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We investigate geoengineering as a possible substitute for mitigation and adaptation

measures to address climate change. Relying on an integrated assessment model, we

distinguish between the effects of solar radiation management (SRM) on atmospheric

temperature levels and its side-effects on the environment. The optimal climate portfolio

is a mix of mitigation, adaptation, and SRM. When accounting for uncertainty in the

magnitude of SRM side-effects and their persistency over time, we show that the SRM

option lacks robustness. We then analyse the welfare consequences of basing the SRM

decision on wrong assumptions about its side-effects, and show that total output losses are

considerable and increase with the error horizon. This reinforces the need to balance the

policy portfolio in favour of mitigation.
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1. Introduction

Climate change due to anthropogenic greenhouse gas (GHG)

emissions is viewed as one of the most serious challenges

faced by humankind (Stern, 2006). Strategies for dealing with

climate change enter three main categories: mitigation,

adaptation, and climate geoengineering. International agree-

ments call for reductions in GHG emissions – the mitigation

approach. Despite its direct impact on temperature levels, its

technical feasibility, and its ethical appeal, several factors

limit the implementation of mitigation: (i) the strong inertia in

the carbon cycle creates a gap between present abatement

costs and future climate benefits (Keller et al., 2007); (ii) the

decades-to-millennia-long lifespan of GHG render mitigation

ineffective in case of abrupt climate changes; (iii) the
* Corresponding author. Tel.: +41 44 634 45 80.
E-mail address: marc.chesney@bf.uzh.ch (M. Chesney).

http://dx.doi.org/10.1016/j.envsci.2014.12.014
1462-9011/# 2014 Elsevier Ltd. All rights reserved.
atmosphere is a common good and unilateral actions are

discouraged by the possibility of free riding (Millard-Ball, 2012).

An alternative for dealing with climate change is adapta-

tion, the development of strategies that effectively reduce

climate change impacts (Tol, 2005). Adaptation covers a large

array of sectors, and can be ‘proactive’ or ‘reactive’ (de Bruin,

2011). While proactive adaptation is directed towards infra-

structure and medium-to-long-term economic transforma-

tions (Agrawala et al., 2011), reactive adaptation can be

deployed almost instantaneously to mitigate unforeseen or

underestimated damages. Several features distinguish adap-

tation from mitigation: (i) adaptation can be implemented

unilaterally, giving full control of the benefits to the countries

implementing it; (ii) adaptation is expected to exhibit a fast

implementation – fast benefits feature, avoiding deadlocks

from discounting preferences. However, investments in
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adaptation have been limited so far due, in particular, to

difficulties in forecasting its effectiveness.

Given the increasing risk of an unmanageable temperature

path, geoengineering has been proposed as an alternative

strategy. It corresponds to a deliberate modification of the

climate system in order to alleviate climate change impacts

(Keith, 2000; Caldeira et al., 2013). One may distinguish between

two main techniques: Carbon Dioxide Removal (CDR) and Solar

Radiation Management (SRM). In this paper, we focus on an SRM

approach that targets the reduction of incoming solar radiation

by injection of sulfur in the stratosphere, believed to be one of

the most efficient geoengineering strategies to reduce global

temperature (Wigley, 2006; Shepherd et al., 2009). Its premise is

the ability to keep temperature levels artificially low, instead of

reducing GHG emissions. SRM presents several advantages: (i) it

involves low implementation costs (Robock et al., 2009); (ii) in

case of rapid climate changes (when tipping points are reached),

with rare but catastrophic impacts, SRM could act as a quick and

effective temperature ‘backstop’ (Crutzen, 2006); (iii) it can be

implemented either unilaterally or cooperatively (Barrett, 2008).

SRM brings along also important risks, as it may produce

unintended consequences and harmful side-effects (Victor,

2008). A comprehensive summary is given in Barrett et al.

(2014). Injecting sulfur particles into the upper atmosphere is

expected to cause polar ozone depletion (Crutzen, 2006; Tilmes

et al., 2008; Solomon et al., 2009), acid deposition at the poles

(Kravitz et al., 2009), alter ecosystems (Stanhill and Cohen,

2001; Adams et al., 2003; Rasch et al., 2008), and trigger regional

imbalances (e.g., in the patterns of surface temperature,

radiation, and the hydrological cycle; Trenberth and Dai, 2007;

Bala et al., 2008; Brovkin et al., 2009; Kravitz et al., 2013;

Niemeier et al., 2013; Schaller et al., 2013; Huneeus and

Boucher, 2014). Simulations of sulphate injection predict

disruptions in the Asian and African summer monsoons

(Robock et al., 2008). Stratospheric aerosol loading impacts the

ratio of direct to diffuse light, with consequences for terrestrial

and marine photosynthesis and for technologies relying on

direct light (Rasch et al., 2008; Vaughan and Lenton, 2011).

Furthermore, SRM achieves only an artificial reduction in

temperature levels. With a continued increase in GHG

concentrations, the injection of aerosols would need to raise

proportionally, and a disruption would lead to a significant

jump in temperatures at the corresponding concentration

level (Brasseur and Roeckner, 2005; Brovkin et al., 2009; Jones

et al., 2013) with probable dire consequences. Additionally,

SRM will not be able to counteract other negative conse-

quences coming from high GHG concentrations, such as ocean

acidification (Orr et al., 2005; Doney et al., 2009), CO2

fertilisation of land plants, and other biogeochemical mod-

ifications (Ban-Weiss and Caldeira, 2010). Finally, with a lack of

assessment of SRM impacts on human societies and on

ecosystems, there remains the possibility for unexpected

consequences – unknown unknowns (Kravitz et al., 2009). The

uncertainty is reinforced by the fact that expected conse-

quences of SRM (both positive and negative) are estimated by

comparison with natural volcanic eruptions, which are an

imperfect analog to continuous anthropogenic stratospheric

forcing (Robock et al., 2013). Finally, there are important

societal and political dimensions to geoengineering (Mac-

naghten and Szerszynski, 2013; Wright et al., 2014).
Given these important caveats, support for geoengineering

measures has been inconclusive so far. Crutzen (2006), Wigley

(2006), Carlin (2007), and Bickel (2013) advocate additional

research on geoengineering before a robust recommendation

could be formulated. More recent studies focus on modelling

decision-making in the context of multiple sources of risk.

Goes et al. (2011) use an integrated assessment model (IAM)

where the total damage from climate change is a function of a

rate-dependent temperature component, and account for the

failure to sustain aerosol forcing and for the subsequent

unraveling of drastic climate changes. In such a case, SRM is

found to be uneconomical. Bickel and Agrawal (2012) rely on

the model of Goes et al. (2011) and show that under modified

assumptions some totally different conclusions regarding the

use of SRM can be found.

In this paper, we assess the optimal mix of policies to deal

effectively with climate change. Our methodology relies on the

Ada-BaHaMa model (Bahn et al., 2012), which allows for

mitigation and proactive adaptation, and enriches it by

explicitly considering reactive adaptation and SRM. We

account for different effects of SRM. While the desired effects

of SRM on radiative forcing can be estimated with a

considerable degree of confidence (Crutzen, 2006), the magni-

tude of undesired side-effects of sulfur injection on natural and

socio-economic systems remains a significant unknown. We

focus on this second uncertainty source, and unlike previous

IAMs that consider SRM side-effects to be constant over time

(Goes et al., 2011; Bickel and Agrawal, 2012), we model side-

effects as a time-varying and persistent process with a

stochastic component.

Our original contribution consists in assessing within an

integrated assessment framework the optimal policy mix

when mitigation, adaptation, and SRM are available. We show

that the optimal strategy for dealing with climate change

involves the joint use of all three strategies. While mitigation

and adaptation are optimally employed in the vast majority of

analysed scenarios, SRM passes a cost–benefit test only when

its side-effects are low. Moreover, small deviations from

expected side-effects can potentially cause large welfare

losses, further weakening the case for SRM.

This paper is structured as follows. Section 2 details our

dynamic IAM and its calibration. Sections 3 and 4 provide

numerical results and analyse specific uncertainties related to

SRM. Section 5 concludes.

2. Modelling approach

This section briefly reviews the original Ada-BaHaMa model

and details the new modelling features: (i) the introduction

of SRM as an instrument to control temperature increase

and (ii) a separate accounting of proactive and reactive

adaptation.

The model distinguishes between two types of economy: a

‘carbon’ economy (our present economy), where production

generates a high level of GHG emissions, and a ‘low-carbon’

economy. More precisely, production (Y) occurs in the two

economies according to an extended Cobb–Douglas function

in three inputs: capital (K), labor (L), and energy (measured

through GHG emissions E). Capital stock in each economy
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evolves according to the choice of investment (I) and a

standard depreciation relation.

2.1. Climate dynamics in the presence of SRM

GHG stocks evolve according to the dynamic equations of the

DICE model (Nordhaus, 2008) that distinguishes between three

reservoirs: (i) an atmospheric one (MAT), (ii) a quickly mixing

one in the upper oceans and the biosphere (MUP), and (iii) a

slowly mixing deep-ocean reservoir (MLO) which acts as a long-

term sink.

We extend the original Ada-BaHaMa to account for a solar

radiation management (SRM) strategy that increases the

albedo effect through sulfur injection in the lower strato-

sphere. The sulphate aerosols formed increase the strato-

spheric reflection of shortwave radiation back to space

(Stenchikov et al., 1998), reducing the radiative forcing (F)

from an increase in CO2 concentrations:

FðtÞ ¼ hlog2

MATðtÞ
MATð1750Þ

� �
þ FEXðtÞ � FGEðtÞ (1)

where t is the time period (t 2 [2005, 2155]), h = 3.7 W m�2 is the

radiative forcing for a doubling of atmospheric CO2 concen-

trations, FEX the exogenous radiative forcing term, and FGE is

the radiative forcing created by the sulphates. The radiative

forcing from SRM depends on the amount of sulfur injected,

the size of the particles, and the location of injection (Vaughan

and Lenton, 2011). Sulfur injection simulations show that at

high injection rates (above 40 Tg S) the efficacy on radiative

forcing levels off (English et al., 2012). However, for smaller

injection rates, a linear relation approximates well the impact

of sulfur injected on radiative forcing.1 We follow Crutzen

(2006) and allow for a linear relation:

FGEðtÞ ¼ vGðtÞ (2)

where v is the effectiveness factor of SRM (v = 0.75 W m�2 per

Tg S), and G the yearly amount of sulfur injected in the

stratosphere measured in tetragrams of sulfur (Tg S).

The other elements of the climatic model remain un-

changed from Ada-BaHaMa and follow the DICE model to

compute the earth’s mean surface temperature (TAT) and the

average temperature of the deep oceans (TLO).

2.2. Climate change damages and SRM side-effects

Ada-BaHaMa follows the approach used in MERGE (Manne and

Richels, 2005) to link climate change damages and their

economic impacts. Here, we additionally account for negative

externalities from sulfur injection. Yearly damages (D) on

production (Y) come from atmospheric temperature increase

(DTAT ) and side-effects from sulfur injection (DGE):

DðtÞ ¼ DTAT ðtÞ þ DGEðtÞ (3)
1 In our simulations, the optimal amount of sulfur injected never
exceeds 15 Tg S per annum.
2.2.1. Climate change damages and adaptation
The increase in temperature (TAT) from pre-industrial levels

entails damages that can be alleviated through adaptation (AD):

DTAT ðtÞ ¼ ADðtÞ TATðtÞ � Td

catT � Td

� �2

(4)

where Td is the temperature deviation (from pre-industrial

levels) at which damages start to occur, while catT represents

the ‘catastrophic’ temperature level at which the entire pro-

duction would be wiped out. To have a comparable basis with

the current literature on IAM with adaptation, Td and catT are

calibrated to replicate the damage intensity in DICE; see Bahn

et al. (2012).

We distinguish between reactive (flow) and proactive

(stock) adaptation, similar to Bosello et al. (2010) and Agrawala

et al. (2011). We model the effectiveness of the two adaptation

strategies in reducing climate change damages as follows:

ADðtÞ ¼ 1 � aAD p ðtÞ
K3ðtÞ

K3maxðtÞ
� aADr ðtÞ

S3ðtÞ
S3maxðtÞ

(5)

where aAD p (respectively, aADr ) is the maximum proactive

(resp. reactive) adaptation effectiveness, K3 (resp. S3) the

amount of proactive adaptation capital (resp. reactive adapta-

tion spending), K3max (resp. S3max)2 the maximum amount of

adaptation capital (resp. spending) that would ensure the

optimal effectiveness of the proactive (resp. reactive) adapta-

tion measures. Like K3max in our original model, S3max is

modelled as an increasing function of the temperature level:

S3maxðtÞ ¼ bADr

TATðtÞ
Td

� �gADr

(6)

where bADr
and gADr

are calibration parameters. The two options

are assumed to be complementary, in that the implementation

of one enhances the effectiveness of the other. On the one hand,

reactive adaptation requires the existence of some infrastruc-

ture; for instance, the deployment of new crops (better suited to

new climatic condition) possibly requires that tests have been

conducted beforehand (pro-actively) in R&D facilities. On the

other hand, since investments in (proactive) adaptation are

initiated much earlier than their first use, they are based on

expectations and can result in inadequate solutions when

damages start to occur. Reactive adaptation can marginally

modify the solution to ensure maximum effectiveness. Adap-

tation effectiveness is modelled as follows:

aAD p ðtÞ ¼ ðaADp � aADp Þ g1
K3ðtÞ

K3maxðtÞ
þ g2

S3ðtÞ
S3maxðtÞ

� �
þaAD p

(7)

aADr ðtÞ ¼ ðaADr � aADr Þ g1
S3ðtÞ

S3maxðtÞ
þ g2

K3ðtÞ
K3maxðtÞ

� �
þaADr

(8)

where aAD p and aAD p (resp., aADr and aADr ) are the minimum

and maximum effectiveness values for proactive (resp.,

reactive) adaptation, and g1, g2 calibration parameters
2 We impose K3(t) � K3max(t) and S3(t) � S3max(t) at all time peri-
ods.
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(g1 > g2, g1 + g2 = 1). We model adaptation effectiveness such

that: (i) the absence of one adaptation strategy does not

make the other ineffective, but reduces its potential; and (ii)

only maximum capital level (K3(t) = K3max(t)) and spending

(S3(t) = S3max(t)) ensure maximum effectiveness. The online

Supplemental material provides information on the calibra-

tion of all parameters concerning adaptation.

2.2.2. SRM measures and side-effects
SRM implementation is expected to be inexpensive and fast

(Barrett, 2008). Following Moreno-Cruz and Keith (2013), we

allow for linear SRM implementation costs (S4) in the yearly

amount of sulfur injected in the atmosphere (G):

S4ðtÞ ¼ pGEðtÞGðtÞ (9)

where pGE is the cost of sulfur injection. Following Crutzen

(2006), pGE equals $25 billion per Tg S annually.

Despite low implementation costs, SRM is believed to bring

along important risks. We have presented in the introduction

a comprehensive, but not exhaustive, list of expected side-

effects, whose true magnitude and economic effects remain to

be quantified (Robock et al., 2013). We model the magnitude of

SRM side-effects (DGE) following the approach of Goes et al.

(2011), where sulfur injection damages depend on an intensity

factor (aGE 2 [0, 1]) and the radiative forcing created by SRM (FGE),

normalised by the radiative forcing for a doubling of atmo-

spheric CO2 concentrations (h). However, unlike previous IAMs

that consider SRM side-effects (parameter aGE) to be constant

over time (Goes et al., 2011; Bickel and Agrawal, 2012), we model

side-effects as a time-varying and persistent process. Modifying

the radiative forcing through sulphate injection is expected to

impact different Earth system processes, whose consequences

will be felt for periods beyond the lifetime of sulphates in the

stratosphere (Brovkin et al., 2009; Vaughan and Lenton, 2011).

Therefore, we account for persistency in damages and allow the

intensity factor (aGE) to vary over time:

DGEðt þ DtÞ ¼ lDGEðtÞ þ aGEðt þ DtÞ FGEðt þ DtÞ
h

ADGEðtÞ (10)

where l (<1) is a constant depreciation rate,3 aGE a random

process, FGE the radiative forcing created through SRM, h the

radiative forcing for a doubling of atmospheric CO2 concen-

trations, and ADGE 2 [0, 1] a parameter describing the effec-

tiveness of adaptation to damages from sulfur injection. It

could also be possible to reduce SRM side-effects through

adaptation measures, in a similar manner to damages from

temperature increase (see Eq. (4)). However, we are not aware

of any literature investigating this issue, and the costs of

reducing the highly uncertain SRM damages are still to be

estimated. Given this, we do not allow for adaption to side-

effects and set ADGE(t) = 1, 8 t. Thus, we disregard both benefits

and costs of such adaptation. Instead, we focus on many

possible values in the magnitude of SRM side-effects (aGE);

see below.
3 Given the lack of evidence on the strength of the persistency of
SRM side-effects, we run a sensitivity analysis for l, with l 2 {0,
0.25, 0.5, 0.75, 1}.
SRM is likely to impact a multitude of systems and generate

complex feedback loops. Hence, we assume its short- and

long-term disturbances to be unpredictable and to evolve in a

possibly non-monotonic manner.4 While some of the

responses to stratospheric sulfur injection are believed to

be fast (e.g., precipitation), others would come with longer

time scales (e.g., oceanic responses) (MacMynowski et al.,

2011a,b; Robock et al., 2013). We rely on a binomial tree

representation in order to model the evolution of (monetary)

side-effects over time (aGE(t)) and capture the uncertainty and

variability in their size. The binomial representation assumes

that at each moment of time, side-effects can either increase

or decrease compared to the previous state, such that:

with u and d respectively the percentage increase and de-

crease.

The parameter aGE refers to percentage losses in total

production (Y) due to side-effects from SRM, when the

radiative forcing created through sulfur injections equals

the radiative forcing for a doubling of atmospheric CO2

concentrations (FGE = h). To capture all possible (from highly

optimistic to very pessimistic) side-effect scenarios, we allow

parameter aGE to take values between 0 and 100% of total

production. We define three levels of side-effects: an initial

level aGE(2005), and two boundary values for the final time

period (year 2155) defining a minimum (aGE
¼ 0) and a

maximum level ( ¯aGE ¼ 1). Similarly to Goes et al. (2011), we

run different scenarios in which the initial size of side-effects

(aGE(2005)) takes values in the range [0, 0.1].5

Parameter u is calibrated to link aGE(2005) to ¯aGE in a

monotonically increasing path over 15 decades (until 2155):

¯aGE ¼ ð1 þ uÞ15 aGEð2005Þ. Similarly, a monotonically decreas-

ing path is obtained for aGE
¼ ð1 � dÞ15

aGEð2005Þ. Based on the

binomial representation, for each initial aGE(2005) we obtain

32,768 (= 215) different scenarios. Perfect foresight is assumed

regarding each of the distinctive aGE scenarios.

3. Optimal policy mix

3.1. Selected scenarios for SRM side-effects

This section analyses the optimal decisions regarding invest-

ments and spendings for production and climate measures,

and the impact on temperature levels and atmospheric GHG

stocks, when three different climate policy portfolios are

available: (i) mitigation only; (ii) mitigation and adaptation; (iii)

mitigation, adaptation, and SRM.

We consider three illustrative scenarios for SRM side-

effects. Following Goes et al. (2011), we first choose a constant
disturbances evolve or change outside of their optimised toler-
ance zone, causing them to move to new equilibria.

5 Goes et al. (2011) consider constant aGE 2 {0, 0.01, 0.02, 0.03,
0.05}.



Fig. 1 – Capital accumulation in the two economies.
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path for SRM side-effects (aGE(t) = 0.015, 8t), entitled the mild

scenario.6 Additionally, we consider two cases where the

side-effect paths are time-varying. In a strong damage scenario,

aGE increases monotonically from aGE(2005) = 0.015 to

aGEð2155Þ ¼ ¯aGE. It corresponds to the upper edge of the

distribution (of all possible paths for side-effects starting at

0.015) when all forecasted impacts would be triggered and the

total magnitude would be amplified by cross-interactions. In a

weak damages scenario, aGE decreases monotonically from

aGE(2005) = 0.015 to aGEð2155Þ ¼aGE
. It corresponds to the lower

edge of the distribution when SRM has only modest side-effects.

Addressing climate change requires mitigation, which

corresponds in our model to a transition from the carbon

economy to the low-carbon one. Fig. 1 illustrates the optimal

capital accumulation in the two economies. In the ‘mitigation

only’ portfolio, there is a clear transition between the two

economies: the carbon-intensive capital is rapidly phased out

after 2055 and completely replaced by the low-carbon capital

before the end of the century. When adaptation is also

available as a policy tool (‘mitigation and adaptation’ portfo-

lio), this transition does take place, but starts one decade later.

The SRM option has contrasted implications: under mild and

strong side-effects, the transition takes place similarly to the

‘mitigation and adaptation’ portfolio, whereas the transition

never occurs under weak side-effects. In line with Barrett

(2008), our results indicate that there is no incentive to curb

GHG emissions if SRM is available and its side-effects are

benign.

Fig. 2 captures adaptation and SRM decisions. When its

side-effects are weak, SRM is the main instrument to address

climate change. It is used after 2045 (substituting for

mitigation efforts), together with low proactive adaptation

efforts (after 2095). When its side-effects are mild, SRM is only

used (for two decades 2065–2085) as a complement to

adaptation and mitigation strategies. SRM is not used when
6 This level has been chosen such that SRM is optimally
employed in at least one decade over the horizon 2005–2155.
its side-effects are strong. Concerning adaptation, we note

that: (i) the accumulation of proactive adaptation capital starts

before spending on reactive adaptation; and (ii) the decreasing

trend in adaptation towards the end of the horizon reflects the

stabilisation of temperature (see Fig. 3) reached through SRM

and/or mitigation. An interesting aspect is the relative

dynamics of reactive adaptation and SRM, as they share the

advantages of rapid implementation and immediate reduction

of damages. The weight given to each strategy depends on the

magnitude of SRM side-effects: (i) for strong side-effects, only

adaptation is used; (ii) for mild and weak side-effects, both

strategies enter the policy portfolio, with more weight given to

SRM when its side-effects are lower. This results from the

limited effectiveness of reactive adaptation.

Fig. 3 reveals that temperature is kept below the 2 8C

threshold proposed by the Copenhagen Accord only when SRM

side-effects are weak. This is achieved at the expense of: (i) a

large deployment of SRM; and (ii) high GHG concentrations, due

to the absence of mitigation. In the other scenarios, concentra-

tions and then temperature decrease slowly with the transition

to the low-carbon economy. When SRM side-effects are mild,

the use of SRM for two decades (2065–2085) reduces the

temperature deviation for this period below the ‘mitigation

only’ portfolio; as SRM is stopped in 2085, the temperature level

begins to increase and converges to the weak side-effects path,

reflecting the accumulation of GHGs in the atmosphere. The use

of adaptation (in the ‘mitigation and adaptation’, and ‘mitiga-

tion, adaptation, and SRM with strong side-effects’ portfolios)

reduces the damages from climate change, postponing the

transition to the clean economy and resulting in higher

temperature increases than the ‘mitigation only’ portfolio.

Imposing the 2 8C limit yields an earlier implementation of

mitigation and/or SRM. With strong side-effects, investments

in mitigation are advanced by two decades (2035); with weak

side-effects, SRM remains predominant and is implemented

from 2035 on. To reduce climate change damages, adaptation

is still used with a similar timing (compared to the uncon-

strained temperature cases) but requires less funding.



Fig. 2 – Capital accumulation in proactive adaptation, and decade spending with reactive adaptation and SRM.
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3.2. Distributional analysis for SRM side-effects

In this section, we consider the ‘mitigation, adaptation, and

SRM’ portfolio and extend the previous analysis in two

directions. One the one hand, we consider different initial

SRM side-effect levels (aGE(2005)). On the other hand, for each

of these initial levels, we analyse 32,768 paths describing the

evolution of side-effects over time based on the binomial

representation; see Section 2.2.2.

We analyse first the frequency with which the different

climate policies are used. The frequency indicator is computed

as the number of scenarios in which the policy is employed in

at least one decade over the 2005–2155 horizon, divided by the

total number of scenarios corresponding to each aGE(2005).

However, this indicator is not evaluating the probability

associated with the different aGE paths.

Fig. 4 illustrates first that the optimal policy mix depends

on the initial value of SRM damages. The use of SRM is strongly
Fig. 3 – Atmospheric temperatu
dependent on its initial side-effects, such that this strategy is

implemented in at least one decade in almost 100% of the

scenarios when aGE(2005) is 0.1%, declining abruptly for larger

values, to the point that SRM is employed in about 11% of the

scenarios when aGE(2005) is 10%. Despite the availability of the

inexpensive SRM option, mitigation and adaptation strategies

are an important part of the optimal climate policy portfolio.

Proactive and reactive adaptation strategies are employed in

all scenarios, independent of the SRM side-effects. The use of

mitigation increases from about 80% when initial side-effects

are low, to 93% of the scenarios when aGE(2005) = 0.1.

Another parameter that strongly influences the use of SRM

is the persistency of its side-effects over time (parameter l).

Fig. 4 illustrates also that for moderate initial SRM damages

(aGE(2005) = 0.03), this strategy is used mostly as a complement

to mitigation and adaptation even when its side-effects are

active only during the implementation period (l = 0). The

frequency of SRM use decreases sharply for higher persistency
re and GHG concentrations.



Fig. 4 – Policy frequency for different aGE(2005) (at l = 0.5) and l (at aGE(2005) = 0.03).

Fig. 5 – Distribution of output losses under known and random SRM damages for different error horizons

(SDGE ¼
PtGEþhDt

tGE
DGEðtÞ, aGE(2005) = 0.03, l = 0.5).

7 For each scenario s 2 [1, 32, 768], we compute the sum of
presumed damages as: SDGE ¼

PtGEþhDt
t¼tGE

DGEðt; sÞ, where tGE is the
first period of SRM implementation in scenario s, and h 2 {1, b, 3}
are decades of SRM implementation. Unexpected damages are
computed as: 1

5000

P5000
i¼1

PtGEþhDt
t¼tGE

DGEðt; s0iÞ, where aSE(t, s0 i) is ran-
domly selected from the initial side-effect distribution over 5000
simulations.
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levels. Moreover, in these cases, SRM is only implemented at

the end of the decision horizon; see the online Supplemental

material.

Due to the uncertainty in the size of initial side-effects and

in their persistency over time, the variability in SRM use is very

large. Thus, SRM does not seem to be a robust climate policy.

Even with low initial side-effects, SRM mostly plays the role

of a complement to adaptation and mitigation, and rarely a

substitute.

4. Unexpected SRM side-effects

The previous section indicates that SRM should be used when

its side-effects are low and their persistency is limited. Here,

we discuss possible economic impacts of making wrong

assumptions about SRM side-effects and analyse the resulting

adjustments in the optimal policy mix. Other important

concerns raised in previous literature (Orr et al., 2005; Robock

et al., 2009; Goes et al., 2011), such as (i) the failure to continue

with SRM and (ii) high GHG concentrations, are discussed in

the online Supplemental material.

Up to now, the optimal policy mix was evaluated under

perfect foresight, assuming that the side-effects were known

along each scenario. Here, we study the consequences of

incurring a different (random) side-effect path than the one
presumed. First, we compute following Eq. (10) the presumed

SRM damages (DGE(t, s)) that translate into output losses,

where s is given by each SRM side-effects path from the

binomial representation. Next, we compute unexpected output

losses (DGE(t, s0)) that would arise if a different side-effect path

s0 occurs. More precisely, we replace in Eq. (10) aGE(t) by a factor

chosen randomly from the possible side-effect paths, while

keeping the same levels for sulfur injection. Holding wrong

assumptions regarding the side-effects should only last for

short periods. Indeed, although the earth system presents

some inertia, the magnitude of side-effects is ex-post

observable via decreases in production. However, it might

take several decades until true realisations are identified.

As an illustration, we consider an error horizon of one to

three decades and compare output losses7 under known

(presumed) and random (unexpected) side-effect paths. Fig. 5

reveals that output losses double on average when the side-

effect path is different than the one expected, even for a
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ten-year horizon. With a twenty to thirty-year horizon, the

variance and right skewness of output losses increases further

on average, indicating that extreme losses have a high chance

of occurrence. The output loss is higher in the case of larger

initial SRM side-effects, showing that when SRM implemen-

tation is optimal in only few of the possible aGE paths,

misestimating the damages can be very punitive; see also the

online Supplemental material.

Next, we study the adjustments to the optimal policy mix

after observing the true damages. As an example, we examine

the (extreme) case where side-effects were assumed to be

weak, but turn out to be strong. With (presumed) weak side-

effects, SRM is first implemented in 2065 at the expense of any

mitigation efforts. But suppose that after three decades the

policy maker realises that side-effects are actually strong. We

simulate this situation by running the model from 2065 on

with the true aGE values, keeping all investment and spending

decisions blocked for the error horizon (2065–2085). The policy

maker reacts by stopping all SRM activities from 2095 on. A

quick transition to the low-carbon economy takes place, but

cannot prevent a temperature increase to almost 3 8C. To

alleviate some of the climate damages, adaptation (especially

reactive) is extensively used; see also the online Supplemental

material. Overall, deviating during the error horizon from the

optimal policy in case of strong side-effects results in lower

consumption levels for the remaining horizon.

5. Conclusions

This paper extends the Ada-BaHaMa model with an explicit

representation of reactive adaptation and geoengineering

(SRM). Reactive adaptation is modelled as a flow, and allows

for its benefits to be internalized once with its costs,

representing a climate policy that may avoid problems with

discounting preferences. SRM is a potential alternative to

traditional climate strategies, and we distinguish between its

(desired) effects on temperature levels and its (undesired and

uncertain) side-effects on the environment. To the best of our

knowledge, this is the first paper to assess, within an

integrated assessment framework, the optimal policy mix

when mitigation, proactive and reactive adaptation, and SRM

strategies are available. We focus on the possible interactions

and substitutions between these different policies, while

accounting for the possible variability and persistency in the

side-effects of SRM.

Our analysis reveals that the climate portfolio should give

primary weight to mitigation and adaptation. With large

predominance, SRM is a complement to mitigation and

adaptation, and rarely a substitute, revealing that SRM will

not provide an easy way out of the climate problem. The use of

SRM is strongly dependent on the magnitude of its side-effects

and their persistency through time. Due to uncertainty in

these two features, the variability in SRM use is very large,

leading us to conclude that the SRM option lacks robustness.

An extensive use of SRM brings additional concerns. We

investigate possible welfare losses due to incorrect assump-

tions about SRM side-effects. Our analysis shows that output

losses rise considerably when side-effects are different than

presumed, even for short error horizons. Besides, longer
horizons are more costly, with extreme losses having a higher

chance of occurrence. Accounting for such concerns reduces

the use of SRM.

In our cost–benefit approach, despite the predominant role

of mitigation, we note that investments in the low-carbon

economy start after 2055 at the earliest. However, when

following a cost-effectiveness approach to limit temperature

increase to 2 8C, climate policies are implemented 20 years

earlier. Meeting the agreed 2 8C temperature target would thus

require earlier actions.

Our analysis could be improved along the following lines.

First, being derived in a cost-benefit framework, our results

(and in particular the timing of mitigation) critically depend on

the magnitude of the estimated climate change damages,

calibrated in our model on DICE and AD-DICE. Recent papers

(Stern, 2013; Pindyck, 2013) signal possible underestimations

of such damages in the DICE-like integrated assessment

models; further research could help address these issues.

Besides, one could perform additional sensitivity analysis on

climate parameters, especially the climate sensitivity. Second,

the deployment of SRM depends on various unknowns, such

as the type and magnitude of side-effects, and the process

governing their variability through time. The calibration of all

involved parameters in our model will benefit from revisions

reflecting scientific advances. Third, our model assumes

exogenous technological progress. With an endogenous

formulation, one might expect that (R&D) investments in

low-carbon technologies start earlier to get on-time the

needed technologies for mitigation. Finally, our model

assumes the existence of a well-functioning international

cooperation for undertaking mitigation and SRM at a global

level. Future research could improve our understanding of the

two policies by accounting for differentiated geographical

impacts and investigating strategic country behaviour.

Appendix A. Supplementary data

Supplementary data associated with this article can be

found, in the online version, at http://dx.doi.org/10.1016/j.

envsci.2014.12.014.
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