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Abstract
This paper proposes an operationally simple and easily generalizable methodology to 
incorporate climate change damage uncertainty into Integrated Assessment Models 
(IAMs). First uncertainty is transformed into a risk measure by extracting damage distri-
bution means and variances from an ensemble of socio economic and climate change sce-
narios. Then a risk premium is computed under different degrees of risk aversion, quantify-
ing what society would be willing to pay to insure against the uncertainty of the damages. 
Our estimates show that the premium for the risk is a potentially significant addition to 
the “standard average damage”, but highly sensitive to the attitudes toward risk. In the last 
research phase, the risk premium is incorporated into the climate change damage function 
of a widely used IAM which shows, consequently, a substantial increase in both mitigation 
and adaptation efforts, reflecting a more precautionary attitude by the social planner. Inter-
estingly, adaptation is stimulated more than mitigation in the first half of this century, while 
the situation reverses afterwards.
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1  Introduction

The estimated costs of climate impacts are highly uncertain, and indeed uncertainty is the 
key concept in climate change discussion. Different sources of uncertainty are defined in 
the literature. In addition to “epistemic uncertainty”, deriving from the still incomplete 
knowledge of natural and social phenomena, “aleatory uncertainty”, is also present, deriv-
ing from the irreducible randomness of those phenomena (on the distinction between epis-
temic and aleatory uncertainty see: Kaplan and Garrick 1981; Halsnæs et al. 2007; Aven 
2010; North 2010; Garrick 2010; Kunreuther et al. 2014). In climate disciplines both forms 
of uncertainty characterize a “cascade” that begins with the description of the functioning 
of the climate system, followed by the environmental system reactions, leading to uncer-
tainties related to the final economic assessment of climate change consequences and the 
social and economic responses. In formal terms, this uncertainty originates from a situa-
tion in which the distribution of probabilities to characterize the phenomena under scrutiny 
are not known.1 This is the concept of Knightian uncertainty (Knight 1921). Furthermore, 
socio-economic assessments of climate change impacts are influenced by multiple knowl-
edge frames characterized by multiplicity of perceptions regarding the main problems at 
stake and the goals that should be achieved. This results in “ambiguity”, that is a situa-
tion in which more priors on different distributions of subjective (i.e. formed starting from 
unknown, uncertain) probabilities are possible.

The pervasive role of uncertainty in the climate change discussion partly explains the 
difficulties in communicating results from science transparently (see for instance Aven and 
Renn 2015 on the definition/communication of uncertainty in the 2013–2014 IPCC Fifth 
Assessment Report, AR5). It might also explain the criticism on the validity and robust-
ness of the prescriptions emerging from the main tools used for impact evaluations such as 
Integrated Assessment models (IAMs).2

The integrated assessment modelling literature proposes a multiplicity of approaches to 
characterize uncertainty. A common practice is to develop multi-scenario analyses and/or 
use “ensembles” of models, climate Global Circulation Models (GCMs), impact/process 
models, and economic models to capture at any time future (aleatory) and epistemic uncer-
tainty.3 Equally diffused is the performance of sensitivity analyses on models’ behavioural 
parameters4 and/or the development of stochastic IAMs to deal with randomness. Stochas-
tic IAMs are used to verify which abatement prescriptions are consistent with different 
preferences and risk management criteria. In a number of cases, the welfare performances 
of the maximization of expected utility, are compared with alternative criteria of robust 
decision making (see e.g.: Hall et al. 2012; Kunreuther et al. 2014; Drouet et al. 2015).

An alternative approach represents uncertainty in terms of risk and then optimizes 
expected utility or expected damage functions as set out by von Neumann and Morgen-
stern (1944). This requires characterizing the probabilities involved in the decision making 
process. Uncertain situations where probabilities are unknown or not perfectly known are 

1  Uncertainty about objective probabilities does not prevent agents from forming subjective probabilities.
2  In-depth review of IAMs’ limitations are beyond the scope of the paper, we point the interested reader to 
Stern (2013) and Pindyck (2013) as just two paramount examples in this vein.
3  Exercises like EMF (https​://emf.stanf​ord.edu/), ISI-MIP (https​://www.pik-potsd​am.de/resea​rch/clima​te-
impac​ts-and-vulne​rabil​ities​/resea​rch/rd2-cross​-cutti​ng-activ​ities​/isi-mip) and AgMIP (http://www.agmip​
.org/) well illustrate this approach.
4  See Anderson et al. (2014) for a discussion and new approaches on sensitivity tests.
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thus translated into “risky” situations, with known probabilities. In the Knightian sense 
this would mean transforming “genuine uncertainty” into “uncertainty risk” (Knight 1921). 
Risk aversion, i.e. agents´ attitudes while facing combinations of outcomes and probabili-
ties, is then embedded in the “shape”, or parameterization, of the utility functions. Several 
studies have applied this approach in the context of climate change to study the effect of 
catastrophic risk and tipping points (Gjerde et al. 1999; Keller et al. 2004; Lemoine and 
Traeger 2012; Cai et al. 2013), showing that more ambitious mitigation policies can indeed 
represent hedging strategies.

In a similar vein, Millner et al. (2013) use a modified version of the Nordhaus DICE 
2007 model to evaluate the relative welfare performance of an abatement policy that sta-
bilizes CO2 concentrations at twice their preindustrial level over a business as usual policy 
under different degrees of risk and ambiguity aversion. Ambiguity stems from the different 
published estimates of the probability distribution for climate sensitivity. Their paper draws 
on the increasingly sophisticated ambiguity literature, which springs from the view that our 
entire state of knowledge in a given area cannot be represented by a unique combination of 
subjective and objective probability distributions over states of the world (Ellsberg 1961; 
Gilboa et al. 2008, 2009). The ambiguity framework has been developed to represent pref-
erences in a way that separates tastes from beliefs by Klibanoff et al. (2005, 2009). Millner 
et al. (2013) separate risk aversion and ambiguity aversion and introduces learning, using 
an ambiguity function to represent different probability models for climate sensitivity. 
Concavity of this function ensures ´ambiguity aversion´ in a similar way that concavity of 
the utility function ensures risk aversion. The main outcome of the study is that introduc-
ing ambiguity aversion increases the welfare gain of an abatement policy especially when 
damages are convex in temperature in a way comparable to risk aversion embedded in the 
elasticity of marginal utility, where utility is a function of income. The general conclusion 
is that neglecting ambiguity aversion might drastically understate the welfare benefits of 
abatement.

In this paper we also transform uncertainty into a risk to analyse how building risk into 
an IAM affects mitigation and adaptation decisions. Our study is similar to Millner et al. 
(2013), though we do not separate risk from ambiguity aversion, as we believe it is too dif-
ficult to separate them in an operational context. Moreover, we do not consider the effect of 
learning. Our study has three main aims.

First, it suggests a general empirical methodology to transform uncertainty about cli-
mate change damages, including those deriving from the scientific ambiguity, into risk. 
Specifically, we develop “risk premium adjusted” damage functions by embedding more 
climatic parameters than just climate sensitivity and uncertainty into probability density 
functions.

Second, taking these probabilities as given, we compute the “climate change risk pre-
mium” associated with different degrees of risk aversions. Our ‘risk premium’ represents 
what risk averse agents would be willing to pay to insure against an uncertain event.

Third, the paper develops a practical example of implementing risk premiums, inter-
preted as a “damage mark-up”, in the damage function of a well-established IAM, the 
WITCH model5 (Bosetti et  al. 2006) developed to include adaptation choices as in 
Agrawala et al. (2011) and Bosello et al. (2013). The WITCH model, whose damage func-
tions remain fully deterministic, is used to assess how the inclusion of a risk premium, 

5  http://www.witch​model​.org.
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would affect both the decision to mitigate and to adapt under different level of risk aver-
sion. This is a novelty compared to Millner et al. (2013) and to the bulk of the literature in 
the field, which focusses mostly on mitigation with little emphasis on adaptation (partial 
exceptions are Felgenhauer and de Bruin 2009, Bosello and De Cian 2014). The strategic 
feature of the equilibrium described in the WITCH model makes it also possible to com-
pare cooperative and non-cooperative outcomes.

Overall our methodology offers three main advantages: (a) it is conceptually simple to 
implement even though it requires some computational capacity (b) it allows attitudes to 
aversion to risk to be reflected in a transparent way (c) it is easily generalizable to the many 
IAMs building upon the “DICE/RICE” frame. This last feature enables convenient model 
sensitivity analyses to test the robustness of our results to different model set-ups.

Before developing our analysis, it is worth mentioning two important contributions 
related to our approach. The first, is the idea that mitigation policies cannot be viewed 
as hedging strategies, conjectured by Nordhaus (2008) and demonstrated empirically by 
Dietz et al. (2015). From an examination of a large number of uncertainty sources affecting 
consumption profiles in the DICE Integrated Assessment Model (IAM), Dietz et al. (2015) 
confirm Nordhaus’s observation that the dominant one relates to future technological pro-
gress. It is stronger than the uncertainty stemming from climate sensitivity and damage 
function. In this context, mitigation “does not hedge”; indeed the authors show that it can 
even increase future risk. Within the framework of the Consumption Based Capital Asset 
Pricing (CCAPM) model of Lucas (1978) which they use as theoretical underpinning, this 
means that benefits from mitigation policies should be discounted with a risk-adjusted rate 
higher than the risk free one.6 As the authors note, however, the CCAPM model does not 
capture “many dimensions of the real world, in particular the existence of structural uncer-
tainties and fat tails” Dietz et al. (2015, p. 34). Furthermore, the model indicates that the 
Net Present Value of investments in mitigation today will anyway be higher under these 
uncertainties (although they will be discounted at a higher rate). Accordingly, we think that 
our “risk premium approach” is still justified.

The second is Weitzman’s (2009a, b) dismal theorem. This shows how the presence of 
very high-damage, low-probability climatic events can increase the willingness to pay to 
avoid them, and thus to abate, virtually to an infinite level. This narrative has been key in 
shifting the attention from expected to catastrophic risk, advocating for the internalization 
of the precautionary approach into the mitigation policy discourse. Even though we do not 
include catastrophic events, our findings strongly support precaution, thus strengthening 
Weitzman conclusions.

The remainder of the paper is organized as follows. Section 2 explains the approach and 
proposes a method by which the premium to be included in IAMs can be calculated. Sec-
tion 3 describes the IAM model used in this study, and describes the implementation of 
risk-adjusted damage functions for three levels of risk aversion into the model. Section 4 
compares the results of the policy response with and without risk premium. Section  5 
concludes.

6  The risk adjusted rate is given by r where r = rf + βπ, where rf is the risk free discount rate, β is the elastic-
ity of net benefit of the investment with respect to a change in aggregate consumption and π is the system-
atic risk premium. A value of β > 1, that is what authors find in relation to mitigation policies, implies an 
increase in the discount rate to be applied.
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2 � Modelling Climate Change Impacts as a Risk Premium: A Theoretical 
Framework

2.1 � Risk Premium: Conceptual Issues

The basic idea of a risk premium is very simple: people are willing to pay a certain 
amount to reduce the riskiness of a given act, both when it is one that has on average 
a benefit to them or a cost. When faced with a prospect of winning €10,000 if a “fair” 
coin comes down heads and nothing if it comes down tails the expected return that 
most people can easily compute is €5000. Yet if offered a choice between a certain 
return of €5000 and tossing a coin in this manner most will choose the certain €5000 
(especially if the figures are a matter of their way of life). Indeed most people will take 
a little less than €5000 rather than play the game. If the minimum they would accept 
with certainty is €4500 then €500 is defined as the risk premium associated with that 
game. Similarly, when faced with a potential loss of €10,000 with probability of half 
and no loss with a probability of a half, people might pay an insurance company a pre-
mium of, say, €500 to be guaranteed an outcome of €5000 irrespective of which state 
of the world prevails. The insurance company then has an expected pay out of €0 but it 
makes an expected profit of €500 on the premium and both sides are happy. This €500 
is the risk premium associated with the uncertain event and the true cost of the event is 
not €5000 but €5500.

In the case of climate impacts a similar argument can be made. In Fig. 1 money dam-
ages are plotted against loss of utility associated with those damages. Owing to risk 
aversion the disutility function is convex in damages. With temperature T1 the mone-
tary damage is D(T1) and the corresponding utility is UL(DT1)). With a higher temper-
ature T2 the monetary damage is D(T2) and the corresponding utility is UL(DT2)). The 
utility loss associated with the expected damage from these outcomes is UL(E(D)), 
corresponding to losing E(D) with certainty. This is lower than the expected utility 
loss with that set of outcomes, given by E(UL(D)). The Damage Certainty Equivalent 
CE(D) is thus larger than the expected damage E(D(T))). The difference is the risk pre-
mium CE(D(T)), that should be added on top of the expected damage.

The use of this framework has been questioned, especially by psychologists who 
argue risk aversion cannot be represented in such a simple way. In particular, individu-
als have asymmetric attitudes to losses and gains and they are likely to value the risk of 
potential losses more than potential gains (Kahneman 2011). Furthermore, the evalua-
tion of losses and gains varies according to what people consider to be their reference 
point. These important findings are the central propositions of prospect theory, which 
of course is not in question. For the purposes of this assessment of risk, however, we 
are seeking a social representation of risk aversion in a single direction (i.e. that of 
possible losses) and so the first issue does not apply, making it more justifiable to use a 
consistent representation that reflects those losses. Furthermore, we would argue that a 
social representation, which we are aiming to evaluate, can be based on principles that 
choose to exclude those aspects of individual decision-making considered to be exces-
sively irrational. Some behavioural economics findings of how choices are made fall 
into that category (Shiller 2000; Thaler and Sunstein 2008).
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2.2 � Measuring the Risk Premium

Several approaches can be used to estimate risk premiums.7 The conjoint choice method 
asks people, and one major line of research has used this empirical approach (Green et al. 
2001). Developing case studies to obtain empirical data suitable for calibrating risk pre-
mium in the context of adaptation and mitigation is certainly an interesting research topic 
that is left for future research.

An alternative, more theoretical, method is based upon the expected utility framework 
which is rather common to study consumer choices in the presence of risk aversion in 
many different domains.8

Consider an economy with uncertain income x which yields a utility U(x), where U(x) 
is the Von Neumann-Morgenstern utility function. We can think of it as representing the 

Money
Damages

U�lity loss
from 

Damages

D(T1) D(T2)

P(T1)= P1 P(T2)= P2

E(D(T))

UL(D(T1))

UL(D(T2))

E(UL(D(T)))

UL(E(D(T)))

CE(D(T))

Risk premium

Fig. 1   Stylized representation of premium for risk in climate cost estimation Source: authors’ elaboration. 
There are two possible states of the world/temperature: T1 associated to low and T2 associated to high dam-
ages, with probability P1 and P2 respectively. Due to risk aversion the dis-utility function is convex in dam-
ages. The utility loss associated to the expected damage UL(E(D(T))) (corresponding to loosing E(D(T)) 
with certainty) is lower than the expected utility loss E(UL(D(T))). The Damage Certainty Equivalent 
CE(D(T)) is thus larger than the expected damage E(D(T)). The difference, is the risk premium

7  See Kousky et  al. (2011) for a review of the different methodologies to measure risk premium to be 
included in the social cost of carbon.
8  Applications of the theory to understand investments decisions in finance are commonplace. See for 
example, Levy (1994) and Blake (1996) as well as the excellent notes of Professor Norstad. http://www.
norst​ad.org/finan​ce/util.pdf. An application to environmental decision-making is Krupnick et  al. (1993). 
Note that we are using the concept of expected utility to elicit the risk premium but we are not applying the 
expected utility framework in the full sense of the CCAPM model, which we regard as inappropriate for 
this kind of analysis.
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social planner’s view of utility as a function of aggregate income. This income x is uncer-
tain and the probability of different outcomes is described the density function f(x). In this 
context we can define the certainty equivalent to the uncertain outcome described by the 
expected utility E(U) as the certain outcome x* that gives the same utility as the uncertain 
prospect:

The certainty equivalent x* can differ from the expected or average value of x, which is 
given by: E(x) = ∫ x f (x) dx =� . The difference, E(x) − x ∗≡ µ - x*, represents the risk 
premium, r, which is the amount people are willing to pay in order to avoid the uncertain 
outcome. It is positive, zero or negative, under risk aversion, risk love and risk neutrality 
respectively. Accordingly:

Exploiting the concept of certainty equivalent in (1), (2) immediately gives the possibility 
to estimate the risk premium r by solving the equation:

In the specific context of this study, uncertain future climate change impacts are the source 
of income uncertainty. To compute the uncertainty equivalent, we need first to assign a 
functional form to the distribution of x that we conveniently assume to be lognormal. This, 
in fact, can be justified if the linkages from temperature to physical impacts and from phys-
ical impacts to losses is multiplicative.9 Rabl and Spadaro (1999) for instance note that if 
the final number (damages) is the outcome of a process as the one described above and 
if the variable at each step has an independent distribution with a given geometric mean, 
then, by an application of the Central Limit Theorem, the final distribution has a log-nor-
mal form. In this case, the geometric mean of the log of the final figure is the sum of the 
logarithms of the individual means and the standard deviation of the final figure is the sum 
of the squares of the geometric standard deviations of each process that gives rise to the 
final product.

The utility function of x, has frequently been represented in the literature by a “stand-
ard” family of power functions:

� , which can be interpreted as the coefficient of relative risk aversion (see more on that 
below), has been generally estimated to take values of between 0.5 and 2, but possibly even 

(1)U(x) = E(U) = ∫ U(x) f (x) dx

(2)U(x) = U(E(x) − r) = U(� − r)

(3)E(U) = ∫ U(x) f (x) dx = U(E(x) − r) = U(x)

(4)U(x) =
x1−� − 1

1 − �

9  In practice all the links in the chain from temperature to damages may be multiplicative. Certainly the 
relationship between temperature and economic damages is, but if the others were not, the use of the log 
normal will be more of an approximation.
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as high as 12 (Bliss and Panigirtzoglou 2004, Kaplow 2005, Millner et al. 2013).10 Note 
that when � is equal to 1 the above function reduces (by L’Hôpital’s Rule) to:

Functional form (4) is very extensively used in the risk literature; it allows for a wide range 
of attitudes to risk aversion and is analytically tractable. In order to show how Eq. (2) turns 
out in the specific case when the frequency distribution of x is lognormal and the utility 
function takes the form (4) we present the functions below. The expression for expected 
utility E(U) is given by:

With f (x;�, �) lognormal distribution density function:

In the specific case of constant relative risk aversion coefficient utility function, with risk 
aversion coefficient � different from one, the expected utility is:

Then (4) and (8) allow through (3) the immediate computation of x* and thus of r.
In the case of relative risk aversion coefficient � equal to one:

While, as said, the utility of x is represented by Eq. (5).
Accordingly, Eq. (3) boils down to:

Giving the certainty equivalent x∗ as a function of μ:

Similarly x̄ , the expected value of x, is given by

For example with µ = 10 and σ = 1 we obtain directly from the above that: x* = 22,026 and 
x̄ = 36,316, yielding a value of the risk premium r of 14,110. In other words, for the case 
where the individual or social group faces a distribution of future income with a mean of 
36,316 and a log normal distribution of those returns as specified here, the risk premium is 
14,110, or 38.8%.

(5)U(x) = 1
�→1

x1−� − 1

1 − �
= ln x

(6)E(U) = U(x) f (x,�, �) dx

(7)f (x;�, �) =
1

x�
√

2�

e
−

(ln x−�)2

2�2

(8)x1−�
1

x�
√

2�

e
−

(ln x−�)2

2�2 dx −
1

1 − �
=

E(x1−�) − 1

1 − �

(9)E(U) = ln x ⋅ f (x;�, �) dx = �

(10)lnx = �

(11)x = e�

(12)x̄ = e𝜇+𝜎
2∕2

10  The literature on risk aversion indicates that the coefficient of relative risk aversion may increase with 
the size of the income loss or gain (Arrow 1965; Holt and Laury 2002). In this respect an alternative utility 
function (the exponential function) may be more appropriate. This takes the form: U(x) =

− exp−�x

�
 . In this 

case the coefficient of relative risk aversion is given by γx. Studies show, however that for variations in x 
that are small relative to total x (which in our case is GDP) a constant relative risk aversion function is a 
reasonable approximation.
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The next section introduces first the IAM used for the empirical assessment and then 
explains how the mean and standard deviations of regional damages have been computed 
in order to estimate the risk premium as given in Eq. (3).

3 � Correcting Damages from Climate Change Impacts with a Risk 
Premium: A Numerical Application Using the WITCH Model

3.1 � The Modelling Framework

WITCH11 (Bosetti et al. 2006) is a hard-linked Integrated Assessment model based upon 
a Ramsey optimal growth economic engine with a breakdown of the energy sector into 
different uses and technologies. The economic system is fully integrated with a simple cli-
mate module that translates carbon emissions produced from the use of fossil fuels to radi-
ative forcing and temperature increase. Regional reduced-form damage functions link the 
global temperature increase above pre-industrial levels to changes in regional gross domes-
tic product (GDP).12 WITCH also features an adaptation module (see Agrawala et al. 2011) 
aggregating the possible adaptive responses into specific adaptive capacity-building, antici-
patory adaptation, and reactive adaptation. The different forms of adaptation expenditure 
reduce climate change damages, but need to compete, under a limited budget, with other 
form of investments/expenditures (e.g. in R&D, in physical capital and in mitigation/clean 
technologies). The model equilibrium can be solved either as the solution of a non-coop-
erative game or as a global cooperation among the model’s thirteen geopolitical blocks. In 
the first case, agents behave strategically. The resulting Nash equilibrium is a constrained 
optimum, in which forward-looking regional planners maximize inter-temporal welfare by 
optimally choosing investments in final good, energy technologies, energy R&D (for more 
insights on the treatment of technical change in the WITCH model see Bosetti et al. (2006), 
and adaptation, subject to the budget constraint without internalising global environmental 
and technology externalities. In the second case, a world decision maker fully internalizes 
all the externalities, maximizing a global utility function represented by a weighted sum of 
regional utilities.

The utility function of the representative regional agent exhibits a constant elasticity of 
marginal utility of per capita consumption η:

r(t) is the utility discount factor that relates to the pure rate of time preference ρ as follows:

(13)U(t, n) =
∑

L(t, n)

C(t,n)

L(t,n)

1−�
− 1

1 − �
df (t)

11  The WITCH model outcomes are amply referenced in the Fifth Assessment Report of the IPCC (Clarke 
et  al. 2014) and in many model inter-comparison exercises (Bosetti et  al. 2015, Lessmann, et  al. 2015, 
Tavoni et al 2014) placing WITCH among the established models in the integrated assessment community. 
For detailed information on the WITCH model we address the interest reader to: http://www.witch​model​
.org/.
12  The WITCH model thus, sharing this feature with a whole stock of IAMs, uses reduced form climate 
change damage functions. I.e. all the complexities of impact assessments are compacted in few parameters. 
This simplification is particularly useful for the present exercises. For more discussion on the pros and cons 
of reduced form damage functions see Bosello (2014).
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The WITCH default value of the η is 1.5 and the pure rate of time preference ρ is 1%.
Following the discussion in Sect. 2, a possible issue arises on which value of η to use 

for the computation of the risk premium. The parameter η in Eq. (13) serves two purposes. 
Following the standard approach of optimal growth models under certainty and perfect 
foresight, it represents the inverse of intertemporal elasticity of substitution of consumption 
over time. In the social welfare literature this parameter typically takes a value of around 
1.3 (Layard et al. 2008). However, the parameter also reflects risk attitudes. Accordingly, 
two possibilities are at hand: using the same value of η in Eq. (15) and in the risk premium 
computation process described by Eqs. (1) to (13). Alternatively, using different values of η 
in (1) to (13) and keeping in the WITCH utility function the value of η equal to 1.5, assum-
ing that the inverse of intertemporal elasticity of substitution of consumption over time 
and aversion to risk may diverge. Here we follow the latter approach. In the WITCH utility 
function we fix ƞ = 1.5 and we use this calibration to test different risk premium-corrected 
damage functions calculated using Eqs.  (1)-(13) under different values of risk aversion, 
namely ƞ = 1, 1.5, and 2.13

We then analyze the implications of including a risk premium in the two models set up:

(1)	 Global cooperation: where the model is solved by maximizing a global social welfare 
functions. We name this set of scenarios “Global cooperation”.

(2)	 Regional fragmented action: the model is solved as a non-cooperative Nash game. This 
can thus be interpreted as a sort of baseline scenarios with no additional internationally 
agreed climate policy measured relative to 2005, which is the base year of the model. 
We name this set of scenarios “Regional action”.

The social economic reference case for the WITCH model is that of the Shared Social 
Economic Pathway 2 (SSP2) (O’Neill et  al. 2012). Its narrative corresponds to a world 
evolving along the trends typical of recent decades with some progress towards achieving 
development goals, reductions in resource and energy intensity at historic rates, and slowly 
decreasing fossil fuel dependency. SSP2 is thus conceived as a scenario posing interme-
diate challenges to both mitigation and adaptation as it features intermediate emission 

(14)df (t) =

t
∏

t�=0

(1 + �(t�))

13  We also performed some sensitivity tests (see supplementary Appendix Table 4) showing, in general, 
a relatively small effect of forcing the two values to be the same. The sensitivity analysis also shows that 
for some values of ƞ in the WITCH utility function, the model cannot find an equilibrium. Specifically, 
assuming ƞ = 2, optimization for high-damage regions, such as Sub Saharan Africa, can be solved only if 
the pure rate of time preference ρ is adjusted downward. The economic intuition is the following: the case 
ƞ = 2 corresponds to a situation of high relative risk aversion and low willingness to substitute consumption 
inter-temporally. In this case future damages are high, as they incorporate a large premium for the risk, and 
representative agents in the model would have a stronger preference to consume everything today. Thus, 
from the Ramsey equation, an increase in ƞ reduces the growth rate of consumption, and, in our simula-
tions, the reduction is “too much” to find a feasible intertemporal optimum. The resulting lower sensitivity 
of consumption growth to the gap between the interest rate and the pure rate of time preference can be 
compensated by reducing the pure rate of time preference ρ. Gollier (2002) shows how uncertainty in future 
consumption modifies the Ramsey equation in a similar way. The pure rate of time preference would be 
lower in order to induce precautionary savings. In the context of the debate on climate change discounting, 
Gollier (2008) and Dasgupta (2008) have also suggested a parameter combination of ƞ = 2 and ρ = 0.
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profiles as well as intermediate economic growth providing at least some resources to 
address adaptation needs14. In its standard set up the WITCH reduced-form climate module 
foresees for the SSP2 a temperature increase of 4 °C by the end of the century.

3.2 � Risk‑adjusted Damage Functions in the WITCH Model

To compute the risk premium of climate change damages, we need first to estimate the dis-
tribution of regional damages to quantify μ and σ in Eqs. (8), (12) and (13).

More precisely, the procedure was as follows:

1.	 A simple climate model was calibrated based on Urban and Keller (2010) to emulate 
CMIP5 ensemble of climate simulations and underlying uncertainty arising from 14 
geophysical parameters, including climate sensitivity (CS), ocean heat exchange, etc., 
determining temperature profiles associated with a given carbon budget (Taylor et al. 
2012. Emulation has been performed using a Bayesian inversion technique based on a 
Monte Carlo Markov chain.

2.	 Emissions profiles were derived until 2100 using 802 scenarios from the AR5 database 
to capture uncertainty about the climate policy implementation (e.g. different delay of 
action, technology availability, level of cooperation and climate targets).

3.	 A distribution of temperature was generated for each emissions profile.
4.	 The WITCH’s damage function (Bosetti et al. 2006, Bosello and De Cian 2014) were 

applied to the temperature distributions to generate related distributions of regional 
damages

5.	 Regional damage distributions were fitted for 2100 with a log-normal distribution and 
computed the mean log and standard deviation log of the damages. The fit was verified 
by means of the Akaike Information Criteria (AIC)

6.	 Finally, the parameters of the log-normal distribution (mean log and standard-deviation 
log) were related to the expected temperature increase.

Figure 2 depicts the result of this process presenting in three panels the expected, the 
75th and the 90th quantiles of the regional damage distributions respectively, expressed 
as percentage of GDP loss, as functions of the temperature increase (for more detail see 
the Appendix). Figure 3 shows the damage curves with and without the risk premium for 
a value of � equal to 2 for the two regions with the lowest and highest risk premium across 
the WITCH 13 model regions (full detail are in the Appendix which provides results for all 
the regions as well as for values of � equal to 1, and 1.5).

The calculations show that the risk premium adds around 90–110% to the “non-risk 
adjusted” damage estimate, irrespective of the temperature increase for a value of ƞ equal 
to 2 and around 1–10% for a value of ƞ equal to 1, depending on the region considered. 
For a value of ƞ equal to 1.5 the increase in damage ranges between 1 and 19%. Thus 
the choice of the coefficient of risk aversion is critical. Furthermore, it is also evident that 
damages are non-linear in ƞ. A sort of threshold is value of 1.5, beyond which damages 
increase steeply.

14  The quantitative characterization on the evolution of main social economic variables in the scenario 
(namely GDP and population) have been extracted from: https​://secur​e.iiasa​.ac.at/web-apps/ene/SspDb​/
dsd?Actio​n = htmlp​age&page = about​.
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4 � Results

4.1 � Implications of the risk Premium on the Optimal Balance Between Mitigation 
and Adaptation

From the discussion on risk premium in Sect.  2, it can be reasonably accepted that 
in the case of climate change, as in other situations involving risk, the damage peo-
ple really react to when faced with a range of possible outcomes is greater (poten-
tially much greater) than the average damage. A key result of our analysis is how 
risk-adjusted damages can influence climate policy action, and especially the optimal 

Fig. 2   Climate change damage measured as percentage loss in regional Gross Domestic Product (GDP) as a 
function of temperature. Expected values, 75th and 90th quintile

Fig. 3   Calibrated regional damage functions in selected regions with (upper red line) and without (lower 
blue line) the risk premium. Risk aversion equal to 2 (ƞ = 2)
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mitigation-adaptation mix. As a first result, we find both mitigation and adaptation lev-
els increase in order to reduce potential damages.

Figure  4, shows higher expenditure in adaptation (top panel) and lower emissions 
(lower panel) in both the cooperative and non-cooperative scenarios. In the non-coop-
erative case, however, the free riding incentive is strong. Therefore emission reduction, 
albeit positive is negligible. This has an interesting implication for adaptation. While 
the risk-premium-corrected emission reduction is very low under regional action, where 
damages remain high, adaptation, which is used as damage reducing strategy, turns out 
to be greater than in the global cooperation case. Adaptation, differently from mitiga-
tion, is a private appropriable good at the scale of our decision makers which are macro 
regions, and thus it is not affected by the free riding curse.

The emissions profile are clearly not consistent with global temperature stabilization 
at 2 °C by the end of the century. For example after 2050, even with ƞ = 2, emissions are 
increasing. This outcome is driven by how the WITCH damage function has been modi-
fied. It essentially incorporates risk as a higher deterministic damage. Hence, neither 
irreversible nor catastrophic damages affect the decision maker.

Fig. 4   Global adaptation expenditure (Upper Panel) and CO2 emissions (Lower Panel). Scenarios with 
global cooperation (Left Hand Panel) and regional action (Right Hand Panel)
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Table 1 reports the relative contribution of mitigation and adaptation to damage reduc-
tion under global cooperation.15 By the end of the century, the two policies together reduce 
the damage by roughly 51% and 45% with and without the correction for the risk premium 
respectively, showing agents to be more conservative in the former setting. Interestingly, 
while adaptation remains the preferred strategy to reduce the damages, in relative terms 
accounting for risk increases the contribution of mitigation relatively more. Taking 2100 as 
reference and ƞ = 2, the share of damage reduction due to mitigation doubles, while that of 
adaptation shrinks by the 23%.

A similar outcome applies if expenditures in mitigation and adaptation are considered. 
Now, both increase as the risk correction fosters either mitigation or adaptation, but while 
the expenditure on the former more than doubles (+108%) over the century, that on the lat-
ter expands by +83% (Table 2). It is also interesting to note that in the first half of the cen-
tury expenditure on adaptation increases more than that on mitigation while in the second 
half of the century the situation reverses. This is an effect on how damages are modified 
by the risk premium, which acts as a shifting factor of present and future damages, even 
though more accentuated in the last part of the century. This initially tends to advantage 

Table 1   Relative and total contribution to percentage damage reduction due to mitigation and adaptation in 
2050 and 2100 (Global Cooperation: a global social welfare function is optimized)

Adaptation 
action only

Mitigation 
action only

Mitigation and adaptation

2050 ƞ = 0 20.5 5.9 21.9 (of which: 84% due to adaptation and 16% to mitigation)
ƞ = 2 28.7 14.0 30.0 (of which: 80% due to adaptation and 20% to mitigation)

2100 ƞ = 0 41.6 18.9 45.0 (of which: 86% due to adaptation and 14% to mitigation)
ƞ = 2 45.7 26.6 51.0 (of which: 70% due to adaptation and 30% to mitigation)

Table 2   Cumulated discounted mitigation and adaptation expenditure under different risk attitudes (low 
risk aversion, ƞ = 0, high risk aversion, ƞ = 2) (Global Cooperation: a global social welfare function is opti-
mized)

*Values represent lower investment and thus should appear with a minus sign, however in the table they are 
positive being accounted as positive mitigation investment

2005–2050 2050–2100 2005–2100

ƞ = 0 ƞ = 2 ƞ = 0 ƞ = 2 ƞ = 0 ƞ = 2

Adaptation expenditure (2005USD Tn.) 5.4 13.8 50.8 89.3 56.3 103.1
Dis-investment in fossil resources (2005USD Tn.)* 3.6 4.6 4.1 7.4 7.7 12.0
Investment in fossil resources with CCS (2005USD Tn.) 0.0 3.3 0.0 6.1 0.0 9.3
Investment in renewable sources (2005USD Tn.) 7.6 10.4 3.6 6.5 11.2 18.1
Total mitigation expenditure (2005USD Tn.) 11.2 18.2 7.7 20.0 18.9 38.3
% change in adaptation expenditure moving from ƞ = 0 to ƞ = 2 155.6 75.8 83.1
% change in mitigation expenditure moving from ƞ = 0 to ƞ = 2 63.1 158.7 108.6

15  This computation is scarcely meaningful in a non-cooperative set up as almost all of the climate policy 
relies upon adaptation.
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adaptation that is more quickly effective than mitigation to deal with current damage. In 
the longer term mitigation becomes more cost effective. The result is consistent with previ-
ous analysis of adaptation-mitigation trade-offs without uncertainty (Bosello et  al. 2010, 
2013).

The overall emission reduction is achieved through a combination of increased invest-
ments in renewables and fossil-fuel based energy equipped with Carbon Capture and Stor-
age (CCS) and through reduced investments in fossil-fuel based energy. In the Regional 
action case (“Regional” in Fig. 5) reduction in energy demand is the main mitigation strat-
egy as shown by a general decline in investment in all energy sources, either fossil or non-
fossil based. As a consequence, the average annual change in adaptation expenditure is 
globally greater under regional action than under global cooperation.

4.2 � Regional Results

Regional results for the 13 regions (list in Table 5 in the Appendix) follow the trends high-
lighted at the global level, but they provide some additional pieces of information.

As risk premium-corrected damages are higher (Fig. 6), emission reduction increases 
(Fig. 7). Under a global cooperation scenario this occurs in all the regions. The efficient 
(marginal abatement cost equalizing) internalization of the environmental external-
ity imposes a higher emission reduction on India and South Asia, which also experience 
higher damages, immediately followed by Economies in Transitions given their relatively 
lower abatement costs. Under regional action some regions (Western Europe, Korea South 
Africa Australia, Canada Japan, New Zealand and partially Sub Saharan Africa) mitigate 

Fig. 5   Global adaptation expenditure and mitigation investments. Cumulative values (2005–2100) in the 
cases with risk premium relative to the scenarios without risk premium in 2005USD Trillion. Scenarios 
with global cooperation and regional action
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less. In these cases, the incentive to free ride, strengthened by the additional abatement 
from other areas, overcomes the incentive to reduce emissions deriving from the higher 
risk premium corrected own damages.

In relative terms, mitigation expenditure tends to increases more than adaptation 
expenditure, even though in absolute terms the second is larger (Table 3). The larger per-
centage increase in mitigation expenditure occurs in Latin and Central America, East 
Asia, Middle East and North Africa. There are also two regions, India and Korea-South 
Africa-Australia, where the risk premium correction decreases the expenditure in mitiga-
tion. This does not mean, however, that emissions increase. In fact, what changes is the 
mix of mitigation strategies which can deliver more abatement even though with a lower 
net investment in de-carbonization. In both regions, risk premium increases the investment 
in renewables and carbon capture and sequestration, but also more expenditure (lower dis-
investment) in fossil fuels. Regions adapting more are the USA, Korea, South Africa and 
Australia, Economies in transitions and the Easter Europe.

5 � Conclusions

The role of uncertainty is paramount in the climate change debate. In addressing it this 
paper has three aims. One, more methodological, is to propose an operationally simple 
and easily generalizable way to transform climate change damage uncertainty into risk, a 
more manageable analytical and quantitative context. The second, is to compute the risk 
premium associated with uncertain climate change damages accounting for climatic and 
social economic uncertainty and different degrees of risk aversion. The third, is to analyse 
the optimal climate policy (mitigation and adaptation) mix using an Integrated Assessment 
Model (IAM) whose damage function has been modified to incorporate the risk premium.

Uncertainty is transformed into a risk-premium damage-correction region-specific fac-
tor by extracting damage distribution means and variances from an ensemble combination 
of socio economic and climate change scenarios. The risk premium quantifies what risk 
averse agents would be willing to pay to insure themselves against the risks associated with 
the damages. It can thus be considered an add-on to the standard “average or expected 
damage”. Our computations highlight that this addition can double the “non-risk adjusted” 
damage when the risk aversion coefficient, ƞ, equals 2. They also show that the choice of ƞ 
is critical, as the correction decreases sharply with values below 1.5.

Once the risk premium is incorporated in the climate change damage function of the 
integrated assessment model WITCH, simulations show a substantive increase in both 
mitigation and adaptation reflecting a more conservative attitude by the regional planners. 
Interestingly, driven by the different time effectiveness of the two strategies (short-term for 
adaptation and long-term for mitigation) adaptation is stimulated more than mitigation in 
the first half of the century, while the situation reverses afterwards. Furthermore, in relative 
terms, the risk premium correction fosters more mitigation, which doubles, than it does 
adaptation, which rises by about 80%.

Relevant differences can be identified across the global cooperation and the regional 
action cases. In the former, mitigation is achieved with important investment in renewables 
and CCS and disinvesting in fossil energy sources, while in the latter, basically by slightly 
reducing energy use. Accordingly, adaptation expenditure is higher in the regional action 
than in the global cooperation case.
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The analysis by region also emphasizes that while including risk premium under global 
cooperation increases abatement in all regions, under regional action, some, character-
ized either by low emissions or low damages may abate less. In these areas the free riding 
incentive prevails over the stimulus to abate more in response to the higher risk-premium 
corrected domestic damage.

The policy implications from our results are quite straightforward. The perceived threats 
from climate change, using a “standard” coefficient of risk aversion, double the average 
damages and would call for a doubling of the mitigation and adaptation effort. This is not 
quite as far as the “dismal theorem” by Weitzman would suggest we should go, but it is 
anyway a strong incentive to incorporate the precautionary principle in climate change pol-
icies and a further support to GHG stabilization. At the same time, embedding risk aver-
sion is not per se sufficient to spur more mitigation in all the regions. Only global coop-
eration grants this outcome. This casts some doubts that a fragmented climate regime or 
a totally bottom-up approach can deliver the mitigation required to avoid irreversible and 
potentially catastrophic climatic events. The Paris process thus needs to urgently move 
toward an internationally coordinated and binding climate change action. A possible way to 
facilitate the process is the diffusion of “carbon markets”. Notwithstanding all criticisms, 
at the moment these are the only mechanisms allowing to achieve emission reduction effi-
ciently. It would thus be of primary interest to support the introduction and diffusion of 
such systems that eventually could be linked into a global mechanism.

This work opens interesting lines of research that need to be addressed in the future. 
First, being based upon a reduced-form climate change damage function, our analysis is 
restricted to the uncertainty generated by climate models and emission scenarios. There-
fore it does not include perhaps the most important source of uncertainty, that relating to 
how climate variables lead to physical impacts and how those translate into socioeconomic 
impacts. The addition of this dimension is likely to deeply influence the determination of 
the risk premium. Secondly, given its crucial role, further work is needed to get a better 
estimates of the appropriate value of the coefficient of relative risk aversion in the specific 
context of climate change policy decisions. As the paper has shown a critical value for this 
parameter is 1.5. It would be very interesting to elicit this value using stated preference 
methods. This may also allow, and this is a third development, to better capture the role of 
thresholds, tipping points and irreversibility that our current approach, still based upon a 
“smooth” description of climate change damages, cannot consider properly.

Acknowledgements  Part of the research leading to the completion of this paper has been funded by the 
European Community’s Seventh Framework Program under Grant Agreement No. 308337 (BASE) and No 
298436 (DYNAMIC).J.M.P.M. was funded by a Basque Government post-doctoral fellowship.

Appendix

We ran the SSP2 with and without adjustment in the ηcoefficient in the model and 
results show that the adjustment to set it equal to the coefficient of risk aversion does 
not have a big impact when the non–cooperative solution is implemented (Table 4). The 
same applies when we make small changes to the pure rate of time preference (ρ) (See 
Tables 4, 5, 6, 7, 8, 9, Fig. 8).

The sensitivity analysis also shows that for some values of ƞ in the WITCH utility 
function, the model cannot find an equilibrium. Specifically, assuming ƞ = 2, optimiza-
tion for high-damage regions, such as Sub Saharan Africa, can be solved only if the pure 
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rate of time preference ρ is adjusted downward. The economic intuition is the following: 
the case ƞ = 2 corresponds to a situation of high relative risk aversion and low willing-
ness to substitute consumption inter-temporally. In this case future damages are high, 
as they incorporate a large premium for the risk, and representative agents in the model 
would have a stronger preference to consume everything today. Thus, from the Ramsey 
equation, an increase in ƞ reduces the growth rate of consumption, and, in our simula-
tions, the reduction is “too much” to find a feasible intertemporal optimum. The result-
ing lower sensitivity of consumption growth to the gap between the interest rate and 
the pure rate of time preference can be compensated by reducing the pure rate of time 
preference ρ. Gollier (2002) shows how uncertainty in future consumption modifies the 
Ramsey equation in a similar way. The pure rate of time preference would be lower in 
order to induce precautionary savings. In the context of the debate on climate change 
discounting, Gollier (2008) and Dasgupta (2008) have also suggested a parameter com-
bination of ƞ = 2 and ρ = 0.

Table 4   Change in total adaptation expenditure and CO2 emissions in three time slices relative to the case 
with no risk premium. Regional action (non-cooperative Nash game), scenarios SSP2

Risk Pre-
mium

ƞ; ρ Emissions Adaptation costs

2005–2030 2030–2050 2050–2100 2005–2030 2030–2050 2050–2100

1 1.5; 1%  1295.05 1111.65 3400.54 1.36 4.49 60.58
1 1; 1% 1330.27 1124.11 3380.82 1.62 5.44 66.36
2  1.5; 1% 1287.09 1096.16 3353.97 3.89 10.4 104.64
2 2; 0.00001% 1260.69 1071.77 3368.06 3.41 8.97 96.74

Table 5   WITCH model regions

For a detailed description of the WITCH model see http://www.witch​
model​.org. Note that different regional aggregations are available

1 USA

2 WEU: Western Europe (excluding the EEU)
3 European Economic Union (EEU)
4 KOSAU: South Korea, South Africa, Australia
5 CAJAZ: Canada, Japan, New Zealand
6 TE: Transition Economies
7 MENA: Middle East and North Africa
8 SSA: Sub-Saharan Africa
9 SASIA: South Asia (excluding India)
10 CHINA
11 EASIA: East Asia (excluding China)
12 LACA: Latin America and the Caribbean
13 INDIA

Author's personal copy
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Table 6   Data on damage distribution as a function of temperature change

Expected 
temperature

Region Log-normal distribution

dist_meanlog dist_sdlog Expected damage Damage 
(75th quan-
tile)

Damage 
(90th quan-
tile)

1.50 USA − 4.46 0.11 1.16 1.25 1.33
1.50 WEU − 4.38 0.12 1.25 1.36 1.46
1.50 EEU − 4.65 0.28 0.96 1.16 1.38
1.50 KOSAU − 4.93 0.15 0.73 0.80 0.88
1.50 CAJAZ − 4.39 0.12 1.24 1.34 1.44
1.50 TE − 4.94 0.28 0.72 0.86 1.02
1.50 MENA − 4.40 0.35 1.23 1.56 1.93
1.50 SSA − 3.77 0.32 2.30 2.84 3.45
1.50 SASIA − 3.67 0.44 2.54 3.40 4.44
1.50 CHINA − 5.39 0.21 0.46 0.52 0.60
1.50 EASIA − 3.76 0.43 2.32 3.09 4.00
1.50 LACA​ − 4.37 0.28 1.26 1.52 1.80
1.50 INDIA − 3.59 0.42 2.77 3.69 4.77
2.00 USA − 4.29 0.15 1.37 1.52 1.67
2.00 WEU − 4.17 0.19 1.54 1.75 1.97
2.00 EEU − 4.30 0.29 1.36 1.65 1.97
2.00 KOSAU − 4.68 0.22 0.93 1.08 1.24
2.00 CAJAZ − 4.21 0.16 1.48 1.65 1.82
2.00 TE − 4.56 0.33 1.05 1.31 1.60
2.00 MENA − 3.96 0.36 1.90 2.42 3.01
2.00 SSA − 3.38 0.33 3.40 4.24 5.16
2.00 SASIA − 3.14 0.44 4.34 5.83 7.59
2.00 CHINA − 5.04 0.32 0.65 0.80 0.97
2.00 EASIA − 3.24 0.43 3.90 5.20 6.73
2.00 LACA​ − 4.03 0.29 1.78 2.16 2.57
2.00 INDIA − 3.07 0.43 4.66 6.21 8.04
2.50 USA − 4.12 0.18 1.63 1.84 2.06
2.50 WEU − 3.95 0.24 1.93 2.27 2.62
2.50 EEU − 4.02 0.29 1.80 2.19 2.61
2.50 KOSAU − 4.42 0.28 1.21 1.45 1.72
2.50 CAJAZ − 4.04 0.19 1.77 2.01 2.26
2.50 TE − 4.22 0.35 1.48 1.87 2.32
2.50 MENA − 3.61 0.36 2.70 3.44 4.28
2.50 SSA − 3.06 0.33 4.68 5.83 7.11
2.50 SASIA − 2.72 0.43 6.62 8.83 11.44
2.50 CHINA − 4.67 0.38 0.94 1.21 1.52
2.50 EASIA − 2.83 0.42 5.89 7.80 10.06
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Table 6   (continued)

Expected 
temperature

Region Log-normal distribution

dist_meanlog dist_sdlog Expected damage Damage 
(75th quan-
tile)

Damage 
(90th quan-
tile)

2.50 LACA​ − 3.75 0.29 2.35 2.85 3.39
2.50 INDIA − 2.65 0.42 7.03 9.31 12.00
3.00 USA − 3.95 0.20 1.92 2.20 2.50
3.00 WEU − 3.73 0.27 2.41 2.90 3.41
3.00 EEU − 3.78 0.28 2.28 2.76 3.27
3.00 KOSAU − 4.17 0.30 1.55 1.90 2.29
3.00 CAJAZ − 3.86 0.21 2.10 2.42 2.75
3.00 TE − 3.92 0.36 1.99 2.53 3.15
3.00 MENA − 3.32 0.35 3.63 4.60 5.69
3.00 SSA − 2.79 0.32 6.12 7.59 9.22
3.00 SASIA − 2.37 0.41 9.37 12.34 15.80
3.00 CHINA − 4.34 0.40 1.31 1.72 2.20
3.00 EASIA − 2.49 0.40 8.28 10.85 13.84
3.00 LACA​ − 3.52 0.28 2.97 3.58 4.24
3.00 INDIA − 2.31 0.40 9.88 12.94 16.49
3.50 USA − 3.79 0.22 2.26 2.61 2.98
3.50 WEU − 3.51 0.29 2.99 3.63 4.33
3.50 EEU − 3.58 0.27 2.80 3.37 3.98
3.50 KOSAU − 3.93 0.32 1.97 2.44 2.95
3.50 CAJAZ − 3.70 0.22 2.48 2.88 3.30
3.50 TE − 3.65 0.35 2.60 3.29 4.08
3.50 MENA − 3.06 0.34 4.69 5.90 7.25
3.50 SSA − 2.56 0.31 7.74 9.55 11.53
3.50 SASIA − 2.07 0.39 12.60 16.39 20.77
3.50 CHINA − 4.03 0.40 1.78 2.33 2.98
3.50 EASIA − 2.20 0.38 11.08 14.35 18.13
3.50 LACA​ − 3.31 0.27 3.64 4.37 5.15
3.50 INDIA − 2.02 0.38 13.21 17.10 21.58
4.00 USA − 3.64 0.23 2.63 3.08 3.55
4.00 WEU − 3.31 0.31 3.66 4.50 5.42
4.00 EEU − 3.39 0.27 3.36 4.04 4.77
4.00 KOSAU − 3.71 0.33 2.45 3.07 3.75
4.00 CAJAZ − 3.54 0.24 2.90 3.41 3.94
4.00 TE − 3.41 0.36 3.29 4.18 5.19
4.00 MENA − 2.83 0.34 5.88 7.39 9.07
4.00 SSA − 2.35 0.31 9.52 11.74 14.19
4.00 SASIA − 1.81 0.38 16.30 21.11 26.63
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Table 6   (continued)

Expected 
temperature

Region Log-normal distribution

dist_meanlog dist_sdlog Expected damage Damage 
(75th quan-
tile)

Damage 
(90th quan-
tile)

4.00 CHINA − 3.76 0.41 2.33 3.07 3.92
4.00 EASIA − 1.95 0.38 14.28 18.43 23.18
4.00 LACA​ − 3.13 0.27 4.36 5.24 6.17
4.00 INDIA − 1.77 0.38 17.02 21.95 27.59
4.50 USA − 3.49 0.25 3.05 3.61 4.20
4.50 WEU − 3.12 0.32 4.43 5.51 6.70
4.50 EEU − 3.23 0.28 3.96 4.78 5.67
4.50 KOSAU − 3.50 0.35 3.01 3.80 4.68
4.50 CAJAZ − 3.39 0.26 3.37 4.00 4.67
4.50 TE − 3.20 0.36 4.08 5.20 6.48
4.50 MENA − 2.63 0.34 7.20 9.07 11.17
4.50 SSA − 2.16 0.32 11.48 14.20 17.21
4.50 SASIA − 1.59 0.38 20.48 26.52 33.48
4.50 CHINA − 3.51 0.41 2.98 3.93 5.05
4.50 EASIA − 1.72 0.38 17.89 23.10 29.08
4.50 LACA​ − 2.97 0.28 5.13 6.18 7.31
4.50 INDIA − 1.55 0.38 21.31 27.50 34.60
5.00 USA − 3.35 0.27 3.50 4.19 4.93
5.00 WEU − 2.94 0.34 5.29 6.64 8.16
5.00 EEU − 3.08 0.29 4.60 5.59 6.66
5.00 KOSAU − 3.32 0.36 3.63 4.62 5.74
5.00 CAJAZ − 3.25 0.27 3.88 4.66 5.49
5.00 TE − 3.01 0.37 4.95 6.35 7.94
5.00 MENA − 2.45 0.35 8.65 10.96 13.56
5.00 SSA − 2.00 0.32 13.60 16.93 20.62
5.00 SASIA − 1.38 0.39 25.13 32.66 41.34
5.00 CHINA − 3.29 0.42 3.71 4.91 6.32
5.00 EASIA − 1.52 0.38 21.90 28.39 35.86
5.00 LACA​ − 2.82 0.28 5.95 7.21 8.57
5.00 INDIA − 1.34 0.38 26.08 33.79 42.65
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Table 7   Risk-premium adjusted 
damages for ƞ = 1

Expected 
tempera-
ture

Region Expected Damage Risk Premium Damage 
With Risk

1.50 USA 1.16 0.01 1.17
1.50 WEU 1.25 0.01 1.27
1.50 EEU 0.96 0.04 1.04
1.50 KOSAU 0.73 0.01 0.74
1.50 CAJAZ 1.24 0.01 1.26
1.50 TE 0.72 0.03 0.77
1.50 MENA 1.23 0.08 1.39
1.50 SSA 2.30 0.12 2.53
1.50 SASIA 2.54 0.25 3.04
1.50 CHINA 0.46 0.01 0.48
1.50 EASIA 2.32 0.22 2.76
1.50 LACA​ 1.26 0.05 1.36
1.50 INDIA 2.77 0.26 3.29
2.00 USA 1.37 0.02 1.40
2.00 WEU 1.54 0.03 1.60
2.00 EEU 1.36 0.06 1.48
2.00 KOSAU 0.93 0.02 0.98
2.00 CAJAZ 1.48 0.02 1.52
2.00 TE 1.05 0.06 1.17
2.00 MENA 1.90 0.13 2.15
2.00 SSA 3.40 0.19 3.77
2.00 SASIA 4.34 0.43 5.21
2.00 CHINA 0.65 0.03 0.72
2.00 EASIA 3.90 0.37 4.64
2.00 LACA​ 1.78 0.07 1.93
2.00 INDIA 4.66 0.44 5.54
2.50 USA 1.63 0.03 1.68
2.50 WEU 1.93 0.06 2.04
2.50 EEU 1.80 0.08 1.95
2.50 KOSAU 1.21 0.05 1.30
2.50 CAJAZ 1.77 0.03 1.83
2.50 TE 1.48 0.10 1.67
2.50 MENA 2.70 0.18 3.06
2.50 SSA 4.68 0.26 5.19
2.50 SASIA 6.62 0.63 7.88
2.50 CHINA 0.94 0.07 1.08
2.50 EASIA 5.89 0.54 6.96
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Table 7   (continued) Expected 
tempera-
ture

Region Expected Damage Risk Premium Damage 
With Risk

2.50 LACA​ 2.35 0.10 2.55
2.50 INDIA 7.03 0.64 8.31
3.00 USA 1.92 0.04 2.00
3.00 WEU 2.41 0.09 2.59
3.00 EEU 2.28 0.09 2.46
3.00 KOSAU 1.55 0.07 1.70
3.00 CAJAZ 2.10 0.05 2.19
3.00 TE 1.99 0.13 2.25
3.00 MENA 3.63 0.23 4.09
3.00 SSA 6.12 0.32 6.76
3.00 SASIA 9.37 0.81 11.00
3.00 CHINA 1.31 0.11 1.53
3.00 EASIA 8.28 0.69 9.66
3.00 LACA​ 2.97 0.12 3.20
3.00 INDIA 9.88 0.82 11.52
3.50 USA 2.26 0.05 2.36
3.50 WEU 2.99 0.13 3.24
3.50 EEU 2.80 0.11 3.01
3.50 KOSAU 1.97 0.10 2.17
3.50 CAJAZ 2.48 0.06 2.60
3.50 TE 2.60 0.17 2.93
3.50 MENA 4.69 0.28 5.25
3.50 SSA 7.74 0.39 8.51
3.50 SASIA 12.60 1.00 14.59
3.50 CHINA 1.78 0.15 2.08
3.50 EASIA 11.08 0.85 12.77
3.50 LACA​ 3.64 0.14 3.91
3.50 INDIA 13.21 1.01 15.22
4.00 USA 2.63 0.07 2.78
4.00 WEU 3.66 0.18 4.01
4.00 EEU 3.36 0.13 3.62
4.00 KOSAU 2.45 0.14 2.73
4.00 CAJAZ 2.90 0.08 3.07
4.00 TE 3.29 0.21 3.72
4.00 MENA 5.88 0.35 6.57
4.00 SSA 9.52 0.47 10.47
4.00 SASIA 16.30 1.24 18.78
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Table 7   (continued) Expected 
tempera-
ture

Region Expected Damage Risk Premium Damage 
With Risk

4.00 CHINA 2.33 0.20 2.73
4.00 EASIA 14.28 1.06 16.40
4.00 LACA​ 4.36 0.16 4.69
4.00 INDIA 17.02 1.25 19.53
4.50 USA 3.05 0.10 3.24
4.50 WEU 4.43 0.24 4.90
4.50 EEU 3.96 0.16 4.28
4.50 KOSAU 3.01 0.19 3.38
4.50 CAJAZ 3.37 0.11 3.59
4.50 TE 4.08 0.28 4.63
4.50 MENA 7.20 0.44 8.07
4.50 SSA 11.48 0.59 12.65
4.50 SASIA 20.48 1.56 23.61
4.50 CHINA 2.98 0.26 3.50
4.50 EASIA 17.89 1.33 20.55
4.50 LACA​ 5.13 0.20 5.53
4.50 INDIA 21.31 1.58 24.47
5.00 USA 3.50 0.13 3.75
5.00 WEU 5.29 0.31 5.91
5.00 EEU 4.60 0.20 4.99
5.00 KOSAU 3.63 0.24 4.11
5.00 CAJAZ 3.88 0.14 4.17
5.00 TE 4.95 0.35 5.65
5.00 MENA 8.65 0.55 9.75
5.00 SSA 13.60 0.74 15.07
5.00 SASIA 25.13 1.97 29.07
5.00 CHINA 3.71 0.34 4.38
5.00 EASIA 21.90 1.68 25.27
5.00 LACA​ 5.95 0.25 6.44
5.00 INDIA 26.08 1.99 30.07
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Table 8   Risk-premium adjusted damages for ƞ = 1.5

Expected tem-
perature

Region Expected Damage Risk Premium Damage With Risk

1.50 USA 1.155 0.015 1.177
1.50 WEU 1.248 0.019 1.276
1.50 EEU 0.960 0.076 1.075
1.50 KOSAU 0.725 0.016 0.749
1.50 CAJAZ 1.238 0.018 1.264
1.50 TE 0.715 0.056 0.799
1.50 MENA 1.230 0.152 1.460
1.50 SSA 2.295 0.231 2.645
1.50 SASIA 2.538 0.483 3.273
1.50 CHINA 0.455 0.020 0.485
1.50 EASIA 2.318 0.419 2.956
1.50 LACA​ 1.260 0.099 1.409
1.50 INDIA 2.770 0.498 3.529
2.00 USA 1.370 0.032 1.418
2.00 WEU 1.540 0.056 1.624
2.00 EEU 1.360 0.113 1.531
2.00 KOSAU 0.930 0.046 1.000
2.00 CAJAZ 1.480 0.038 1.537
2.00 TE 1.050 0.114 1.222
2.00 MENA 1.900 0.245 2.272
2.00 SSA 3.400 0.361 3.946
2.00 SASIA 4.340 0.829 5.603
2.00 CHINA 0.650 0.065 0.748
2.00 EASIA 3.900 0.708 4.978
2.00 LACA​ 1.780 0.145 1.999
2.00 INDIA 4.660 0.844 5.944
2.50 USA 1.625 0.055 1.708
2.50 WEU 1.928 0.112 2.096
2.50 EEU 1.800 0.150 2.026
2.50 KOSAU 1.205 0.091 1.343
2.50 CAJAZ 1.768 0.064 1.865
2.50 TE 1.475 0.185 1.756
2.50 MENA 2.700 0.350 3.230
2.50 SSA 4.675 0.500 5.432
2.50 SASIA 6.618 1.208 8.456
2.50 CHINA 0.935 0.135 1.140
2.50 EASIA 5.888 1.030 7.455
2.50 LACA​ 2.350 0.191 2.639
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Table 8   (continued)

Expected tem-
perature

Region Expected Damage Risk Premium Damage With Risk

2.50 INDIA 7.030 1.225 8.894
3.00 USA 1.920 0.080 2.041
3.00 WEU 2.410 0.178 2.679
3.00 EEU 2.280 0.181 2.553
3.00 KOSAU 1.550 0.144 1.767
3.00 CAJAZ 2.100 0.094 2.241
3.00 TE 1.990 0.254 2.375
3.00 MENA 3.630 0.446 4.307
3.00 SSA 6.120 0.627 7.068
3.00 SASIA 9.370 1.561 11.743
3.00 CHINA 1.310 0.213 1.634
3.00 EASIA 8.280 1.331 10.303
3.00 LACA​ 2.970 0.230 3.317
3.00 INDIA 9.880 1.578 12.279
3.50 USA 2.255 0.108 2.417
3.50 WEU 2.988 0.250 3.365
3.50 EEU 2.800 0.210 3.117
3.50 KOSAU 1.965 0.199 2.266
3.50 CAJAZ 2.478 0.125 2.666
3.50 TE 2.595 0.324 3.085
3.50 MENA 4.690 0.541 5.509
3.50 SSA 7.735 0.752 8.873
3.50 SASIA 12.598 1.918 15.510
3.50 CHINA 1.775 0.289 2.215
3.50 EASIA 11.078 1.637 13.562
3.50 LACA​ 3.640 0.268 4.045
3.50 INDIA 13.210 1.941 16.156
4.00 USA 2.630 0.144 2.848
4.00 WEU 3.660 0.345 4.181
4.00 EEU 3.360 0.252 3.741
4.00 KOSAU 2.450 0.270 2.859
4.00 CAJAZ 2.900 0.166 3.151
4.00 TE 3.290 0.416 3.920
4.00 MENA 5.880 0.672 6.898
4.00 SSA 9.520 0.923 10.915
4.00 SASIA 16.300 2.394 19.936
4.00 CHINA 2.330 0.386 2.917
4.00 EASIA 14.280 2.043 17.381
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Table 8   (continued)

Expected tem-
perature

Region Expected Damage Risk Premium Damage With Risk

4.00 LACA​ 4.360 0.321 4.845
4.00 INDIA 17.020 2.421 20.694
4.50 USA 3.045 0.192 3.334
4.50 WEU 4.428 0.464 5.130
4.50 EEU 3.960 0.309 4.427
4.50 KOSAU 3.005 0.360 3.551
4.50 CAJAZ 3.368 0.220 3.699
4.50 TE 4.075 0.533 4.884
4.50 MENA 7.200 0.846 8.481
4.50 SSA 11.475 1.149 13.212
4.50 SASIA 20.478 3.016 25.058
4.50 CHINA 2.975 0.506 3.745
4.50 EASIA 17.888 2.573 21.792
4.50 LACA​ 5.130 0.393 5.722
4.50 INDIA 21.310 3.051 25.940
5.00 USA 3.500 0.249 3.876
5.00 WEU 5.290 0.605 6.205
5.00 EEU 4.600 0.382 5.178
5.00 KOSAU 3.630 0.465 4.336
5.00 CAJAZ 3.880 0.284 4.309
5.00 TE 4.950 0.675 5.974
5.00 MENA 8.650 1.067 10.267
5.00 SSA 13.600 1.434 15.769
5.00 SASIA 25.130 3.797 30.897
5.00 CHINA 3.710 0.644 4.690
5.00 EASIA 21.900 3.246 26.828
5.00 LACA​ 5.950 0.482 6.677
5.00 INDIA 26.080 3.845 31.918
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Table 9   Risk-premium adjusted 
damages for ƞ = 2

Expected 
tempera-
ture

Region Expected Damage Risk Premium Damage 
With Risk

1.50 USA 1.16 1.15 2.31
1.50 WEU 1.25 1.24 2.50
1.50 EEU 0.96 0.99 1.99
1.50 KOSAU 0.73 0.73 1.46
1.50 CAJAZ 1.24 1.23 2.48
1.50 TE 0.72 0.74 1.48
1.50 MENA 1.23 1.30 2.60
1.50 SSA 2.30 2.39 4.80
1.50 SASIA 2.54 2.76 5.55
1.50 CHINA 0.46 0.46 0.93
1.50 EASIA 2.32 2.51 5.05
1.50 LACA​ 1.26 1.30 2.61
1.50 INDIA 2.77 3.00 6.03
2.00 USA 1.37 1.37 2.76
2.00 WEU 1.54 1.55 3.12
2.00 EEU 1.36 1.40 2.82
2.00 KOSAU 0.93 0.94 1.90
2.00 CAJAZ 1.48 1.48 2.98
2.00 TE 1.05 1.10 2.21
2.00 MENA 1.90 2.01 4.03
2.00 SSA 3.40 3.55 7.14
2.00 SASIA 4.34 4.73 9.50
2.00 CHINA 0.65 0.68 1.36
2.00 EASIA 3.90 4.23 8.50
2.00 LACA​ 1.78 1.84 3.69
2.00 INDIA 4.66 5.05 10.15
2.50 USA 1.63 1.64 3.29
2.50 WEU 1.93 1.96 3.95
2.50 EEU 1.80 1.86 3.73
2.50 KOSAU 1.21 1.24 2.49
2.50 CAJAZ 1.77 1.78 3.58
2.50 TE 1.48 1.56 3.13
2.50 MENA 2.70 2.85 5.73
2.50 SSA 4.68 4.88 9.82
2.50 SASIA 6.62 7.18 14.43
2.50 CHINA 0.94 1.00 2.00
2.50 EASIA 5.89 6.36 12.79
2.50 LACA​ 2.35 2.42 4.87
2.50 INDIA 7.03 7.60 15.26
3.00 USA 1.92 1.94 3.90
3.00 WEU 2.41 2.48 4.98
3.00 EEU 2.28 2.35 4.72
3.00 KOSAU 1.55 1.61 3.23
3.00 CAJAZ 2.10 2.13 4.27
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Table 9   (continued) Expected 
tempera-
ture

Region Expected Damage Risk Premium Damage 
With Risk

3.00 TE 1.99 2.10 4.22
3.00 MENA 3.63 3.82 7.68
3.00 SSA 6.12 6.38 12.82
3.00 SASIA 9.37 10.08 20.27
3.00 CHINA 1.31 1.41 2.83
3.00 EASIA 8.28 8.89 17.86
3.00 LACA​ 2.97 3.06 6.14
3.00 INDIA 9.88 10.60 21.30
3.50 USA 2.26 2.29 4.60
3.50 WEU 2.99 3.08 6.20
3.50 EEU 2.80 2.88 5.79
3.50 KOSAU 1.97 2.05 4.11
3.50 CAJAZ 2.48 2.52 5.06
3.50 TE 2.60 2.74 5.50
3.50 MENA 4.69 4.92 9.89
3.50 SSA 7.74 8.04 16.16
3.50 SASIA 12.60 13.46 27.05
3.50 CHINA 1.78 1.91 3.83
3.50 EASIA 11.08 11.81 23.74
3.50 LACA​ 3.64 3.74 7.52
3.50 INDIA 13.21 14.08 28.29
4.00 USA 2.63 2.68 5.38
4.00 WEU 3.66 3.80 7.64
4.00 EEU 3.36 3.45 6.94
4.00 KOSAU 2.45 2.56 5.15
4.00 CAJAZ 2.90 2.95 5.94
4.00 TE 3.29 3.47 6.97
4.00 MENA 5.88 6.17 12.39
4.00 SSA 9.52 9.89 19.89
4.00 SASIA 16.30 17.37 34.91
4.00 CHINA 2.33 2.51 5.04
4.00 EASIA 14.28 15.19 30.53
4.00 LACA​ 4.36 4.48 9.00
4.00 INDIA 17.02 18.10 36.37
4.50 USA 3.05 3.11 6.25
4.50 WEU 4.43 4.62 9.29
4.50 EEU 3.96 4.08 8.20
4.50 KOSAU 3.01 3.16 6.35
4.50 CAJAZ 3.37 3.44 6.92
4.50 TE 4.08 4.31 8.66
4.50 MENA 7.20 7.56 15.20
4.50 SSA 11.48 11.95 24.01
4.50 SASIA 20.48 21.83 43.87
4.50 CHINA 2.98 3.21 6.45
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