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Abstract

The initial hope for climate science was that an improved understanding
of what the future might bring would lead to appropriate public policies
and effective international climate agreements. Even if that hope is not
realized, as now seems likely, scientific advances leading to a more re-
fined assessment of the uncertainties surrounding the future impacts of
climate change would facilitate more appropriate adaptation measures.
Such measures might involve shifting modes or locales of production, for
example. This article focuses on two broader tools: consumption smooth-
ing in anticipation of future losses, and physical adaptation measures to
reduce damages. It shows that informative signals on climate-change
effects lead to better decisions in the use of each tool.

1 Introduction

However rewarding life as a climate scientist must be, the absence of binding interna-
tional agreements on climate change mitigation and the slow pace of climate policy
reform must make it frustrating in equal measure. What is the point, one may well
ask, of continuing to refine the science of climate change if effective collective action
seems so unlikely? The message of this article is that receiving clearer signals about

*1School of Business and Economics, Loughborough University. Author for correspondence:
m.c.freeman@lboro.ac.uk. 2Department of Geography and Environment, London School of Eco-
nomics. *Kennedy School, Harvard University.



the likelihood of future states of a warmer world would provide substantial utility,
even in the absence of binding global agreements, or effective national policies on
mitigation. Signals provide the basis upon which the adaptation activities of sov-
ereign nations, regions, firms and even individuals are made. Their utility lies in
enabling more informed saving and consumption-smoothing decisions, but informed
signals are particularly valuable when physical adaptation measures are also avail-
able, such as flood defenses or choice of location. So, although the primary impetus
for climate research was to inform and influence high-level negotiations on collec-
tive action, knowing more about the likelihood of future outcomes is also a valuable
input both for individual governments, and for agents within them at lower, more
decentralised organisational levels. These are the parties who will ultimately make
adaptation decisions, irrespective of the success of international agreements.

The article focuses on adaptation because it is an inevitable part of the response
to climate change [1]. The best predictions so far suggest that, whatever is agreed
at the 21st Conference of Parties in Paris in December this year (COP21), there is
by now sufficient inertia in the climate system to lock-in temperature increases of
between 0.3 and 0.7 degrees Celsius (C) for the period 2016 - 2035 relative to 1986-
2005 [2, 8]. For the period 2080-2100 temperature change is expected to exceed 1.5C
for all but the most stringent Representative Concentration Pathways (RCP). These
predictions suggest that the focal-point of a 2C limit enshrined in the Copenhagen
Accord is likely to be unrealistic[| Indeed RCP2.6, the most stringent of the RCPs
contained in the Fifth Assessment Report of the IPCC (AR5), shows that in order
for the 2C limit not to be exceeded, emissions of CO, equivalents will have to turn
negative towards the end of the 21st centuryf]

Given previous experience, agreement on such stringent emissions reduction sce-
narios at the COP21 seems distinctly unlikely. It has been argued for some time
that the nature of climate change as a spatial and intergenerational problem, to-
gether with the absence of an enforcement mechanism within the Kyoto Protocol
and successive agreements, more or less precludes agreement on collective action
[0, ©, [7, 8]. There are straightforward free-rider problems: non-signatories benefit
from the action of signatories thereby reducing the incentive to participate in an
international agreement. Many countries also recognise that a successful interna-

!The Copenhagen Accord arising out of the COP15 states that the parties agreed that in order to
avoid dangerous anthropogenic climate change they recognise ‘the scientific view that the increase
in global temperature should be below 2 degrees Celsius’ compared to the pre-industrial average
([, article 1)

2Given uncertainty, the phrase ’likely to be met’ is used. This has a particular probabilistic
meaning in the AR5 report meaning a likelihood of between 66-100%, as do terms like 'virtually
certain’ (99-100%), ’highly likely‘ (90-100%) and ’very unlikely’ (0-10%).



tional response to climate change mitigation requires the participation of the two
major contributors to greenhouse gases (GHGs), China and the US. So far the US
has shied away from signing the Kyoto protocol, while China remains a Non-Annex
I country without any obligations under the principal of ‘shared but differentiated
responsibilities’’| Moreover, given that the two countries are in such asymmetric
situations, an agreement that looks fair to one will look unfair to the other.

As a counter-argument we might look to the recent Sino-US pledges on emissions
reductions[’] But even here enforcement is lacking; there are no clear plans of imple-
mentation on either side, and the reliance of the US pledge on executive authority
means it is liable to be reversed under a Republican administrationf] The asym-
metry of these respective pledges reflects the inherent asymmetry of the problem
more generally. A global agreement must resolve the fact that negotiating countries
are at very different stages of development, and that the Least Developed Coun-
tries (LDCs) will either require compensation for stringent emissions reductions, or
will only commit to mitigation once development has taken place [10”?] Even if the
Sino-US pledge is successful therefore, energy demand is still predicted to increase as
incomes in LDCs, not to mention populations, increase in the future [12, [11]. For all
of these reasons, adaptation is now an unavoidable feature of the response to climate
change, particularly in LDCs. This view is reflected in the high-level institutions
of the UN Framework Convention on Climate Change (UNFCCC) with the forma-
tion at the COP16 in Cancun of the Cancun Adaptation Framework and associated
Adaptation Committee. Similarly, both AR4 and AR5 [3] 2] have detailed chapters
devoted entirely to adaptation]]

Of course, just like mitigation, adaptation decisions must be made despite con-
siderable uncertainty about the impact of climate change in the future. As one looks
into the distant future, as is necessary for such problems that stretch across gen-

31t has also been shown theoretically and in behavioural experiments that uncertainty surround-
ing climate damages tends to make agreement even less likely, particularly with regard to the
location of catastrophic thresholds such as the 2C of the Copenhagen Accord [9].

4In November the Obama administration pledged a 26-28% reduction in GHG emissions by 2025,
while President Xi simultaneously made a general pledge for emissions reduction after 2030. These
pledges were submitted to the UNFCCC in March 2015.

’See http://www.nytimes.com/2015/04 /01 /us/obama-to-offer-major-blueprint-on-climate-
change.html?

°If they were at the same stage of development, with the same history of emissions, equal
populations, and equal current emissions, it would be relatively easy for the two countries to agree
say on a K% cut in emissions.

"That climate change can be viewed as a development problem (e.g., [I0]) is not a new idea.
There is also a long standing argument that the best adaptive response to climate for LDCs would
be to grow and reduce vulnerability in the future [13].
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erations, every aspect of the problem becomes increasingly fuzzy. It is not simply
that the probability distributions attached to events widen and lead to less precise
estimates of key variables, we are also uncertain about the probabilities to attach to
different outcomes in the deep future. These responses to climate change must be
taken in an environment of uncertainty and ambiguity rather than riskff| The chief
sources of uncertainty in our understanding of future climate change are threefold:
i) the level of future emissions; ii) the impact of emissions on temperatures; and, iii)
the damages that arise [I15]. Take for instance ’climate sensitivity’, which measures
the increase in temperature from a doubling of CO;. Estimates of this parameter
in the AR5 come from many and various climate models. The disagreement among
them is plain to see in Figure Yet, with the passing of time scientific research
will improve our understanding of such relationships. We can expect the uncertainty
surrounding these factors to narrow either in the sense of obtaining more precise
predictions or obtaining closer agreement among climate models, not to mention ex-
perts, on the extent of uncertainty. The same can be said for the difficult practice of
estimating climate damages. Ultimately though, the relevant information to improve
adaptation decisions would be provided at a local level. Here too we can expect bet-
ter information to narrow the disagreement among models that currently exists [17].
Adaptation in many sectors can then be placed on a firmer footing as a consequence
of better information [12, [I7, [16]. This belief is widely heldﬂ

In this paper we ask the question: what is the value of scientific research in
providing more informative signals on the future of climate change for agents faced
with adaptation decisions? To answer this question we use a parsimonious model
of an atomistic agent who could be the government of a sovereign nation, a local
government, a firm, or an individual household. The agent has the capability of
making two separate decisions about how to optimally respond to climate change in
the future: a 'macro’ consumption-saving decision that builds up a fund for future
adaptive responses and buffers future losses (e.g., repairs to a damaged house, or
purchase of grain in the event of crop losses), and a 'micro’ physical adaptation
decision that limits future climate related damages (although not climate change
itself). In one future state of the world, a high temperature state, damages are
severe and endowments are low. In another damages are only moderate. The agent

8With climate change, it is also important to consider the more extreme situation of ignorance,
where even some important possible states of the world cannot be identified [14].

9For instance, the World Meteorological Organisation states increased acceptance that some
degree of climate change is inevitable is now coupled with increasing demand from communities,
industry and government for reliable climate information at high resolution and with accurate
extremes. Cited in [16].



knows that before she commits to a micro or macro adaptation decision a signal of a
particular quality will arrive that updates the information held about the probability
of the severe state arising. The signal will either be ’good’ or 'bad’ in the sense
of lowering or raising the probability of the severe state compared to previously
held beliefs. With the signal in hand, the agent will then make her optimal micro
and macro adaptation decisions['Y] We analyse the utility of the better signals by
comparing the agent’s pre-signal expected utility both with and without the signal.
We also look at signals of different qualities.

The value of information has been analysed before in the context of climate
change and adaptation. Our work relates to two strands of the preceding literature.
In the first, the option value of arriving information has been analysed following a
framework long since established [I18, [19), [20]. Here the essential problem was that
an agent must make a decision today knowing that a better signal will arrive in the
future. In this context the agent can wait and see and the problem becomes one
of the optimal timing of adaptation given some irreversibility of investments and/or
climate damages. In the second strand, the implications for the precision of climate
predictions has been analysed for an agent who receives a short-run and a long-
run prediction without knowing that the signal may improve in time. The question
here concerns the relative value of short-run and long-run predictions [I5, [16]. Our
approach differs from these in that it evaluates a world in which information is
improving via a future signal and yet agents make some decisions ex post. Evaluated
ex ante, we capture an essential value of better signals on saving and adaptation
decisions, but strip out issues of option value and irreversibility.

The initial result of this article is that under typical assumptions positing risk
aversion, the agent would prefer to be in the world with the signal than without. In
a world with definitive signals about the future, expected utility increases compared
to in the absence of a signal. The pathways for this result are clear. In the macro
adaptation case, better information effectively reduces uncertainty in the future and
reduces precautionary saving. This effect is monotonic in the conclusiveness of the
signal. The value of the signal is even higher when micro adaptation strategies are
also available. Signals allow a better tailoring of these adaptations to different states
of the world. However, the devil is in the details. Our analysis then examines how
properties of the consumption utility function affect levels of savings and physical
adaptation. We present both analytic results and numerical calculations. The latter
illustrate, for example, the non-monotonic way in which micro and macro adaptations
respond as signals improve.

10See Figure [2| for an illustration the sequence of events. Figure [3| describes the nature of the
signal.



2 Scientific Uncertainty in Climate Change

In this section we discuss the pervasive uncertainties associated with climate change.
This is done with a view to understanding where continued scientific research may
be able to provide better signals about the future of climate change. Given the focus
of this article, it is worth being clear about the sources of uncertainty discussed in
the context of climate change. We begin by categorising what we know about its
prospects in the future. Taken together, [2I] and [I5] provide a helpful structure,
which we now summarise.

Predicting the future is a difficult task at the best of times, but the sheer com-
plexity and time horizon associated with climate change amplifies these difficulties.
Our knowledge about the future of climate change comes from two main sources: i)
scientific principles, including physical laws; and, ii) the empirical predictions of cli-
mate models. While the principles are matters of fact, the movement from principles
to predictions leads to an uncertain picture of the future as the models attempt to
reproduce extremely complex systems using different assumptions and calibrations.
Each model is subject to its own errors and potential omissions [22]. The essential
sources of uncertainty in predicting climate change are threefold: i) the path of future
greenhouse gas (GHG) emissions; ii) the relationship between GHG concentrations
and temperature change; and, iii) the link between temperature change and dam-
ages [15]. In the context of adaptation, the uncertain process of technological change
means that the future costs of adaptation are also a source of uncertainty about
the future, just as abatement costs are uncertain when thinking about mitigation.
More specifically, with regard to climate change and damages, we are much more
uncertain about predictions with longer lead times or greater spatial definition. The
distant future, and country or regional level predictions are ’fuzzier’ than short-term
or global predictions [21].

When thinking about adaptation to climate change, decisions will depend upon
the uncertainty surrounding future exposure to climate damages. Exposure to cli-
mate change will depend on each of the elements i to iii above. Future emissions
paths are undoubtedly difficult to predict, but calibrating the damage function is one
of the key weaknesses of Integrated Assessment Models and a source of great uncer-
tainty [23] 24]. At present damage functions are constructed on the basis of ’ad hoc
assumptions based on loose extrapolations and intuition’ [25]. Small changes in the
parameterisation lead to large changes in estimated damages and associated policy
recommendations. The AR5 cites only a dozen or so sources for its estimates of the
damage function, many of which come from the same experts. It is widely regarded
as an area ripe for improvements in understanding and more refined information on



uncertainty [2].

The relationship between GHG concentrations and temperature change is usually
summarised by a parameter known as climate sensitivity [21]. Climate sensitivity
measures the long-run temperature change associated with a doubling of CO, in the
atmosphere above pre-industrial levels. Together with predicted emissions paths and
damage functions it is one of the key pieces of the climate-change puzzle. In contrast
to the damage function, climate sensitivity has received a great deal of scientific
research. Despite this, its value remains very uncertain [26, [15]. To illustrate the way
in which different models disagree on climate predictions, consider their estimates
of climate sensitivity. Figure [I| shows the probability density functions for climate
sensitivity for a number of prominent climate models. From this it is clear that
models disagree on the likelihoods to attach to different values of climate sensitivity:
there is uncertainty rather than simply risk. For decision making purposes, these
estimates are typically aggregated into a single density function, either by Bayesian
methods as used in AR5 or by using expert assessment. Even then the aggregated
climate sensitivity remains a source of great uncertainty. Using such methods the
likely range’ of climate sensitivity, meaning the central 66% of the distribution of
estimates, is currently 1.5 - 4.5C. This range has remained somewhat steadfast since
the First Assessment Report of the IPCC (AR1), with only a brief narrowing of the
range at the time of the Fourth Assessment Report in 2007 (AR4) to 2 - 4.5C[T] As
well as the likely range, the summary distribution of climate sensitivity reported in
ARD5 provides information about the likelihood of extreme, high temperature states
of the world. For instance, the likelihood of a temperature rise in excess of 6C is
approximately 10% [26]. Some have argued that climate policy ought to be organised
around this information rather than the central ranges, since increases in temperature
of this magnitude would represent truly catastrophic outcomes, which make up the
vast majority of expected losses[28].

Climate sensitivity and climate damages are good examples of the information
we can expect from research on climate change. They act as guides to the analy-
sis of climate scenarios and provide the essential information upon which climate
negotiations and adaptation decisions are made. There are several areas where im-
provements in this kind of scientific information are likely. Firstly, the estimates of
climate sensitivity used in the AR5 are derived from multiple climate models and also
involve expert opinions. With passing time, temperatures and CO, emissions will
move further into uncharted territory, scientists will learn more about the complex
climatic relationships. The recent and unpredicted slowdown of global temperature

I'The physical reasons for the robustness of the distribution of climate sensitivity have been well
documented [27].



changes, which lead to closer scrutiny of the role of ocean warming, is a good ex-
ample of this learning process. As a result, climate models will gain in the accuracy
in their predictions as we learn more about their underlying physical laws. Their
distributions of climate sensitivity will tighten, and disagreement among models will
diminish. New models will also arrive. Similar arguments can be made for the
damage function and knowledge of how humans will respond to these changes, for
example through migrations, wars, etc. In each case we can expect that more refined
scientific information will give us better, though still highly uncertain, predictions
on average.

Yet learning is also likely in relation to more esoteric issues, such as how to
best to aggregate models and expert opinions [22], 29]. For instance, expert opin-
ions provide a useful source of information for estimating climate sensitivity since
their subjective probabilities are calculated using their experience with a variety of
climate models and their expert views of their advantages and shortcomings. How-
ever, experimental evidence indicates that experts do not always satisfy the axioms
of rationality that motivate the use of subjective probabilities in the first place [29)].
Probabilities derived this way may paint a more optimistic or pessimistic picture of
the uncertainties that we face, compared to more appropriate aggregation methods
[29, 21]. Even without these behavioural /rationality issues, others argue that simply
combining the results from climate models to form a single distribution of climate
sensitivity only captures a fraction of the uncertainty that we face, and ignores the
deeper uncertainties contained in individual climate models. It could well be that
other representations of uncertainty might be more appropriate [22], or alternative
decision-making frameworks should be used to account explicitly for the inherent
ambiguity of climate sensitivity [21].

Finally, making predictions at higher levels of geographical definition represents
another source of profound uncertainty. Country level predictions of the evolution of
climate change are notoriously imprecise since they depend on local environmental
factors such as topography. This is particularly true for precipitation, since the
science of cloud formation is subject to stochastic processes which are less well-
understood. Consider, for example, the predictions for temperature and precipitation
in China for the decades up to 2050 and 2100 coming from three prominent climate
models: the Hadley Centre Coupled Model (HCMIII), the Parallel Climate Model
(PCM2), and the Community Climate Model (CCM2) [I7][)] While each predicts
more or less the same temperature rise on average, some predict more precipitation
in the future, while others predict significantly less [17]. Improving the accuracy and

http: / /www.cgd.ucar.edu/pcm/; http://www.metoffice.gov.uk /research /modelling-
systems/unified-model/climate-models/hadcm3; http://www.cgd.ucar.edu/cms/ccm3/
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precision of spatially defined predictions is one area in which additional research will
bear fruit |16, [15].

There are several areas where scientific research will be able to either improve
predictions or at least provide more informative signals about how much uncertainty
we are facing. Some types of uncertainty are more likely to be reduced than others.
For instance, the errors and omissions of climate models may well be ironed out with
sustained research. In time research may refine the spatially and temporally specific
predictions that are needed to inform decentralised adaptation decisions. Some sci-
entists believe that a tripling of current funding levels would reduce uncertainty in
transient climate response, an element of climate sensitivity, by approximately 1/3
[15], 130].

Simple practical examples exist of where a clearer picture of the uncertainty fac-
ing potential agents has assisted in their adaptation/risk management decisions. In
The Netherlands maps have been produced that clarify the probability of flooding in
different locales [31]. Elsewhere, better predictions of the danger zones for natural
disasters have also been provided [32]. There is a growing demand for such informa-
tion from international organisations, commercial quarters, and local planners alike
[16]. The provision of such information is also taken seriously by major global organ-
isations. For example, provision of this kind of information is a major component
of the World Meteorological Organisation’s Global Framework for Climate Services
[15]. Of course, we must remain mindful that uncertainty surrounding some aspects
of climate analysis is likely to be irreducible. The processes of cloud formation, the
path of future emissions, and many other socio-economic processes, are extremely
difficult to narrow down. Such quantities may well dominate uncertainty in the long-
run [I5, 16]. Yet, more informative signals about the likelihoods of different future
states of the world are possible, and are widely seen as crucial for making adaptation
decisions in many different circumstances [33].

Improvement in the information about the future can in principle come from
any or all of the three (i to iii) sources of uncertainty discussed above. In our
formal analysis the signal concerning the probability of severe (high temperature,
high damage) state stems from from better information on climate sensitivity or
emissions, rather than damages. Before going into the details, we discuss some
specifics of adaptation.

[Insert Figure 1 here]



3 Adaptation as a response to climate change

3.1 A brief history of adaptation in climate negotiations

Adaptation has shifted from being virtually a taboo subject in the early years fol-
lowing the UNFCCC to receiving more or less equal status in recent meetings of the
Conference of Parties [34]. The fear in the past was that discussion about adapta-
tion would undermine efforts to agree on mitigation targets. Al Gore made this point
forcefully when he said that focusing on adaptation represented ‘a kind of laziness,
an arrogant faith in our ability to react in time to save our skins’. The United Na-
tions Framework Convention on Climate Change (UNFCCC) devoted little time to
the issue and took a very narrow view of adaptation as a simple reactive behaviour
to future climate change.

Three main factors have led to this change in emphasis. First, inertia in the
climate system means that the full effect of historical emissions is yet to be felt.
To quote the Stern Review, ‘there are some unavoidable impacts of climate change
to which the world is already committed’ [35]. Second, equity issues have dictated
a shift in focus towards the impact on developing countries, which are the most
vulnerable to climate change due to their reliance on climate sensitive sectors such as
agriculture, forestry and fisheries [SG]H Third, quite apart from equity issues, there
has been also a strong sense that the focus on mitigation to reduce climate risks in
the future ignored the very real prospect of current climate and non-climate related
development issues, such as the control of malaria. The objectives of adaptation
strategies often overlap with those of development more generally [34].

Precisely these arguments have elevated adaptation to more or less equal status
with mitigation in high-level negotiations and associated institutions. The outcome
of the COP16 in Cancun, and agreement on the Cancun Adaptation Framework
(CAF), is testament to this['Y] The CAF recommended the development of National
Adaptation Plans (NAPs) for Lesser Developed Countries (LDCs), as well as work
programmes for vulnerable countries, such as Bangladesh, to potentially address loss
and damage associated with climate change. Under the CAF, additional support
from developed countries comes in the form of provision of, inter alia, the best
available scientific evidence on adaptation strategies and climate change itself [3§].

13Whether these expressed concerns reflect deeply held values, which would lead for example to
significant transfers of resources to developing countries, or are merely pious utterances that will
be followed with significant actions, is unclear.

'4The Delhi Declaration of 2002 which called for a greater focus on the plight of developing
countries in international negotiations, leading to the Bali Action Plan of 2007, and arguments in
academia have all assisted in the integration of adaptation into the UNFCCC [34], 37].
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National and local level assistance on adaptation is to be coordinated and provided
by the Adaptation Committee of the CAF.

The salient aspects of the Cancun Agreement, the CAF and the Adaptation
Committee for the purposes of this article concern their role in the provision of infor-
mation and the promotion of scientific research on climate change. For instance, the
Cancun Agreement [[°] states that one of the key roles of the CAF is: ’Strengthening
data, information and knowledge systems; and, improving climate-related research
and systematic observation for climate data collection .... in order to provide decision
makers at the national and regional levels with improved climate-related data and
information’. Furthermore, the Adaptation Committee’s objectives include: ’Sharing
of relevant information, knowledge, experience and good practices; and, providing
information and recommendations, drawing on adaptation good practices, for con-
sideration by the COP when providing guidance .... on adaptation actions’. [ In
short, adaptation is now taken very seriously by high-level climate institutions, and
the provision of scientific information to potential adapters is now an important part
of the adaptation framework.

3.2 Categories of adaptation

This article evaluates the benefits of information provision to those those who make
adaptive decisions at whatever level of organisation: national, regional, community
or individual. This is an issue of growing importance in international negotiations
on climate change. Adaptation can take various forms and has various definitions
which are worth articulating for the purpose of understanding our formal model.
One important distinction in the literature on adaptation (e.g., [39]) focuses on
the temporal dimension of decision making and draws the distinction between re-
active and anticipatory adaptation. Reactive activities are rolling contemporaneous
responses to events caused by climate change. For instance, buying sandbags in re-
sponse to a flood to prevent damage to one’s house [31]. Anticipatory or pro-active’
adaptation [40] takes place before the impact of climate change. The construc-

15 Article I, Section 14(h) and (i)

16 A complete list of objectives is: 1. Providing technical support and guidance to the Parties; 2.
Sharing of relevant information, knowledge, experience and good practices; 3. Promoting synergy
and strengthening engagement with national, regional and international organizations, centres and
networks; 4. Providing information and recommendations, drawing on adaptation good practices,
for consideration by the COP when providing guidance on means to incentivize the implementation
of adaptation actions, including finance, technology and capacity-building; 5. Considering infor-
mation communicated by Parties on their monitoring and review of adaptation actions, support
provided and received. For more details see |.
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tion of sea defenses, changing the design and/or use of houses to limit damage, are
good examples of anticipatory adaptations. Another important distinction is made
at the organisational/logistical level between planned and autonomous adaptation.
Planned adaptation is typically thought to be the realm of government, since it
refers largely to public goods and infrastructure which either require coordination
or are subject to economies of scale [40]. Again, flood defenses in The Netherlands,
migration policies in Bangladesh or public health responses in the tropics are good
examples. Autonomous adaptation is more decentralised to the local or individual
level. In agriculture, it may take the form of crop switching, input switching or
irrigation [41], 42]. In industry, air-conditioning in factories represents one possible
adaptation to higher temperatures [43]. Rural-urban migration and urbanisation in
general are other potential adaptations which may to ameliorate productivity losses
[44,12]. Adaptation can also be organised at the regional or international level, where
cooperation over shared river basins is required for instance. With these two distinc-
tions (reactive/anticipatory and planned/autonomous) there are clearly 4 possible
categories of adaptation['’]

Adaptation decisions clearly differ in the way in which they ameliorate the impact
of climate change. Some defensive investments, such as wetland flood defenses, reduce
the losses associated with any given flood by reducing the amount of floodwater that
arrives at the doorstep. Other defensive adaptations limit the damages associated
with floods which do arrive at the doorstep. For instance, changes to the design of
housing in flood prone areas such as raising them on stilts, or changing the uses of
flood prone basements and lower floors. Such activities are witnessed in flood-prone
areas of The Netherlands and the Indus river delta in Pakistan, for instance [45].
Relocating further inland or to higher ground today might be another obvious cost
that could be incurred to avoid future climate damages. Alternatively, agents may
simply make saving decisions to ameliorate the disaster when it arrives by smoothing
consumption. Each strategy represents a type of protection[] In agriculture, the
equivalent distinction could be drawn between investing in new, say drought resistant
crop varieties to stop the damage associated with a given drought, versus storing food
or saving money to ameliorate the loss of production from traditional varieties.

Thus a variety of potential adaptation decisions can be made at different levels

1"There are other distinctions in the literature, such as substitute and complementary adaptations
139]

18We are careful not to confuse: (i) self-insurance where one avoids marketed insurance and
bears the financial and other consequences oneself; (ii) self-protection which reduces the probability
of bad outcomes; and, (iii) a non-insurance investment to reduce damages that we call physical
adaptation.
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of organisation and at different geographical scales. In our formal analysis we allow
for the possibility that physical adaptation measures are constrained and households
must rely on their consumption-saving decisions to adapt to future climate change.
This type of policy can be thought of as a 'macro’ adaptation due to the generality
of saving and consumption-smoothing as an aggregate strategy. Physical adaptation
measures can be thought of as 'micro’ adaptations, since they act at the level of the
individual agent. In any given case, an optimal response would weigh the benefits of
each strategy based on the institutional and technological constraints at hand [I].

The principal of subsidiarity is probably the relevant principle to determine the
appropriate level of decentralisation for any given adaptation decision, and we largely
abstract from this discussion here [40]. As we discuss in the following section, our
primary interest is in anticipatory adaptation, either by saving or investing in physical
adaptation. These anticipatory decisions will allow the agent either to respond to
climate outcomes in the future or limit the damages. Each decision uses the available
information on the likely progression of climate change and the states of the world
that may arise in the future. Our interest is to find out the value of more informative
signals on climate change in informing these adaptation decisions. We now describe
the framework of analysis in more detail.

4 The Framework

In this section we describe the framework with which we value the arrival of an
informative signal on future climate change for a decision maker deciding on how to
adapt to future states of the world. We use a stripped down 2-period model, which
reduces the problem to the essential features we wish to explore. The model reflects
the aforementioned aspects of adaptation decisions in that the agent may adapt by
either saving money or investing in damage reduction. The agent we consider can
just as well be thought of as a sovereign nation planning adaptation unilaterally: e.g.
Bangladesh, The Netherlands, the UK, an individual household making adaptation
decisions: crop choice; flood defenses; saving, or anything in between. The model
embodies the principle of subsidiarity in that agent can be thought of as being at
the appropriate organisational level for the decision at hand and knows best how
much adaptation is desirable. Decisions are made against a backdrop of exogenous
mitigation policies and available information about the damage that climate change
will cause. Before introducing the theoretical model, the following section outlines
some measurement issues associated with valuing the arrival of informative signals
in the context of adaptation.
[insert Figures 2 and 3 here]
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4.1 The impact of the impact of adaptation: measurement
issues

Our analysis considers adaptation measures at an aggregated level. Thus, for ex-
ample, we do not assess whether a house is built on stilts, a wetland is restored, a
factory is put in a less convenient but better protected position or a less valuable but
more drought-resistant crop is planted. The first part of our model focuses merely
on raising or lowering period 1 consumption as the signal on the period 2 climate ef-
fects, i.e., the level of the future endowment, arrives. Subsequently, in our numerical
calculations, we consider period 1 physical adaptation expenditures.

Most economic analyses of climate change focus on GDP, and treat it almost
equivalently to welfare. Though our analysis is fundamentally economic, and pays
primary attention to consumption levels, it differs from these treatments in several
ways. First, it recognizes that climate change may bring about effects quite apart
from GDP that affect welfare. For example, a higher sea level might destroy beaches
where humans had liked to recreate. Higher temperatures may affect health via
pollution effects or disease vectors. It would not be surprising that if climate change
is severe, a sizeable portion of the welfare losses, whether GDP-related or not, would
result from human actions in response to climate change that adversely affected other
humans. For example, if climate change creates significant migrations, which in turn
create debilitating ethnic tensions, wars or political disruptions, humans would be
much worse off, even if GDP were not influenced. Such non-GDP effects are implicitly
included in the loss of endowments in future periods.

Second, GDP, as currently measured, does not consider capital destroyed or ren-
dered less valuable. Regions that experience natural disasters often experience rises
in measured GDP, given the reconstruction activity that follows. That would be true
even if all the reconstruction dollars came from the affected communities. However,
that is just a mis-measurement problem. Our focus is on consumption as commonly
understood, goods and services available to provide consumptive pleasures. The
adaptation measures explicitly considered here all take place in the first period. Of
course, whether climate change is moderate or severe, there will also be responsive
adaptation in the second period, such as moving production facilities or building a
sea wall. The reader should think of the cost of those measures being added to any
losses in second-period consumption as being part of the reduction of the second-
period endowment.

Thus, the basic framework we are considering chooses consumption and (subse-
quently) physical adaptation expenditures in period 1 taking into account what is
known about the the period 2 endowment. Its primary goal is to determine how im-
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proved knowledge of that endowment affects welfare and first-period expenditures.
There is one class of measures that could be undertaken to cope with climate change
that is not explicitly part of this analysis, geo-engineering and research into geo-
engineering. Geo-engineering could be thought of either as adaptation or mitiga-
tion. The former interpretation looks at its potential to decrease the losses from
climate change; the latter sees that, if successful, it actually reduces climate change.
Readers who wish to, however, could interpret first-period undertakings related to
geo-engineering as being self insurance expenditures["]

4.2 The Theoretical Model

We consider an agent at time 1 — § who is anticipating decisions that he or she
might make one instant later at ¢ = 1, the outset of period 1. The level of income
for period 1, ey, is known now, but the decision the agent must make is how much
of this endowment to consume immediately, ¢;, and how much instead to save in a
zero-interest rate bank accountF_U] The agent knows that in the second, and final,
period, the level of climate change will be either moderate or severe and assigns
unconditional probabilities of p and 1 — p respectively to those two states occurring.
Income for period 2, es, will be high, h, if climate change is moderate, or low, [, if
it is severe. To reiterate, income in period 2 is what is available for consumption.
Thus, it is net of adaptation expenditures made that period.

We consider the value of scientific knowledge that arrives in the interval ¢ €
[1 —4,1], what we treat as a signal, that helps the agent refine the probabilities
of the moderate and severe states. A signal can be good or bad. A good signal
increases the probability that the agent assigns to climate change being moderate
to p+eqg for 0 < eg < 1 — p, whereas a bad signal reduces that probability to
p—ep for 0 < ep < p. The realisation of climate change at time 2 is consistent with
these revised probabilities. In the case when e¢ = e = 0, the signal is completely
uninformative. When e = 1 —p and eg = p, then the signal is fully informative and
all uncertainty is resolved at t = 1 rather than ¢ = 2. Other permissible values of
e and ep that do not lead respectively to a sum of 1 or 0 represent partial signals.

At time 1 — 0, the agent does not know whether the signal will be good or bad.
However, he is anticipating scientific advances that will result with probability 7 in

1Y Geo-engineering as a response to climate change has been discussed at length in a special issue
of the Philosophical Transactions of the Royal Society A [46]

20The model could readily accommodate a non-zero interest rate. However, the notation would
become more complex whereas understanding would not be enhanced. In the numerical section
below, we also introduce a second investment option at ¢ = 1, which is a physical adaptation
measure that gives partial economic protection in the severe state.
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the good signal arriving and (1 — 7) in the bad signal arriving. The parameter values
T, €a, and g are all known at t = 1 — §. For consistency with the unconditional
probabilities, these three variables are constrained through the relationship e =
meq/ (1 — m) for any p.

Since the bank interest rate is zero, the agent faces the budget constraint that
c1 + ¢ = e1 + ey, where ¢y is period 2’s consumption level. Except in the case of a
full signal, e; remains unknown at ¢ = 1; thus uncertainty over period 2 consumption
will remain when the savings decision is made. ¢; is chosen to maximise the agent’s
expected total welfare over the two periods. It is assumed that this welfare can
be expressed in terms of a time-separable utility function in the single consumption
good, U (c¢), where the rate of pure time preference is equal to zeroF_r] The agent’s
optimisation problem can then be expressed as:

U =max E; [U (¢1) + U ()] subject to ¢; + ¢y = €1 + ea.

It is assumed that the utility function is monotonic increasing and concave (U’ > 0, U"” < 0).
These assumptions capture the characteristics that more consumption is preferred

to less and that the Pratt-Arrow measure of absolute risk aversion, A = —U"/U’,

is positive. We also impose the restriction that the [47] measure of absolute pru-
dence, P = —U"/U"” > 0, or equivalently, that the third derivative of the utility
function is non-negative. This condition is intimately connected to risk aversion.

It is easily verified that P = A — A’/A, so a sufficient (but not necessary) condition

for non-negative prudence is the agent’s coefficient of absolute risk aversion is not
increasing in consumption. As discussed below, prudence, an empirically plausible
assumption, plays an important role in this model.

The primary variable of interest is E;_ s [¥], the future welfare that the agent
currently expects to enjoy. Specifically, in what ways does scientific advances in
the interval t € [1 — 4, 1] increase F;_s[¥] despite the fact that the signal neither
enables the agent to reduce greenhouse gas emissions nor directly protect himself
from the economic consequences of climate change? A second variable of interest is
E;_s[c1]. Under what circumstances will a signal lead to an increase in the expected
consumption level the next instant?

To begin, we compare the case of a full signal (e = 1 — p, eg = p) to that of no
signal, (e = e = 0). @ In this case:

Result 1.  If we receive a full signal in the interval [1 — 4, 1], then compared
to the case of receiving no signal:

21 Again, it would be straightforward to extend the model for non-zero rates of time preference.
22We relax these assumptions in Result 2 below and our numerical illustrations.
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1.1 Expected welfare, E;_s [¥], increases.

1.2 Expected time ¢ = 1 consumption, E; ;[c;], increases (stays the same) if
prudence is positive (prudence is zero).

A formal proof of the result is presented in the Appendix, but the intuition behind
it is straightforward. If all uncertainty is removed at time 1 then we can perfectly
smooth consumption between times 1 and 2. ¢; = ¢y = (e; + h) /2 if the signal is
good or ¢; = ¢g = (e; + 1) /2 if the signal is bad. Smooth consumption is always
optimal in this economy because U” < 0. Therefore a perfect signal allows us to
make the best possible consumption decision at ¢ = 1 and expected welfare increases.

Result 1.2 follows from the precautionary savings motive described originally by
[48]. If an agent is prudent, then future endowment uncertainty will make him save
more today against possible future bad outcomes. A full signal completely eradicates
uncertainty and therefore the precautionary savings demand is eliminated, raising the
expected consumption level at t = 1.

Result 1.1 verifies the importance of scientific advances even when such enhanced
knowledge does not lead to better (or even different) policies, hence not to any
alteration in either temperature change or future economic damages. In the appendix
we prove that this result applies also to partial signals for any value of p. We define
a signal as getting stronger if e increases”’|

Result 2. As the strength of any signal that we receive in the interval [1 — §, 1]
gets stronger:

2.1 Expected welfare, E;_s[V], increases.

2.2 Expected time t = 1 consumption, Fj_s[ci|, increases (stays the same) if
prudence is positive (prudence is zero).

This demonstrates that any scientific advances increases expected welfare as it
allows the agent to make a better consumption-savings choice in period 1. This
holds even when there are no projects available to help mitigate the impact of climate
change. This is our central qualitative lesson.

Z¢p also increases as the signal gets stronger as ep = meg/ (1 — 7).
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5 Numerical examples

We now consider the quantitative magnitude of the effects described in the previous
section. For our numerical examples, we define the moderate state to be the least
damaging 70% of possible outcomes and the severe state to include the most dam-
aging 30% of outcomes. We are currently at year -5 and will, in five years’ time
(t = 1), through the advances of science, receive with equal probability (7 = 0.5) a
good or a bad signal about future climate change. This will then enable us to update
our probability of the moderate state occurring to 70% + ¢ or 70% — ¢ depending on
which signal we receive for € € [0,0.3]. & = 0 represents an entirely uninformative
signal. When ¢ = 0.3, a good signal is fully informative but a bad signal is not.
There is no material greenhouse gas effect over this initial five year period. Then, t;
years after the initial signal, the true state of the world is perfectly revealed and, for
to = 300 — t; years, we evaluate the economic damages. For the baseline calibration
we set t; = 50 years but, in sensitivity analysis, also consider ¢; = 100 years.

Equilibrium climate sensitivity (ECS) will take the value of S, or Ss depending
on whether the state of the world is ultimately moderate (m) or severe (s). We
define T, ; = 25, (1 — 0.5"/1%9)  which loosely follows [49], to describe the evolution
of temperature should the state be moderate. This implies that, at ¢ = 100, tem-
perature changes equal the ECS and as ¢ — oo so 1,; — 25,,,. We define the
variable T}, = 25, (1 — 0.5"/1%°) analogously for the severe state.

It is assumed that over the first time interval, ¢ € [1,¢;], the agent is currently
certain that the temperature will follow 77,;. During the second period, which
ends three hundred years after the signal is received, the temperature also follows
T, if the state is moderate. However, if the state is severe, then temperatures
move smoothly away from the 7T, path towards the T, trajectory as t — 300.
Specifically, if the state is severe, then for t € [t; + 1,300], T; = w4+ (1 — wy) Tsy
for a weighting function w; defined by:

1

- TTeo 7= 0.04 (t — (t; + 300) /2).

Wy
This is an inverted S—shaped sigmoid function that gives a smooth transition over
the period [t; + 1,300]. Notice that when ¢ = t; + ¢3/2, or half way through the
second period, the temperature is half way between 75, ; and T ;.

The values of S are calibrated as follows. [49] describes the probability density
function for the ECS by a displaced gamma distribution, I" («, , ¢) with shape pa-
rameter a = 3.8, scale parameter # = 0.92 and location parameter ¢ = —1.13. This
gives a mean, standard deviation and skewness for the ECS of 3 degrees, 2.11 de-
grees and 9.76 respectively. We take the “moderate” outcome to represent values
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of the ECS that are less than 3.8 degrees. This is the value at which the cumulative
distribution function for I' (o, 0, ¢) is 70%. The severe outcomes represent values of
ECS over 3.80 degrees.

To choose S,,, and S, we take the mean of the truncated displaced gamma distri-
bution I" (o, 6, ¢, u, ) where u and [ are the upper and lower points of the truncation
of the distribution. For the moderate state, u = 3.80 and [ = ¢, while for the severe
state, u = oo and [ = 3.80P" This gives values of S,, = 1.89 degrees and S, = 5.59
degrees. At t = 300, these correspond to temperature rises of 3.31 degrees and 9.74
degrees respectively if t; = 50 years, both well exceeding the 2 degree limit. We plot
the evolution of temperature for the severe and moderate states in the top graph of
Figure 4.

[Insert Figure 4 around here]

The change in temperature over time is converted into damages as follows. Let
eo = 1 describe the level of income today. In the absence of climate change damage,
er =1+ g)t eg for some fixed underlying growth rate g. To keep the model as par-
simonious as possible, we set g = 0, but again the analysis could be easily adapted to
consider non-zero core growth rates. In the presence of climate change, endowment
is affected by a loss function L (7};) which depends on the level of temperature change
at that given time. We take a multiplicative loss form, e; = L (T}) ef where the loss
function is given by a negative quadratic exponential form used by [51] and [49, [52]:

L(T}) = exp (—6 (TZ))

for some constant . We set this parameter value equal to § = 0.003206. This
represents a 5% loss in income should the temperature rise by 4 degrees centigrade.
[49] notes that this is consistent with the IPCC upper 83% estimate of potential
damages for this level of temperature change. The bottom graph in Figure 4 plots
income levels under the moderate and severe scenarios over the interval ¢ € [0, 300]
when t; = 50 years[”|
Total endowment in the first period, Elzz:?:l e; and in the second period Fy =
50 ¢, When t; = 50 years, average annual income in the first period is very

t=t1+1
close to current levels (Ey/t; = 0.9985).  For the second period, average annual

24(Closed form expressions for the means of truncated univariate distributions are given in [50].

2>We actually believe that this estimate may be far too low because it fails to take into account
the expectation in loss of GDP, correctly measured, that human actions, such as war and ethnic
strife might bring to the world.
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income is not heavily affected in the moderate state (Ey/ty = 0.9787) but in the
severe state drops by just over 11% (FEs/ts = 0.8885) compared to the current level.
In sensitivity analysis below we also consider the case when Fy/ts = 0.8.

Since there are no within-period changes in information and as the rate of pure
time preference is zero, this implies that the optimal consumption level remains
constant within time periods, but will change from period 1 to period 2. We denote
the annual consumption levels by ¢; and ¢, and note that the budget constraint
is tic1 + tocg = Ey + E,. The optimisation problem facing the agent is directly
analogous to that described in the theoretical section above. In period 1, endowment
can either be saved in a risk-free zero-interest rate bank account or consumed. The
savings decision will be influenced by the signal received. Second period consumption
is determined by the realisation of S and the savings decision taken in period 1. If
we save $b in the bank each year in period 1, then period 2 consumption is raised by
$bt1/t5 in each year.

We consider five utility functions. Three have constant relative risk aversion
(CRRA), which we call “Gamma = 0.5”, “Gamma = 3” and “Log” respectively:

1
U (Ct> _ ﬁ v e {05,3} .
In (¢) v=1

The remaining two functions have constant absolute risk aversion (CARA or “Ex-
ponential”), U (¢;) = —exp (—¢;), and zero prudence (“Quadratic”), U (¢;) = 2¢; —
0.5¢2.  Both the exponential and quadratic utility functions have the same level
of risk aversion as log utility at the current level of endowment ¢; = eg = 1. In
addition, the quadratic utility function has the same marginal utility as log utility
at this level of consumption. This makes the utility functions broadly comparable
in the analysis.

To determine the optimal level of consumption in the first time period, we use
a numerical solver. We report results for E;_s[ci] = 0.5(cjs + ¢jp) and Ey_;5 [¥]
= 0.5 (V¢ + Up) where ¢}, and ¢ represent optimal annual period 1 consumption
levels contingent on receiving a good and bad signal respectively. W and Up
represent expected welfare contingent on these respective signals. We report F;_s [V]
in certainty equivalent consumption form, c¢op. This variable is defined by 300U (cog)
=0.5 (Vg + ¥p). The benefit of a signal, ¢, is then expressed in terms of the relative
change in certainty equivalent consumption with a signal compared to the case of no
signal: cop (¢) /ecp (e = 0) — 1.

Figure 5 reports results for F;_s [c1] and ccg (€) /cop (¢ = 0) — 1 as the strength
of the signal changes when t; = 50 years. These results are consistent with the
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theoretical results described above. In all cases expected welfare is improved by a
stronger signal as it allows us better to smooth consumption between periods. The
expected level of period 1 consumption also uniformly increases with the strength of
the signal for all utility functions except the quadratic, for which E;_s [¢1] is invariant
for any level of signal. That is because this utility function has zero prudence.

[Insert Figure 5 around here]

The effects are of considerable economic significance at the global level. Based
on world GDP of $87.25tn in 2013 (CIA World Factbook 2015), a full good signal
(¢ = 0.3) compared to no signal increases global welfare, in certainty equivalent con-
sumption terms, by between $2.5bn (y = 0.5) and $16.7bn (y = 3) per year for
the next 300 years. Let us stress again that this comes not from either changing
future temperature levels, or by reducing our economic exposure to climate change,
but instead just by learning something earlier about the true level of the ECS which
enables us to make better consumption and savings decisions.

Taking log utility as an example, with no signal, each year we consume 95.8% of
our time 0 endowment level, eg = 1, during this period, saving 4.1% annually in a
bank for the second period. With a full signal, annual savings go down to 1.65% of
time zero income if the signal is good, while rising to 6.33% if the signal is bad. It is
clear that early information has a material affect on behaviour and, overall, increases
the expectation that we calculate today of future wellbeing.

5.1 Physical adaptation measures against the severe state

In the theoretical section and the first set of numerical examples, the only mechanism
by which agents are able to smooth consumption between the first and second periods
is through savings at a zero risk-free rate. In this subsection, we introduce a second
option for moving resources to the second period. The agent can now choose, in
addition to savings, to allocate money over the first ¢; years into a real investment
project that partially protects against the severe outcome, but that has no effect
should the state turn out to be moderate. We might imagine this as, for example,
the Dutch enhancing their sea defences to protect against the possibility of 'very
high sea level rises’, or in any nation, factories being placed in less convenient but
more secure locationsF_G] This project does not alter the evolution of T}, but instead
partially mitigates against the economic impact of severe climate change.

26For a discussion of how technology can lead to more flexible adaptation to environmental change
without overly exploiting natural systems, see [53]
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Let E5 = h, [ represent the total income levels over years t € [t; + 1,300] in the
absence of any physical adaptation if S = 5,,, S, respectively. On the calibrations
given above, h = 244.69 and [ = 222.13. Denote by y > 0 the annual investment in
the mitigation project over the first ¢; years. Then total endowment over the second
period is unchanged if the state is moderate, but equals [* if the state is severe,
where:

I* h — (h —1)exp (20yIn (0.5)) (1)
h — (h —1)0.5%%
[* =1 as required if y = 0 and [* = h if y = oo. Infinite investment — obviously
impossible since period 1 has only a finite endowment — in this physical adaptation
measure will make the economic impacts of moderate and severe temperature changes
the same. If we invest 5% of current income in the project for the next t; years
(y = 0.05), then we halve the economic differential between the severe and moderate
outcomes compared to the case when y = 0. The residual b = e; — ¢; — y is saved
in the bank at a zero interest rate7]

We again use a numerical solver to choose ¢; and y so as to optimise welfare
at t = 1 dependent on the signal that we receive. We impose the restriction that
c1 +y < ey, which prohibits the agent from borrowing resources against the future.
In Figure 6 we report F_s [y] and E;_; [b]; the amount we expect to invest in physical
adaptation and save in the bank respectively.

[Insert Figure 6 around here]

Both these variables are non-montonic as the signal strengthens. For all utility
functions, with ¢ = 0, it is optimal to invest approximately 5% of time 1 endowment
in the physical adaptation measure, with nothing saved in the bank. As the strength
of the signal increases, so physical adaptation declines or increases depending on
whether the signal is good or bad. Initially the decline with a good signal is greater
than the increase with a bad signal, so the expected level of mitigation investment
decreases. However, once the signal reaches a certain strength (approximately ¢ =
0.15) the level of physical adaptation following a good signal falls to zero. Beyond
this point, E)_; [y] increases along with the signal strength, driven entirely by higher
levels of mitigative investment following a bad signal.

2TIn sensitivity analysis below, we consider the case when ¢; = 100 years. We then change
equation [1| so that we need to invest 2% of income per year over this horizon to halve the impact
of severe climate change compared to the moderate outcome.
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The expected level of bank savings is zero with no signal; we are better investing
in the physical adaptation measure. Further, we never use the bank if the signal is
bad. However, when the signal is good and once investment in mitigation approaches
zero, then we start to put savings away. For certain moderate signals money is both
saved in the bank and invested in the physical adaptation measure, but then the risk-
free savings absorb everything invested on behalf of period 2. This savings level then
drops as the signal gets stronger still, as there is less need to smooth consumption
between the two time periods. In all cases, investment in the physical adaptation
measure is expected to be higher than the level of bank savings as it is, in general,
a much more effective way of promoting welfare”|

Figure 7 is analogous to Figure 5, addressing the case when there is the potential
to undertake physical adaptation.

[Insert Figure 7 around here]

Consumption now takes a more complex, non-linear, form compared to when
there is no opportunity to invest in physical adaptation. Even when prudence is
zero (quadratic utility) expected consumption varies with the strength of the signal.
In all cases, E;_s (1) initially increases as the signal strengthens, but then it declines
once ¢ is greater than approximately 0.05. This result is again driven by behaviour
following a bad signal, when the desire to move endowment away from consumption
and into the self insurance mechanism gets very strong for greater ¢.

As intuition would suggest, expected welfare remains monotonic increasing in the
strength of the signal. The effect is an order of magnitude greater in the presence
of a physical adaptation measure compared to when there is no project that partly
mitigates against the economic consequences of severe temperature change. Now
the expected annual gain at the global level in consumption equivalent terms when
going from no signal to a full good signal is approximately $500bn in all cases. The
value of early information increases substantially if we can directly protect ourselves
against severe outcomes.

5.2 Heterogeneous outcomes

We now incorporate the possibility that not everyone will be equally affected by a
severe outcome. If the state of the world is moderate, then the total endowment
over the period ¢ € [t; + 1,300] is £ = h with certainty. However, if climate change
is severe then, with 5% probability, £y = 0.7]l. This reflects the fact that some

28 This result, of course, comes from the posited values in equation 5.1
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members of the population are likely to be much more severely affected by extreme
climate change than others and we are currently unable to determine whether or
not we are in the high-risk group. Alternatively, we might posit that individuals
are saving or self insuring for the next generation, and care about all its members
equally. For the 95% of the population who are not affected, Fy = 1.0158/. This
keeps the economy-wide average income level in the severe state the same as in the
homogeneous agent example. [* follows equation [I] for both the 95% and 5% groups.
Thus, a 5% endowment spend over the next ¢; = 50 years will halve the difference in
income between the moderate and severe states when compared to the no insurance
case.

Both in the presence and absence of a mitigative project, the broad shapes of
expected consumption, welfare and savings follow the patterns described in Figures
5-7.  When physical adaptation is not possible, ¢ = 1 expected consumption will
increase for all four of the positive prudence utility functions as the signal gets
stronger. For all five utility functions, expected welfare increases in signal strength.
Further, the relative benefit of the full good signal when compared to no signal also
now rises for all four of the positive prudence utility functions when compared to the
heterogeneous agent model. For example, for v = 3, the annual certainty equivalent
consumption level globally rises from $16.7bn for the homogeneous agent model to
$23.4bn when there are unequal outcomes.

In the presence of a physical adaptation measure, expected consumption at t = 1
decreases slightly compared to the homogeneous agent model in all cases. The
reduced consumption is primarily transferred into the mitigative project. We invest
more in physical adaptation with stronger good signals than in the homogeneous
agent case, resulting in the turning points in expected insurance investment and
expected consumption being slightly further to the right than in the top graphs of
Figures 6 and 7.

With the potential to self insure and heterogenous agents, the annual certainty
equivalent benefit from a full good signal is now over half a billion dollars for all
utility functions considered. This is clearly a major societal gain, and it comes even
though there is no reduction in future climate change itself.

In Table 1 we summarise the gains in welfare, cop (¢) /cop (¢ = 0) — 1, for sixteen
models when receiving the full good signal versus no signal. These unit combinations
of four different frameworks: (i) ¢; = 50 years and ¢; = 100 years; (ii) | calibrated
as described above and [ = 0.8, or income is 80% per year of current endowment
in the second period if the state is severe; (iii) homogenous and heterogeneous agent
models, and; (iv) bank savings only and bank savings plus the potential to employ
the physical adaptation measure.
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[Insert Table 1 around here/

In all cases, the signal improves welfare, as expected. For our particular para-
meter values, though not in general, greater gains came from the shorter first period
(t; = 50 years). In general, welfare is improved more when physical adaptation
measures are available, income levels are low in the severe state, and agents have
heterogeneous incomes.

6 Conclusion

Climate scientists would have good reason to feel discouraged. Policy makers may
pay strong lip service to their warnings, but they take modest actions. Advances in
the science have also disappointed: Scientists’ findings have gained little precision
in decades, and strong variation and disagreement remains across the assessments
of different climate models and among experts. Fortunately, the uncertainty that
blights predictions of climate change and its impacts is likely to be reduced in some
key areas. As long as scientific research continues, some of Nature’s secrets will
inevitably be revealed. Yet, what would be the value of such an advance in the
science if policy makers do not respond? This article responds to this question and
provides a different and supplementary justification for a vigorous climate science
research effort: better predictions on the consequences of climate change will lead to
better decisions on adaptation.

The basic intuition behind this result is as follows. If future climate change will be
severe, GDP will be significantly impaired and major capital losses will be incurred.
If climate change is only moderate, the losses will be much less. The welfare that
we can expect when confronted by such uncertainty depends on the information we
have about the likelihood of severe and moderate climate change, and how we use
this information in making our adaptation decisions. Our welfare will therefore also
depend on how flexible our adaptation strategies are. The adaptation strategies we
address are saving for an impaired tomorrow and physical adaptation measures, such
as building seawalls or locating facilities in less desirable but less vulnerable locations.

Better predictions on the probabilities of severe and moderate consequences will
improve adaptation decisions and thus raise welfare. Even when we are in a con-
strained world in which the only adaptation decision concerns saving for an uncertain
future. Better predictions will raise expected welfare by reducing the need for precau-
tionary savings, and allowing more effective consumption smoothing. When physical
adaptation measures are also available, the prospect of improved signals is valued
even higher. In essence, a better signal allows us to find the correct balance between
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damage limitation investments and precautionary saving and tailor the adaptation
to the effects of climate change in different future states of the world.

Given the renewed prominence of adaptation in the high-level negotiations on
climate change, this is at the very least a morale boosting result for climate scientists.
The results show there is good reason to provide more refined scientific information
about climate change at the level of those who inevitably must adapt.
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Appendix

In this appendix we prove Results 1 and 2.
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7.1 Result 1

If we receive the full signal at ¢ = 1, then future endowment is fully known. In
this case, given that the utility function is concave, it is optimal to perfectly smooth
consumption across time: ¢ = (e; +eg) /2 for t = 1,2. Therefore the expected
welfare at time t =1 — ¢ is:

Eis V] = Ey_s {QU (61 ;r eZ)} .

With no signal, E;_5[¥] = ¥, since there is no new information. Expectations are
the same whether taken at time ¢t =1 — ¢ or t = 1. Therefore:

E, _s[¥] = max U(cr) + Er1_sU(ea +e1 — ).
Undertaking the optimisation gives:
U'(c}) = E1_sU'(ea + €1 — ),
where ¢} denotes the optimal consumption level. By Jensen’s inequality
Ei1 sU'(ea +e1—cy) > U'(E1_5[ea + e1] — ¢7) u” () >0,
where the inequality is strict if and only if U"” (-) = 0. Then
U'c)) 2U'(Erslea+ei] —¢})  U"()) =0. (2)

Now notice that if

(3)

then the left- and right-hand sides of equation are equal. This is the expected
level of time 1 consumption under a full signal. When equation is an inequality,
c; must be less than the right hand side of equation because U” () < 0. This
proves Result 1.2.

To establish Result 1.1, note that ¢ cannot be equal to both (e; +1) /2 and
(e1 + h) /2, the optimal consumption levels at time ¢ = 1 following the receipt of a
bad and good signal respectively. Since consumption decisions under no signal do not
optimise expected welfare in the presence of a signal, the result follows immediately.
This is also a special case of Result A2.4 below.

31



7.2 Result 2

We prove four sub-results. From them Result 2 in the body of the text follows
immediately

Result A2. If we receive a partial signal in the interval [1 — §, 1], then:

A2.1 Let 02 denote the volatility of time 2 endowment, e, as calculated at time 1.
Let 03 = o if the signal received is good and ¢} = 0% if the signal received is
bad. Then 0% < o?ifeg > 1 —2p and 0% < 0% if eg > 2p — 1, where o is
the volatility of time 2 endowment calculated at time 1 — 9. In addition, the
expectation of 0% as calculated at time 1 — 4§, mo% + (1 — ) 0%, is monotonic
decreasing in the strength of the signal, 4.

A2.2 If prudence is zero, then the expectation at time t = 1—9 of time 1 consumption,
E1_s[c1], is unaffected by the anticipation of any signal.

A2.3 If prudence is positive, then the stronger the signal that we will receive (the
greater is £¢), the higher is our expectation of time 1 consumption, F;_s [¢q].

A2.4 For all monotonic increasing and concave utility functions, the stronger the
signal that we will receive, the larger is the expected welfare as calculated at
time t =1 — 0; F1_s[Y]

Proof. Use the notation = ph+ (1 —p)land 02 = p (h — p)*+ (1 — p) (I — p)?
to denote the mean and variance of time 2 endowment conditional on the information
available at ¢t = 1 — §. It is straightforward to verify that o2 = p (1 —p) (h —1)*.
Similarly, let pue = (p+eg)h + (1 —p—cg)l, pg = (p—ep)h + (1 —p+ep)l,
0% = (p+2a) (h— o)’ + (1—p—e6) (I — i)’ and 0% = (p—ep) (h— ig)* +
(1—p+ep) (I — pup)® denote the means and variances of time 2 endowment condi-
tional on receiving the good (G) and bad (B) signal in the interval [1 —6,1]. It is
again straightforward to verify that, for g = eg (h — 1) and 0 = e (h —1):

pe = k+0c

pp = p—0s

0¢ = o*+ea(1—2p—eg) (h—1)*

0% = o2 —ep(1—2p+ep)(h—1)7°.
o <o’ifandonly if 1 —2p —eg < 0. Foroj <o 1—2p+ep>0. Itisalso
straightforward to verify that:

mog+ (1 —7m)o% =o? — 17T €2 (h—1)?,
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which decreases as £4 increases. This proves Result A2.1.

Now consider the welfare function at time 1 conditional on receiving the good
signal, ¥,. Again, Eg || denotes the expectation taken at time ¢ = 1 conditional
on the good signal.

\I/G =maxU (Cl) + EG [U (61 + e9 — Cl)] .
c1

Define the variable v as follows. Let es = po+v=pu+0c+v forv=h—05—p or
v =1 —0g — p depending on which state of the world occurs at t = 2. Undertaking
the optimisation and using ¢}, to denote optimal consumption at time 1 conditional
on receiving the good signal:

U'(clg) = Ec[U' (e1 + p+ b + v — cig)] - (4)
First consider the case when U"” (-) = 0. Then, by Jensen’s inequality:
U'(cig) =U'(e1+ p+0c — cig)

showing immediately that ¢, = (e1 + £+ 0¢)/2. By an analogous argument, if we
receive the bad signal, ¢jz = (e; + o — 0p) /2. This results in

Ei slcl] = w6+ (1—m)clp
B 61+,u+7r90—(1—7r)93
n 2 2
_(1—
_ 61;_M+7T€G (2 7T)€B(h_l)7

and, through the relation between ¢s and ep, this is equal to (e; + u)/2 for any
potential signal that we might receive. This proves Result A2.2.

With U” (-) > 0, we can view U’ (-) as a pseudo-utility function that is monotonic
decreasing and convex. Again, suppose that we have received the good signal at
t = 1. Note that Var (v) = 0% and, as usual, cog = e1+e3—c16 = e1+u+0g+v—cig.
Using a standard Pratt-Arrow approach, we can replace this stochastic consumption
with the expected consumption level e; + p + 0 — ¢1¢ minus a prudence adjustment

(UIeE

EclU'(er+p+bc+v—ag) = Ule+n+be—co—1e)
L ,U"(e1+p+0a—ca)
¢G ~ —z0¢g
2 U (er+p+0c— cic)
1

= §O'épG,




where P = —U" (e1 + u+0g —c1g) /| U" (e1 + p+ 0g — c1) is the prudence of
consumption at time 2 in the good state if endowment equals the expected value at
this time conditional on the signal received at ¢t = 1.

Given this, from equation [4

. atptic—1g

Cig = 9
Similarly,
. _ eatpu—0g—1vp
¢Gip — 9
L,
VY = §UBPB-

Therefore, under the assumption that prudence is approximately constant at value
P over the range of interest:

Ei s[cl] = 7w+ (1—m)cp
_ €1+,M+7T80—<1—7T)€B(h_l)_ﬂ'O%;—f—(l—ﬂ')O'%P
2 2 4
€1+ p 2 T 9 2\ P
— (o - —2) 2
2 (0 e ))4

The final term gets less negative the stronger is the signal eg. A more powerful
signal increases expected time 1 consumption provided the agent is prudent. This
proves Result A2.3.

Result A2.4 follows immediately from, for example, [54] and [55]. A less clear
signal can be treated as a “garbled” interpretation of a stronger signal. As an
example, consider a world where unconditionally the moderate and severe outcomes
at t = 2 are equally likely. Assume that, if we receive the stronger good (bad)
signal at ¢ = 1, then the probability of having the moderate outcome is revised to
70% (30%). A good (bad) weaker signal instead revises these probabilities to 60%
(40%).

The weak signal can be imaged as a world where we receive the strong signal, but
where it may be misread or “garbled”. In the example, imagine that there is a 25%
chance that we will mis-read a true good (bad) strong signal as being bad (good)
instead. Then on receiving a truly good strong signal, there is a 75% probability that
this will be interpreted correctly as a good strong signal and a 25% that it will be
mistakenly read as a bad strong signal. The estimated probability of the moderate
state occurring at time 2 is 75%*70% +25%*30% = 60% conditional on receiving
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this garbled signal. Similarly, on receipt of a bad signal, the estimated probability
of the moderate state occurring at time 2 is 75%*30% +25%*70% = 40%. The
probabilities are identical to those we assign under the weaker signal in the absence
of garbling. As the probabilities of the stronger signal bracket the probabilities
of the weaker signal, it is generally true that weaker signals can be interpreted as
garbled stronger signals.

Under these conditions, as argued by [55] (p. 1397), the stronger signal “must
lead to higher utility so long as there is any change in best conditional action under
either message”. As shown above, optimal consumption levels at ¢t = 1 depend on
the value of €4, so conditional action does depend on the strength of the message.
This completes the proof of Result A2.4
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Figure 1: Estimates of Climate Sensitivity Probability Densities [21]
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Figure 6.
Strength Increases.

This shows the expectation, as calculated at t = 1 — ¢,
of the levels of investment in the self insurance policy and the risk-free savings op-
portunity. Endowment at £ = 1 can be either consumed, saved in a risk-free asset
with a zero interest rate, or invested in a physical adaptation project that partially
protects against the severe outcome.
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Figure 7. Gains in Consumption and Expected Utility with Physical
Adaptation as Signal Strength Increases.
expectation, as calculated at t = 1 — 9, of t = 1 consumption and expected future
welfare expressed as a basis point (1/100"%) increase in the certainty equivalent
consumption level (compared to the no signal case) as the strength of a partial
signal changes. Endowment at ¢ = 1 can be either consumed, saved in a risk-free
asset with a zero interest rate, or invested in a physical adaptation measure that
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partially protects against the severe outcome.
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Following Figure 3, this shows the
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