adaptation is easier for the rich, and
any losses are typically not weighted so heavily. So our estimates of both climate damage
and mitigation costs are further undermined by the serious limitations to our prowess
in forecasting total factor productivity growth.!®

1.2 Decision Theories

The standard model for rational choice under uncertainty, subjective expected util-
ity (“SEU”) implies an agent behaves as if they know exactly both the probability
distribution of uncertain “states” of the world (their “beliefs”), and how to judge and
compare these outcomes (their “tastes”).l® However, as argued by Gilboa et al. (2009),
“having coherent beliefs that have nothing to do with evidence and data cannot be con-
sidered rational”. My interest is in situations in which tastes, beliefs, or both, are not
“objectively” known — in the sense that there do not exist choices for these which any
reasonable agent would be convinced are correct.!”

8See Stern (2013) Figure 1 and Stern (2010).

9Pindyck (2013b).

10See e.g. Burke et al. (2015).

HSee Dell et al. (2012), and Schellnhuber et al. (2014).

12See Box 3.1 of IPCC (2014).

13See Fisher-Vanden (2008) in her introduction to a collection of papers on this subject.

14See Baker et al. (2009).

15See, e.g. Prescott (1998) and Millner and McDermott (2016).

16See Savage (1954) and Anscombe and Aumann (1963).

17T follow Gilboa et al. (2010) in making this distinction from “subjectively” rational choices, which
a reasonable agent cannot demonstrate are wrong.
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There are a wealth of models addressing how we should close this gap when the
problem is an absence of clear, unique beliefs or tastes, and the question of how to
aggregate tastes across heterogeneous individuals.'® However, recent experimental work
shows little conclusive evidence as to which is the best model to describe how individual
agents do behave.!® Moreover, these models do not address how agents should behave,
especially when the agent in question is addressing questions with which they have little
familiarity, and which may have large-scale and long-term impacts. Finally, even once a
model has been selected, further deeply subjective choices are required in its application.
Thus I do not wish to rely on any one of these models.

But indeed, why should “objectively” rational preferences be able to address our
ignorance of the situation we face? Instead, I look at models which relax the Savage
axiom of “completeness”, that is, comparability of any two acts. As argued by Gilboa
et al. (2009) and Karni (2014), completeness of preferences even at the individual level
is likely to fail in unfamiliar, high-consequence situations; aggregation across a hetero-
geneous society adds an additional level of difficulty.

In practice, the debate on policy to combat climate change has focussed on certain
key features of our “tastes” and “beliefs”, about which experts deeply disagree. Our
models should reflect this.

So as a basis for this paper, I use the most general existing model of incomplete
tastes and beliefs: that of Riella (2015).2° This is similar to familiar SEU, but with a
set U of “tastes” and a set X of “beliefs”, as above, so that two acts can be ranked only
if they are ranked in the same way under all these tastes and beliefs.

Much of the argument of this paper would be unaffected by using only incompleteness
in beliefs, and some economists may consider that a decision maker ought to know their
own tastes. However, “local” tastes are more consistent with the Allais paradox.?! And
incomplete tastes are more appropriate for very unfamiliar situations.?? Even if a social
planner’s preference is to aggregate tastes across society, they will usually lack sufficient
information to do so.

Moreover, neglecting incompleteness in tastes seems unnatural in the case of climate
change economics: a great deal of discussion and disagreement has arisen from differences
in opinion on one particular taste parameter, the pure rate of time preference.

8Popular examples of decision theory under ambiguity are Anscombe and Aumann (1963), Gilboa
and Schmeidler (1989), Schmeidler (1989), Hansen and Sargent (2001), Ghirardato et al. (2004),
Klibanoff et al. (2005) and Maccheroni et al. (2006). Etner et al. (2012) and Karni et al. (2015) give
recent surveys. See Cerreia-Vioglio et al. (2014, 2015) for work on the “local” tastes of Machina (1982),
and Weitzman (2001), Heal and Millner (2013, 2014b) and Millner and Heal (2014) on aggregation of
the pure rate of time preference.

19See Etner et al. (2012).

20The preceding model of Galaabaatar and Karni (2013) is very similar, but concerns a strict pref-
erence relation; it is more convenient for me to work with the weak preferences of Riella (2015). See
Bewley (1986, 2002) and, for example, Seidenfeld et al. (1995) and Ok et al. (2012) for earlier models,
and Hill (2013) for an alternative perspective.

21See Machina (1982) and Cerreia-Vioglio et al. (2014).

22Karni (2014) argues that an agent does not know their own tastes for states of health which they
have never experienced; a dramatic decline in biodiversity, for example, may also be hard to judge
without experience.
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2 The Model

2.1 Assumptions for Modelling with Incomplete Preferences

This paper considers decision-making with high consequences and poor information.
My key example is the question of climate change policy: see Sections 1.1, 2.2 and 4.
Other suitable examples could be the decision to default on sovereign debt, or the threat
of the impact on Earth of a large asteroid. Indeed, the basic model of this section is far
more generally relevant; the distinctions I introduce in Section 3.2 restrict attention to
these drastic cases.

The model consists of set ® of states of the world, a set X of outcomes, and lotter-
ies A(X) over X.?* For simplicity assume that @ is finite and that X is a compact,
connected subset of Euclidian space; in the case of climate change we will think of both
of ® and X as products of smaller sets. Agents choose between acts f € F, which are
functions f: & — A(X).

In the model of Anscombe and Aumann (1963), a subjective expected utility (SEU)
agent behaves as if they have a real-valued affine utility function u on A(X),?* and a
probability measure o on states ®, so that acts may be ranked via their expectation:
fuo = sco U o f(@)o(). Here, o is defined uniquely, while u is unique up to affine
transformation (i.e. behaviourally unique).

However, in the situations of interest, there will not be a clearly identified unique
(u,0): agents may disagree, and indeed individual agents may be unable to identify
their own “tastes and beliefs”. Instead, I assume there is a set U of such u, and a set X
of such ¢, and a subset ¥ C U/ x ¥ such that for f, g € F,

fr 9 fus =Ty, forall(u,o)el.

I refer to U as the “plausible” tastes and beliefs. If f = ¢ I say f is “objectively”
preferred to g.

An axiomatic approach to decision theory takes a preference relation as primitive,
and derives the modelling structure. But the answer to a policy question must work
in reverse, applying a modelling structure to infer preferences. And, as described in
Section 1.1, there is no agreed set of social welfare tastes u or beliefs . It is the latter
fact which I take here as my starting point; see Section 6 for an alternative perspective,
involving agreement between decision theories. However, axiomatisations have been
recently given for very similar models.?’

Make additional technical assumptions:

Assumption 1. F may be represented as a convex subset of R™ for some n € Z, .

Z3(Cf. Savage (1954), Fishburn (1970).

A function u is affine if u(af + (1 — a)g) = au(f) + (1 — a)u(g) for lotteries f,g € A(X) and
a € [0,1]; in practice this means that u treats lotteries in the usual additive way.

Z5The closest is Riella (2015), who generalises Bewley (1986, 2002) to incorporate incomplete tastes.
Galaabaatar and Karni (2013) provide the first axiomatisation in which tastes and beliefs are simultane-
ously incomplete, but they work with a strict preference relation. Both Riella (2015) and Galaabaatar
and Karni (2013) require a finite outcome space X to derive this representation from their axioms;
it seems that extensions to more general cases would require extremely difficult convex analysis. The
assumptions on outcomes made here are for convenience in differentiating expected values; a sufficiently
fine discretisation of outcomes would give an empirically similar model.
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Assumption 2. ¥ may be represented as a convex, compact subset of R™ for some
m &€ Z+.

Assumption 3. The map E : F x ¥ — R given by E(f,u,0) = Tu,g is continuous in
all arguments and strictly quasi-concave in F.

An important special case is when a policy variable ¢ € Q parametrises all available
acts. In a simplified model, ¢ might represent total cumulative anthropogenic emissions
of greenhouse gases, with @ = R, ; for a richer model, ¢ can be a vector representing
greenhouse gas emissions in each period. Write the act defined by ¢ € Q as f(q) € F.

I often also assume that, for any u € U, we may write uo f = w,— D, + B,, where D,
and B, represent the costs and benefits of the act f, respectively; and w, is underlying
welfare independent of the act (but still potentially dependent on the state ¢ € ®, which
may include very broad issues such as the determinants of long-term economic growth).

When acts are parametrised by ¢ € Q then these become w,(¢), B,(q,¢) and
D,(q, ) as functions of the parameter and state. In this case, assume that B,(q, ¢)
and D,(q, ¢) are both monotone in ¢ in opposite directions.?® As before, expectations
given beliefs o are written w, ,, Eu,a(q) and Eu,a(q).

2.2 Applying This Model To Climate change

It is worth explicitly putting these ideas in context. Climate change is typically
modelled economically in an integrated assessment model. I now explain how the pre-
sentation of Section 2.1 encompasses such models.

As is clear from Section 1.1, a model of the economics of climate change needs layers
of effects, with a sequence of causality: emissions give rise to atmospheric concentrations,
which give rise to climatic changes, and hence to economic impacts. Meanwhile, savings
and investment decisions, and technology change, give rise to economic output, and this
output creates new emissions. In each of these stages there is uncertainty, although it is
not always modelled. Typically an optimal path of consumption and emissions is found
using numerical techniques.

The states of Section 2.1 represent possible values for features of the world and the
climate-economy interaction. There are many relevant concerns, and so we consider
the state space as a product space. The first coordinate might represent the “climate
sensitivity” parameter; the second might index mechanisms and sensitivities for changes
in precipitation; the third, potential functional forms for economic damages from changes
in temperature and precipitation; the fourth, the determinants of baseline long-term
economic growth.

We do not know the true vector of states, and nor is there a single objective proba-
bility for each such vector. However, beliefs o ascribe a probability to each state vector.

Outcomes are typically measured in integrated assessment models as mean per-capita
consumption in each period, perhaps segregated by region. In principle outcomes could
be person- as well as time-specific, and could represent differentiated goods (cf. Sterner
and Persson 2008). Of course there will be limits to what is computationally tractable,

26When ¢ is interpreted as the quantity of a pollutant, it is natural that B, (g, ¢) decreases with g
while D, (g, ¢) increases with q. However, if the parameter ¢ represents the level of a carbon tax, for
example, these roles will be reversed.
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but I will assume that each outcome vector has components for (finitely many) time
periods; the component within each time period may also be a vector.

We evaluate an outcome, or a pure lottery in outcomes, in welfare terms. Here we
use a social welfare function u, which incorporates preferences over risk, inequality and
time, and so represents our tastes. Recall that these are only behaviourally defined up
to affine transformation. It is standard in these models to normalise by setting marginal
utility in the rich world, today, to be equal to one (see e.g. Azar and Sterner 1996).
Thus small changes in acts can be understood in units of money, as experienced by the
rich.?”

An act is a choice of behaviour in each period — specifying climate change pollution
and mitigation levels, but also giving consumption, savings and redistribution. For any
given state (vector) this will determine a lottery on outcomes as described above. If a
different state pertains, then the same act leads to a different outcome. So the act is a
function from states to outcomes.

This gives too much flexibility in acts, so I write Q for a set of climate change policies.
For each ¢ € Q, the act f(gq) incorporates the climate policy ¢, with other economic
behaviour chosen to be optimal with respect to some baseline beliefs. Again, each ¢ € Q
can be a vector in time periods, representing emissions in each period. However, when it
is desirable for Q to be one-dimensional, I will assume that ¢ represents total cumulative
emissions of CO,.2

To identify welfare effects B, (¢, ¢) and D,(q, ¢), I show in the appendix:

Lemma 1. Make Assumptions 1-3. Assume that, in each period, we can identify a
baseline outcome that would have obtained if climate change were not damaging and
emission cuts were free (but that still potentially depends on other states such as eco-
nomic growth). Assume also that the change in outcome within each period, due to
both the damages from climate change, and the private benefits of emissions, may be
identified. Then we can identify welfare effects B, (q,¢) and D,(q,¢) as in Section 2.1.

Here “benefits” from emissions are the negative of the abatement cost associated with
the given pollution level. Thus while benefits themselves are negative, they increase with
¢: in a simple SEU model we would equate marginal damages with marginal benefits
(subject to a second-order condition).

An important output of economic analyses of climate change is the “social cost of
carbon” (SCC). If Q represents emissions in each period, and if we assume tastes and
beliefs (u, o) € ¥ are correct, then the SCC is %Eu,g(q): the marginal cost of additional
emissions today, in current welfare terms. (The normalisation of social welfare given
above ensures that this is measured in terms of present-day money, as experienced by
the rich.??)

In a simplified model with one dimension of policy choice, in which Q represents
cumulative emissions, then the SCC remains closely related to E;ya(q) (which is now the
marginal cost of additional CO5 emissions distributed optimally over time). Both these

27If u is not additively separable in time then performing this normalisation requires a choice of
reference outcome; marginal welfare of the rich at the present day is set to one, given that this reference
outcome pertains. The marginal utility may then be altered in the true outcome.

28See Allen et al. (2009).

29 As noted in footnote 27, this relationship breaks down when v is not additively separable over time,
in which case calculating the SCC requires a re-normalisation for every scenario.
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quantities depend on the assumed future trajectory of emissions and the economy.?’ As
climate damages are much less sensitive to emission timing than abatement costs, which
are expected to decline over time, the majority of these will be emitted relatively soon
and so the SCC will be similar to E;(q).:ﬂ

3 “Dismal” Decision Theory

3.1 Justifiable Acts

If preferences are incomplete, which acts could be chosen? First, reflect that acts
which are dominated under = are never chosen. On the other hand, acts that are optimal
for some (u,0) € ¥ seem promising. Importantly, these are the only two categories of
acts. I define (cf. Battigalli et al., 2016):

Definition 1. An act f € F is justifiable if there exists (ug, 0¢) € ¥ such that f
for all g € F.

_ 0,00 Z
guo,cro
Proposition 1. Make Assumptions 1-3. For any act f € F, exactly one of the following
holds:

(1) f is justifiable;

(2) there exists g € F such that G, , > f,, for all (u,0) € V.

So an act is a candidate for implementation iff it is justifiable.

I may thus suppose any act which may be implemented, to have been chosen by
a “formal agent” with SEU tastes and beliefs (ug,0¢) € W. It is then illuminating to
consider this act from the perspective of a different formal agent, with tastes and beliefs
(u,0) € U. (When comparing the perspectives of multiple agents, the normalisation of
tastes u are crucial; see Section 3.2.1.)

These can be considered as different evaluations from different existent agents, with
inter- and intra-temporal interpretations. The “(u,o)-agent” may well consider beliefs
0 or tastes ug to be quite “wrong”: they may consider ug to be ethically unacceptable;
they may believe their information to be of better quality; they may be an individual in
the future, assess decisions made now, with access to genuinely better information. We
would, of course, wish policy to still be reasonably desirable with the benefit of hindsight.
In particular, if (ug,00) and (u,o) are considered as corresponding to two different
policy-makers, it is implicitly assumed that the second cannot change the policy.?2

However, these different choices of (u,0) € ¥ need not arise from different actual
agents; they also represent a single idealised social planner with incomplete preferences.

3.2 Characterising when Incompleteness Matters

By Occam’s razor, we should not complicate a model needlessly. So I characterise
when the incompleteness of the model is important.

30The literature is a little inconsistent, with some defining the SCC to be the shadow price on
emissions, i.e. to be the SCC in the sense of this paper only when this is evaluated only along the
optimal emission trajectory.

31See Allen et al. (2009) for the relative insensitivity of climate outcomes to the timing of emissions.

32This is a plausible situation for climate change, even when we consider with the benefit of hindsight,
since choices made now may greatly restrict future options: see e.g. Riahi et al. (2015).
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3.2.1 Normalisations and Reference Outcomes

To allow meaningful comparisons, we need to normalise utility functions u in a
consistent way.

There are two natural candidates for this normalisation. Firstly, we could assume
that every plausible utility function u : A(X) — R has image [0, 1]. This is used often
in pure decision theory literature. However, this normalisation is very sensitive to the
nature of the worst outcome, which may be very hard to assess, even subjectively (see
Section 5.1).

[t seems more natural to ensure that marginal valuations are comparable, in the range
of outcomes where we have the most experience (this is also the usual normalisation in
the climate change context). So fix a “reference” outcome x° € X, and identify the first
factor 1 of X; assume additionally that all u € U are differentiable with respect to this
first factor. Stipulate u(x?) = 0 and %u(xo) =1 (cf. Section 2.2).

3.2.2 “Dismal” Choices and Disagreement Regret

I now provide two possible measures of the extent of incompleteness, and show how
they are linked. These definitions do not provide a decision rule, but a measure of the
extent of incompleteness of preferences.

In each case, I assume that Q parametrises the set of acts available, and that ¢ € Q
is justifiable: it is optimal for the formal agent with tastes and beliefs (ug,00) € W. Tt
will then be evaluated by a different formal agent, characterised by (u,o) € ¥. (Where
there are multiple ¢ optimising _uwo(q), assume that the ¢ chosen is the worst from
the point of view of (u,0).)

First, models of incomplete beliefs a la Bewley (1986, 2002) are closely linked to
the field of robust Bayesian statistics.>®* So it is natural, also in the extended case of
incomplete tastes, to measure “robustness” of a policy choice using a “regret” analogous
to that of Savage (1951). The idea is to measure the difference between the pay-off from
a given strategy, and the pay-off from the strategy that would have been optimal, had
unknowns been resolved. The “unknowns” in question for Savage regret are “states”
of the world; for the analysis here, I introduce the assessment of regret resulting from
disagreements in tastes and beliefs.?*

Definition 2. The disagreement regret associated to (u, o) when the choice from Q has
been guided by (ug, 0g) from family Q is

R’z?,g(u(h 00) = IgleaQX{TU,J<Q)} — min {7u,a<qz)k) : qs € arg max{?uo,ao (q/)}} .

q€Q

Second, I work directly with the difference between expected utilities experienced
by different formal agents, from small changes in acts. Fix S,T > 1. These are
our benchmarks for “large” differences (analogous to the p values used to determine
statistical significance).

33See Seidenfeld et al. (1995) and Cerreia-Vioglio et al. (2013). Even without the precise assumptions
for which their results hold, the link is clear.

34 As with Savage regret, one could specify decision rules, such as minimising the maximum R€.
Stoye (2011) shows how such decision rules may be axiomatised.
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Definition 3. The choice between acts {f(q) : ¢ € Q} is (S,T)-dismal if there exist
(U,O’), (ul70/> € ¥ and q € Q such that “vfu,a(Q) - Vfu’,o’(Q)“ > Svau’,cr’(Q)H and

7o @)l > 7. )
In particular, if Q is an interval in R™ then the conditions are simply that [f,, ,(q) —

Foror(@)| > S|Fo (@) and [T, (q)] > T

Thus, a choice situation is dismal if different beliefs and tastes can give rise to
assessments that are very different (in relative terms) and large (in absolute terms).
The two separate criteria distinguish “dismal choice” situations either from those in
which welfare implications are large, but broadly agreed upon, and from those in which
precise welfare implications are contentious, but agreed to be small.

It may be useful to consider benefits and damages separately:

Definition 4. If the effects of f(q) split into damages and benefits, then assessments
of damages are (S, T)-dismal if there exist (u,0), (u/,0’) € ¥ such that both D), ,(¢) —
D;’,a’(q) >S5 Dq’/,o" (Q> and D;/,,O’(Q) >T.

Dismal assessments of benefits are defined similarly.

Since TLU(q) = F;U(q) — E:W(q), if the choice between acts is (S, 7)-dismal then
assessments of either damages or benefits (or both) are at least (‘;, %)—dismal. The
converse is not true: it is possible for large damages and benefits, and large differences
in damages and benefits, to cancel out. But the question of whether assessments of
damages and benefits are dismal is of independent interest (see discussion after Corollary
1). Moreover assessments of their values may be made in quite separate models, so that

such cancellation may be hard to identify.3?

3.2.3 The Relationship Between These Definitions

There is a close relationship between situations of a dismal choice, and a high level
of disagreement regret, as follows:

Assume that Q is one-dimensional and that, for all fixed (u,0) € ¥, we know
fuo(q) is three times differentiable with respect to ¢ and well approximated by its
Taylor series up to degree two. Assume also that f7/,(¢q) < 0 for all (u,0) € U. Write

g = arg max, g fuo.00(q) and ¢* = arg max,cg fu,o(q)
Proposition 2. Under the assumptions above, we may approximate

r/ ( *
Iy * * * * * u,0 qO)
wo(@)(@" — a5) where ¢" — g5 ~ = @)
u,0 \10

Moreover, if we split the acts into their private benefits and public damages, and
assume these are both thrice differentiable, then:

N —

RQ(UaU,UO,Uo) R

Corollary 1. Under the assumptions above, we may approximate

2
— — — —
o ((Du,a(q6> - Duo,ao (q6>) - (Bup(qa() - Buo,ao (qg;)))
R (U,U,UO,O'o) ~ — N —7 N :
Du,U(QO) - Bu,a(qO)
350ur best assessments of the costs of emission reductions tend to be derived from detailed models
specified for this purpose: see IPCC (2014) Annex I1.10.
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Under the assumptions given, b;o,ao(qg) = F;MO (¢3), but these terms are included in
Corollary 1 because Definition 4 concerns differences between evaluations of marginal
damages. Similarly, although f7 , (¢3) = 0, such terms could be introduced into Propo-
sition 2 to illustrate that the regret may be given in terms of the differences, as well as
levels, as in 3.

We conclude that, if the choice situation is dismal, then disagreement regret may be
“large”: this criterion identifies what may be important in total welfare terms. (When
the second derivatives are larger then, all else being equal, the policies recommended are
more similar; but observe that, when one compares the recommendations for different
(u, o) giving rise to different second derivatives, it is unlikely that all will remain equal
with the first derivatives.)

As will be discussed in Section 4, the difference between marginal damages under
different tastes and beliefs tends to increase with ¢y, whereas the difference between
marginal costs for different tastes and beliefs tends to decrease with ¢o. On the other
hand, if gg can be found such that neither assessments of damages nor benefits are
dismal, evaluations of such policies will be more robust.

Corollary 1 follows trivially from Proposition 2, but illustrates the role of assessments
in damages and benefits, as well as the possibility of cancellation of dismal assessments.
The latter happens if damages and costs move in the same direction with changes
in tastes and beliefs. Conversely, if damages and costs move in opposite directions,
the effects compound (and optimal quantities are very different). But when optimal
quantities are very different under different tastes and beliefs, the values of marginal
damages and marginal benefits at this price are more similar. This suggests that a
price-based policy would be more robust in such a scenario, and that it is worthwhile
to undertake a “prices versus quantities” analysis, in the style of Weitzman (1974). 1
perform this in a subsequent work.

4 Climate change as a scenario with dismal choices

4.1 Incomplete Beliefs: Climate Change Damages

A simple model illustrates the importance of our incomplete knowledge on the dam-
ages from climate change. I have combined an economic model in the style of DICE
2013 (Nordhaus and Sztorc, 2013) with the “simple” climate model of Allen et al. (2009),
which incorporates five stochastic scientific parameters. (See Baldwin 2014 Chapter 2,
for full details). I use a wide range of plausible damage functions, which diverge once
temperatures pass the threshold at which the DICE damage function is calibrated.

Index by a the output damages at 4°C warming. In DICE 2013, o = 4.09% and the
damage function is quadratic. However, as discussed in Section 1.1, it is quite plausible
that a very much higher figure is appropriate. Figure 1 shows the damage functions in
use, and the resulting spread of values for the present-day social cost of carbon. (The
functions in Figure 1b tend to be convex; apparent concavity is due to the logarithmic
axes used!)

It is not really “plausible” to assume that any one of the damage functions of Figure
1 is correct with certainty, as the beliefs of this example do. However, a range of
probability densities over these functions may be plausible. The estimated SCC will be
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Figure 1: (a) The damage functions assessed here. (b) The social cost of carbon as a func-
tion of cumulative emissions. The dotted lines denote the 95% confidence inter-
vals of the estimators. The legends give the corresponding values of «, that is,
output damages from 4°C warming.

sensitive to the probability accorded to the top end of the distribution, which it is hard
to constrain in a meaningful way:.

4.2 Incomplete tastes: the pure rate of time preference.

It is well known that different values of the pure rate of time preference d can give
rise to vast differences in the estimated social cost of carbon. One could obtain a subset
of all possible damage functions D, ,(q) by letting u determine § and assuming tastes
are otherwise fixed, along with beliefs oy. We obtain an expected social cost of carbon
ﬁ;m(q) for each “plausible” choice of u, i.e. each plausible §. The social cost of carbon
increases dramatically as 6 — 0, even for moderate assumptions on the form of damages:

see Tol (2009, Table 2) and Ackerman and Stanton (2012), for example.

4.3 Acemoglu et al. (2012) and the role of beliefs in abatement
costs.

This work distinguishes clean and dirty technology. It models technological change
as endogenous, and is directed between sectors on the basis of productivity, prices and
market size.?® A crucial parameter is the elasticity of substitution e between the two
sectors.

If € is high enough, optimal policy is given by a temporary subsidy and a temporary
carbon tax. If € is lower, the carbon tax continues indefinitely. If the two sectors are
complementary, i.e. ¢ < 1, the only way to avoid environmental disaster is to bring an

36T focus here on the case of inexhaustible resources analysed by Acemoglu et al. (2012).



Choosing in the Dark: Incomplete Preferences, and Climate Policy 15

end to economic growth. Thus different beliefs on this crucial substitution parameter
give rise to widely different estimates of the cost of meeting an environmental target.

4.4 Conclusions for Modelling Climate Change

Assume that Q is one-dimensional and represents cumulative emissions. Sections
4.1-4.3 substantiate my key claim:

Claim 1. Assessments of damages ﬁ;p(q) are (S, T)-dismal for large enough q and for
(S, T) < (100, $500).

Assessments of benefits F;J(q) are (S, T)-dismal for small enough q, for some non-
negligible (S,T).

Assessments of damages have less of a tendency to be dismal for lower temperature
targets: this is clear from Figure 1. A threshold could be estimated for any S, T" defining
the dismal situation. Conversely, benefits, i.e. the costs of emission reductions, have a
less dismal nature for high ¢. Indeed, some summaries of figures suggest benefits, i.e.
the cost of emission reductions, are moderate for most assessed values of ¢.*” However,
the lowest cumulative emissions regularly assessed correspond to a 2100 concentration
of 450ppm COseq, and some argue that such an emission level is still too high (i.e.,
implicitly, our assessment of damages from such warming should still be dismal).?® Very
tight abatement scenarios are seldom assessed, but could have dramatic short-term
consequences.

The policy-maker may be trapped between two dismal assessments. But Claim 1
raises a very natural question.

Question 1. Does there exist a level g of cumulative emissions, and moderate (S,T) €
R?, such that assessments of neither damages nor benefits are (S, T)-dismal?

If so, this presents a potential “sweet spot” to policy-makers. Such ¢ will not characterise
optimal policy for all formal agents with plausible tastes and beliefs, of course, but the
potential downside from such policies is better constrained and understood.

The examples given above examples rule out many plausible tastes and beliefs. Other
models show the importance of considering more than one consumption good, climate
damages that affect the capital stock or total factor productivity, and the importance of
climatic tipping points.? Ideally, if several modifications seem more plausible than the
baseline model, one should include them all (cf. Section 5.2.1, in which we see that the
most conventional damage function masks the importance of geophysical uncertainties).

Moreover, allowing only one set of beliefs for the geophysical part of the model is
inaccurate. Example 4.1 used a uniform prior distribution to convert likelihoods into
probabilities. In turn, Allen et al. (2009) use log-normal parametric forms calibrated
to recent data to derive the likelihoods used. Clearly, different priors and forms would
alter the results.

37See IPCC (2014) Figure 3.4.

38See, e.g. Hansen and Sato (2012).

39Gee Sterner and Persson (2008), Dietz and Stern (2015) and Cai et al. (2015a,b), Lontzek et al.
(2015) respectively for these points.



Choosing in the Dark: Incomplete Preferences, and Climate Policy 16

5 Implications of Modelling with Incomplete Pref-
erences

5.1 Connection to Weitzman’s “Dismal Theorem”

The nomenclature “dismal choice” is inspired by Weitzman’s “Dismal theorem”
(Weitzman, 2009a, 2014): it leads to a re-interpretation of that work’s essential insight.

For expositional simplicity, I present Weitzman’s ideas here as a consideration of
Ezw(q), where ¢ € Q, which is one-dimensional, and represents cumulative emissions.*°
Weitzman imposes a lower limit on global utility, the “virtual statistical life of civilisa-
tion”. This, he argues, is not well understood. I notate it as JA; it is a lower bound on
tastes u and so I write u, for the taste function with this lower bound imposed. As he
leaves the specification of A open, he is implicitly modelling tastes as incomplete.

Weitzman makes further assumptions, which I will denote oq, on the relationship be-
tween welfare damages and uncertain geophysical parameters, and on the Bayesian prior
distribution for these parameters. He then argues that, however much more information
we gather, we will update beliefs to some o7 which will satisfy

im D, (q) = oo. (1)
What does this mean? According to Weitzman (2014), it is “absurd” to say that the
social cost of carbon is infinite. But in any case, since Weitzman (2009a) argues explicitly
that welfare is bounded below, what is the relevance of taking the limit A — —oo?

My answer is that doing so illuminates the importance of incompleteness of tastes in
his model. If the lower bound on welfare were known and understood, there would be no
problem: one would simply substitute in its value. But A is unknown, and what Equation
1 tells us is that this matters. The fact that the limit in (1) is infinite demonstrates

firstly that E;Am(q) depends fundamentally on the assumed value of A\, and secondly

that 5;Avgl(q) can be very large. This, then, is exactly an instance of assessments of
damages being dismal, in the sense of Definition 4: the social cost of carbon depends
fundamentally on our subjective tastes and assumptions (u,o) € ¥. 4

However, in the formulation presented here, the value of X is clearly not the only
subjective aspect to which the result is sensitive. The result depends on the particular
prior beliefs oy. Under different o, the result can disappear; or only hold for large values
of ¢ (so that the scenarios of dismal choices are irrelevant as long as a small enough ¢

is imposed); or it can hold even for ruinously low ¢; see Millner (2013).*2 The language

40Tn fact, Weitzman (2009a) discusses the stochastic discount factor, but in later work (Weitzman,
2014) he expresses his ideas in terms of the social cost of carbon.

4 Thinking in this way also shows clearly that we cannot, as suggested by Arrow and Priebsch (2014)
and others, resolve the problem by using bounded utility functions — which are indeed required by the
axioms of SEU — because we do not know where the bound lies.

42Weitzman’s argument is only in terms of marginal willingness to pay to alleviate climate damages;
to find the total willingness to pay we would have to consider also marginal costs of abatement. Millner
(2013) shows that, under Weitzman’s (2009a) formulation, if we can transfer utility to the future with
certainty, then there exists an affordable level of mitigation which removes the “dismal” problem.
However, with uncertainty in these transfers, there exist formulations such that we would willing to
sacrifice all current consumption to mitigate climate change. The arguments are slightly different for
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of Definition 4 allows us to identify this critical importance of o. It is unclear how one
would formulate a Weitzman-style result for this case.

Weitzman (2009a, 2014) emphasises the importance of “fat-tailed uncertainty”, un-
der which it is the very low probability, very high impact events in the tails of these
distributions which should drive our evaluations.*> Uncertainty in the damage function
encompasses the value we place on worst-case scenarios, but also what we think about
the effect of around, say, 4°C warming. This outcome is not a “rare catastrophe”, but
scientists’ best guess of the outcome of following business-as-usual emission scenarios.

Should one instead model with a fat tailed distribution of damage at 4°C (perhaps as
a distribution over the damage functions of Section 4.1), and argue that the expectation
is driven by the low-probability event that 4 degrees has a catastrophic impact? The
problem with doing so is that it implies that one specific assessment of such a probability
density is well-founded. There is no such assessment. So focussing on the multiplicity
of plausible valuations is more accurate.

In Weitzman’s discussion, uncertainty is in future consumption under climate change.
However, he focusses analysis on the “climate sensitivity” parameter, and it is this that
the literature has picked up.** So, despite his following work discussing forms of the
“damage function”, and the writing and modelling of others, uncertainty in damages
is sometimes missed by those aiming to learn from his work.*> Moreover, this is an
important omission, as use of the popular “DICE” damage function happens make an
integrated assessment model rather insensitive to uncertainty in climate sensitivity (see
Section 5.2.1).

Finally, a difference between my formulation and that of Weitzman (2009a, 2014) is
that I consider that assessments of the cost of reducing emissions may also be dismal.
These combined dismal effects have important implications for the question of policy
choice, as I discuss in more detail in ongoing work in this area.

5.2 Showing Stylised Facts are Not Robust

Economic theory is often concerned with characterising the basic shape of relation-
ships and “stylised facts”. Many such “facts” have been derived regarding climate policy
responses. Some, such as the basic principle of putting a price on carbon, supplemented
with subsidies for immature low-carbon technologies, seem very robust to model spec-
ification. For example, the idea that we should stop using coal rapidly is a point of
agreement between the very different approaches of Golosov et al. (2014) and McGlade
and Ekins (2015). However, others have gained considerable traction despite being

this paper as we work with the social cost of carbon, rather than the stochastic discount rate (so we do
not consider the possibility of transfers to the future with certainty) but the distinctions are as follows:

we seek g such that E;W(q) = E;J(q) < 0o. Such ¢ exist for some taste and belief combinations, but
for others, one finds that E;ﬁg(q) < ﬁ;ﬁg(q) for every q > g, where ¢ is a lower bound to the cumulative

emission levels we can actually attain, i.e. satisfying limq_,, Euﬁ(q) = 00.

43See Weitzman (2009a, 2012, 2014) and also Pindyck (2013b, 2017).

44Physicists have worked with economists to question whether this is the key geophysical uncertainty;
see Otto et al. (2013) and Roe and Bauman (2013).

45See Weitzman (2009c, 2010, 2011, 2012), Stern (2010, 2013) and Pindyck (2013b, 2017) for discus-
sions of damages, and Dietz (2011), Ackerman and Stanton (2012), Dietz and Stern (2015) and Rezai
and Van Der Ploeg (2017) for modelling using wider ranges.
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Figure 2: The percent additional SCC due to using means instead of the best guesses of
parameters. The legends give the damage parameter «. The “DICE damage func-
tion” is given by a = 4.09%.

dependent on a particular specification of the model.

5.2.1 The importance of uncertainty in climate sensitivity.

Weitzman (2009a) emphasised the importance of incorporating uncertainty in geo-
physical aspects of an integrated assessment model, but several studies on the economics
of climate change have since dismissed it as relatively unimportant.*® In fact, it does
seem to be unimportant if one uses the DICE damage function (see, e.g. Nordhaus and
Sztorc, 2013) — but not otherwise.

See Figure 2. I have taken the estimates for the SCC given in Section 4.1, which
use a joint probability density function of geophysical outcomes derived from the work
of Allen et al. (2009). I have compared these with estimates which use only the best
guesses for the 5 uncertain parameters. The percent additional SCC in the model with
uncertainty, relative to the model without uncertainty, is plotted.*”

5.2.2 (In)dependence of the SCC on cumulative emissions.

Surprisingly, many conventional models of climate change derive a SCC which is
independent of the emission pathway. This was first seen back in the work of Nordhaus
(1993) but has been developed in many other lines of work, where it is sometimes even an

46See, for example, Lemoine and McJeon (2013), Golosov et al. (2014), Nordhaus (2014), Gillingham
et al. (2015) and Traeger (2015). This is then used in reviews such as that by Hassler et al. (2016).

47The very dramatic effect of uncertainty at around 1.2TtC, as seen in Figure 2, is due to the fact
that, in the deterministic case, emissions of this level give rise to warming just below 2.5°C, at which
temperature the damage functions diverge.
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Figure 3: FElasticity of the SCC to cumulative emissions q, plotted for multiple damage as-
sumptions «. The dotted lines denote the 95% confidence intervals of the estima-

tors.

implicit assumption.?® But it may be seen to be an artefact of the quadratic functional
form which was assumed by Nordhaus (1993), and followed by many subsequent scholars:
see Figure 1(b). Figure 3 illustrates, indeed, that the SCC is reasonably elastic to
cumulative emissions unless we assume this particular relationship.

The perceived flatness of the SCC has multiple effects in policy analysis. As is seen
in the work of Nordhaus (1993, 2008, 2014), the optimal carbon tax at a given point in
time is unaffected by even a very substantial delay in implementing policy. Similarly,
a massive release of methane from thawing permafrost would not affect optimal policy,
when the SCC is invariant in this way. Both of these cases involve a shift upward in
the curve E;M(q); if E;ﬂg(q) is completely flat then doing so simply shifts the “optimal”
quantity, without affecting the social cost of carbon at all.

This flatness also means that the optimal carbon price will be entirely independent
of private benefits B, ,(q), as observed by Golosov et al. (2014).4

The fact that the SCC is not independent of cumulative emissions for many plausible
beliefs on the structure of damages is not novel to this paper; see e.g. Hope (2008), Dietz
and Stern (2015). But its prevalence in notable parts of the recent literature show it to
be an important example of a non-robust stylised fact.

48See Nordhaus (2008, 2014), Hope (2006), Hassler and Krusell (2012), van den Bijgaart et al. (2016),
Golosov et al. (2014), Hassler and Krusell (2012), Traeger (2015).

49Barrage (2014) performs a fairly wide sensitivity analysis of the results of Golosov et al. (2014),
but unfortunately does not question the quadratic damage curve.
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6 Extension: Multi-SEU and Agreement Across De-
cision Theories

Many other theories of decision-making under ambiguity derive representation theo-
rems which effectively use SEU as a jumping-off point. In these theories, the preference
relation is represented by: firstly giving a (possibly singleton) set Uy of utility functions,
normalised as above, and a (possibly singleton) set ¥y of probability measures on un-
certain states; and secondly providing a function H on the vector of SEU evaluations
{?u,a}(U,U)EUOXEO of acts f. The function H will be weakly increasing in the separate
SEU-style evaluations individually, and strictly increasing when all strictly increase.
The models of Cerreia-Vioglio et al. (2011, 2015) and Ghirardato et al. (2004) have this
form, and hence so do most considered in this literature.?®

For a particular decision problem, let ¢/ and ¥ be the union of all such U, and ¥
respectively. As before, assume that ¥ C U x X is a convex, compact subset of Euclidean
space. The representation functions for a decision theory are then real-valued functions
H on RY.

Particularly important examples are H, , : z — 2,,,, which represent SEU decision-
makers who only consider one utility function and probability distribution.®!

We may now define:

Definition 5. The plausible first-order tastes and beliefs of the model is the set W,
consisting of plausible tastes v € U (normalised utility functions affine on A(X)) paired
with plausible beliefs o € X.

The plausible second-order tastes and beliefs is a set H of continuous functions H :
RY — R such that H,, € H for all (u,0) € ¥ and such that if y,, > z,, for all
(u,0) € U then H(y) > H(z); and if y, » > 2y, for all (u,0) € ¥ then H(y) > H(z).

Suppose a decision-maker has second-order tastes and beliefs represented by H. To
evaluate an act f, they first form the vector of all SEU evaluations {f, ,}wc)ev € R”
of this act, and then apply the function H.

Note that I allow any (u, o) € ¥ to define “plausible” second-order SEU preferences.
That is, if (u,0) € ¥ then the SEU preferences defined by u and o are not “objectively”
rejected. This assumption seems reasonable, as the purpose of decision theories with
multiple beliefs or tastes is essentially to compensate for the existence a set of plausible
descriptions of the world, so it would be perverse to include in such a set utilities or
beliefs that are objectively falsifiable.

Now, given acts f,g € F, if _%U > Gu., holds for all (u,0) € ¥, then by definition
of H, policy-makers using any second-order tastes and beliefs in H will agree that f is
preferred to g. (In this case, on may say that f is objectively preferred to g). Conversely,
if this fails, then then there exists some SEU decision-maker, represented by H, , € H,
who strictly prefers g to f. So clearly:

%0The models of Anscombe and Aumann (1963), Gilboa and Schmeidler (1989), Hansen and Sargent
(2001), Klibanoff et al. (2005), Maccheroni et al. (2006) are all special cases of the model of Cerreia-
Vioglio et al. (2011); the models of Arrow and Hurwicz (1972) and Schmeidler (1989) are special cases
of Ghirardato et al. (2004).

S1Similarly, if preferences are those of Gilboa and Schmeidler (1989, “maximin expected utility”),
then identify some ug € U and a convex, compact set Yo C X, and let H(z) := minges, Zyg,o-
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Lemma 2. The set of decision-makers whose preferences are represented by the set H
of plausible second-order tastes and beliefs agree that f is preferred to g if and only if
fuo = Guo for all (u,0) € V.

Moreover, if we extend the definition of justifiable acts (Definition 1):

Definition 6. Say f € F is second-order justifiable if there exists H € H such that
f € arg manE}'H ({gup}(u,a)e\lf)'

Proposition 3. An act f € F is second-order justifiable iff it is justifiable.

This attractive result implies that, to consider the scope of possible prescriptions
from a range of decision theories, the model of Section 2.1 will suffice.

7 Discussion and Related Literature

7.1 Important Related Literature

Danan et al. (2016) theoretically develop decision theory with incomplete preferences,
motivated by climate change. Their “unambiguous Pareto dominance” between hetero-
geneous tastes and beliefs, which requires a non-empty intersection between agents’
beliefs, seems too demanding a criterion in the light of Claim 1 of this paper. On the
other hand, their characterisation of “common-tastes unambiguous Pareto dominance”
provides an alternative motivation of the model of Section 2.1.

Danan et al. (2016) also provide a result similar to my characterisation of justifiable
acts (their Proposition 1). However, they assume only incompleteness in beliefs for this
result, and their methods do not appear to extend, as mine do, to incomplete tastes.

Dietz and Matei (2016) find “space for agreement” on climate change, using “al-
most time-stochastic dominance”. That is, they offer a menu of long-term atmospheric
concentrations of CO,, to agents with varied risk and time preferences; they find that
all, except those with the most extreme risk or time preferences, choose the lowest
concentration available.

However, despite allowing great flexibility in tastes, Dietz and Matei (2016) have
imposed a fixed set of beliefs. In particular, they assume agents already agree that
there is a moderately large risk of very extreme outcomes. It is not surprising that all
would agree on climate action in this scenario. However, the existence of many experts
claiming that optimal climate policy should be rather moderate (see, e.g. Hassler et al.
2016) implies that this does not describe the extent of real-world disagreement.

Chambers and Melkonyan (2017) apply the model of Bewley (1986, 2002) with in-
complete beliefs. However, unlike me, they focus on his suggestion to complete the
decision theory using an “inertial assumption” which leads to a bias in favour of the sta-
tus quo. That is, when no action is preferred to continuing with the prevailing scenario,
then this should prevail. Chambers and Melkonyan (2017) have used this to argue that
a model of incomplete expected utility implies a weak response to climate change.

I disagree. Firstly, the “inertia assumption” of Bewley is an addition to the model: it
has no objective force, and we need not accept it as normatively desirable or objectively
reasonable. But more importantly, the identity of the status quo is not clear in this case!
One can interpret, as Chambers and Melkonyan (2017) do, that our prevailing economic
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system forms a status quo. But one can also give that label to the climatic conditions
under which our society developed; doing so means that the inertia assumption demands
extreme cuts in emissions. I have therefore not taken this approach in assessing the
implications of incomplete tastes and beliefs.

7.2 Models to Guide Real-World Policy

This model is not meant to be a counsel of despair for cost-benefit analysis; the model
of incomplete preferences does not provide no information. It provides a “plausible”
range. And if choices are dismal within that plausible range, then this fact is extremely
important information. Moreover, it shows us where we can best re-direct our attention
to analysis.

The idea that objective preferences are incomplete is especially important when the
model in question is not a theoretical exploration, but a quantitative analysis to guide
policy. In particular, if results are very sensitive to subjective judgements or have serious
limitations to their validity, this ought to be made clear up-front. Much wider and more
transparent sensitivity analyses should be available, with all modelling assumptions that
cannot be substantiated open to exploration. Since the final valuation and choice will
always be subjective, these questions should be a subject for public debate.

This is often the case. For example, there is no objectively “correct” level of re-
distributive taxation; it must be chosen according to the inequality aversion of the
policy-maker and their electorate. But ideally this choice would be informed by a sound
economic assessment of the dead-weight loss of taxation.

Meanwhile, such analysis illuminates the aspects of new research which would be
most helpful to improve their models and narrow their range. In the climate change
context, one may point to the studies of Newbold and Marten (2014), Anderson et al.
(2014). For example, tests for robustness against different specifications of the damage
function should be as routine as checks with different discount rates.

7.3 Conclusion

This paper has argued that policy choice to combat an externality can be very sen-
sitive to subjective factors. These may be embodied in models as “tastes”, or value
judgements. And these may take the form of “beliefs”, or probability distributions. A
choice situation has been identified as “dismal” if differing tastes and beliefs give rise
to very different (normalised) marginal valuations of policies. The analysis of Weitz-
man (2009a) is an example of a dismal choice, but I question whether he has focussed
attention on the most important unknown feature and uncertain state of the situation.

An important example of such a situation is the question of climate change. I
have argued that assessments of both damages from climate change, and the cost of
abatement, may have these dismal features. Assessments of damages are more likely to
be dismal for a lax policy choice, whereas assessments of mitigation costs may be dismal
for very stringent policy. So, in particular, one should be very suspicious of the accuracy
of estimates of the social cost of carbon which are evaluated along emission trajectories
which may give rise to high levels of warming. And some stylised facts that emerge
as more qualitative results from models are not robust to different plausible choices of
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tastes and beliefs. Modelling with incomplete tastes and beliefs is needed to illuminate
these key features of the choice situation.
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A Appendix: Proofs of Results in the Text

Proposition 4. Make Assumptions 1-3. Suppose f € F, and there does not exist
g € F such thatg,, > f,, for all (u,0) € W. Then there exists (ug,00) € ¥ such that

fuo,oo 2 guo,go for all g/ c F.

Proof. This result is immediate from generalisation of the “Abstract Pearce-Wald Lemma”
recently provided by Battigalli et al. (2016, Lemma 1). O

Proof of Proposition 1. Suppose an act f is justifiable, and so there exists (ug, o) € ¥
such that ?uo’ao > Gug.oo T0r all g € F. Tt is impossible that there exists g as in (2).
Conversely, suppose an act f is not justifiable. Then, by Proposition 4, there does exist
g € Fasin (2). O

Proof of Proposition 3. Suppose f € F is not justifiable. By Proposition 1 there
exists g € F such that g,, > f,, for all (u,0) € ¥. Then, for any H € H, we know
H ({?U’U}(uﬂ-)e\p) < H ({gu’g}(u,g)@), i.e. f is not maximal with respect to H. So f is
not second-order justifiable.

Conversely, suppose f € F is justifiable: there exists ug, 0o € ¥, with f,, 0,00 = Guo o0
for all g € F. Then f is second-order justifiable via the SEU preference H,,,, € H. U

Proof of Lemma 1. Write x(q,¢) := f(¢)(¢) for the outcome from act f(¢) in
{f(q) : ¢ € Q}. Write X(¢) for the baseline outcome (dependent on the state ¢)
that would have resulted from act f(q) if climate change were not damaging and if
emission cuts to achieve ¢ were costless (which is thus independent of ¢). Write damages
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d;(q, ») and benefits by(q, ¢), in outcome terms, associated with f(q) in state ¢: both
are measured relative to X(q, ¢), so that in each period x(q, ¢); = f(¢)(¢): = Xi(q, ¢) —
d;(q, ®) + by(q, ¢). Then, taking the vectors across all time periods,

u(x(q, ¢)) =u(X(q,9)) — [u(X(q,8)) — u(X(q, ) — d(g, 9))]
+ [u(x(q, ¢)) —u(x(q,9) — b(q,9))] .

The first square-bracketed term on the right hand side is the difference in utility between
the world as it would have been without a climate problem, and the damaged world.
So this can be interpreted as the welfare damages from climate change, and written
D, (g, ¢). The second term is the difference between the world as it is, and as it would
have been if there had been no benefits from quantities of emissions; it may thus be
interpreted as their private benefits, and may be written B, (q, ¢). O

Proof of Proposition 2. Under the assumptions of the proposition, Z,U(ﬁo) = 0.
Now, the second order Taylor series with integral remainders is:

Fuo (@) = Fuo(do) + fio(d0)(q — o) + 5 fil» (G0) (g — Go)? / Jul () (g — t)*dt.

DN | —

Following (u, o), we would choose ¢ such that f{w((j) = 0. For such ¢, then, by differen-
tiating the expression above, we see:

Fuo(do) + filo(0)(d = o) + . /q Fuo()(G—t)%dt =0 (2)

The disagreement regret R2(u, o, ug, o) due to setting policy gy instead is

RQ(“7 0, U, 00) = fU,cr(@ - JFU,U(@O)

Use (2) to substitute for f,(4), to see:

RQ(U, g, Up, UO)

= SFuali)i =)+ [ R0 (-0 - j— i) )
= % (fro(@0) = Frg,o0(d0)) (4 — o) — /qo fu () (g —t)? (112q + (13t _ iqo) dt

where we use the fact that f, , (o) = 0. This provides the exact result.
The result stated in the text applies when this quadratic approximation is sufficiently

good that we can neglect the remainder term. O
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