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1 Introduction
Engineering the climate via Solar Radiation Management (SRM) has received increasing
attention as a potential scenario for future climate change mitigation. Yet, the incentives to
implement SRM are widely different from the strategic incentives to abate greenhouse gas
emissions or to adapt to the impacts of climate change (Heutel et al. 2016). While emission
abatement requires decades of cooperation to significantly change the global mean
temperature trajectory, some Solar Radiation Management (SRM) technologies like
stratospheric aerosol injection (SAI) have prospects of altering the global mean temperature at
rather low operational cost and in the time-scale of a year (Lenton and Vaughan 2009). This
high leverage of SRM is a double-edged sword in the climate change governance context:
while SRM appears to reduce the cooperation problem for climate change mitigation to a
coordination problem about the level of SRM deployment, the coordination problem might
be hard to solve, as some countries may have a strong incentive to unilaterally deploy SRM,
potentially leading to overprovision of SRM (Schelling 1996, Barrett 2008, 2014, Harding
and Moreno-Cruz, 2016, Weitzman, 2015). Accordingly, the fundamental governance
question is how much SRM should be applied by whom and when (Barrett 2008, 2014).
Two issues amplify the challenges for governance and coordination of SRM. First, SRM
allows only for an imperfect compensation of greenhouse gas induced global climate change.
It changes climate variables like temperature and precipitation in a regionally uneven way,
differently from the effects of climate change (Allen and Ingram 2002, Trenberth and Dai
2007, Ricke et al. 2010, Ricke et al. 2012). For example, fully offsetting the increase in global
mean temperature would result in less global mean precipitation and fully offsetting the
annual-mean temperature increase in the Arctic would result in overcooling the tropic regions
(and overcooling the Arctic in summer). Second, climate change affects countries very
differently. While many countries will face damages from climate change, some countries
may even benefit. Thus, countries have different “preferences” for the state of the global
climate. Empirical results suggest that economic variables such as GDP, growth, and
productivity might be maximized at some “optimal” climate (temperature) (Nordhaus 2006;
Park and Heal 2014; Burke et al. 2015b; Burke et al. 2018). The state of the global climate
that leads to the optimal regional climate for one country will be very different than the
climate state best suitable for another country. This translates into very different preferences
on possible SRM strategies (Heyen et al. 2015, Heutel et al. 2016, Quaas et al. 2016).
Moreno-Cruz et al. (2012) and Ricke et al. (2013) address the first issue—heterogeneous
effects of SRM on regional climate variables—in their quantitative assessment of the decision
on global coordinated SRM deployment, but do not address the second issue, as they assume
that all countries consider their today’s climate conditions to be optimal (Heyen et al. 2015).
Here, we study the strategic incentives for countries in the decision about global SRM
deployment and potential outcomes of decision-making on SRM, for different points in time
in the future. We account for both issues, the regionally uneven changes in temperature and
precipitation from SRM deployment and the different preferences of countries for the state of
the global climate. Our analysis combines data on the influence of SRM on grid-cell
temperature and precipitation derived from earth system models simulations (Ricke et al.
2

2012), data on the influence of temperature and precipitation on grid-cell GDP from the GEcon database (Nordhaus 2006), and data on climate change adjusted GDP growth rates from
Burke et al. (2015a). Our resulting dataset allows us to obtain insights i) about the global
optimal level of SRM deployment under future climate and GDP growth scenarios, ii)
strategic incentives of individual countries, and iii) potential gains from participating in
(global or sub-global) agreements.
Currently rather cold regions and countries (e.g., Russia, Canada) are expected to benefit from
(some) climate change because of, for example, improved resource access, transportation
routes, or agricultural conditions (e.g., Heyen et al. 2015). Within the climate-econometric
literature, an increasing number of studies quantifies the impacts of changing climate
variables on aggregated economic variables like (labor) productivity (Graff Zivin and Neidell
2014, Park and Heal 2014, Zhang et al. 2018), income (Dell et al. 2009, Deryugina and
Hsiang 2014), economic output (Nordhaus 2006, Hsiang et al. 2017), or economic growth
(Dell et al. 2012, Burke et al. 2015b, Burke et al. 2018). A robust finding across these studies
is that the relation between economic activity and temperature is captured by an inverted Ushaped function, suggesting that, in economic terms, some “optimal” climate exists (Nordhaus
2006, Burke et al. 2015b, Burke et al. 2018). Climate change shifts the countries’ distribution
along the optimal temperature curve to the right and therefore “cold” countries closer to, and
“hot” countries further away from, the optimum. SRM would shift countries to the left; “cold”
countries farther away from, and “hot” countries closer to, the optimum climate. Accordingly,
countries have very different incentives regarding the amount of SRM.
Our work contributes to the literature that considers challenges to the governance of SRM.
Moreno-Cruz et al. (2012), in a first quantitative assessment on how much SRM should be
deployed, suggest there is a Pareto-improving level of SRM. They assume that all countries
face climate damages as temperature or precipitation deviates from a common baseline. In
their assessment, deviations from present climate to warmer or cooler conditions would
equally cause climate damages. By assumption there are no climate change winners and thus,
there is an amount of SRM that reduces climate damages for all countries, albeit in different
proportions. In contrast to Moreno-Cruz et al. (2012), our analysis is based on empirically
estimated, optimal climate conditions that deviate from the present conditions for most
countries around the globe. Ricke et al. (2013) extends the framework of Moreno-Cruz et al.
(2012) by investigating the level of SRM that would be optimal for different coalitions of
countries. They consider coalitions that represent at least 50 percent of global population or
GDP. They find that coalitions are better off with an exclusive treaty compared to an open
membership treaty because that allows the members to decide on a level of SRM deployment
more in line with their individual preferences. However, like in Moreno-Cruz et al. (2012),
damage functions are again specified as quadratic normalized temperature and precipitation
deviations from today’s conditions, the variation in the country-individual optimal level of
SRM is low and the gains from exclusivity are small.
Considering coalitions of countries that agree on a common level of SRM deployment, a more
fundamental question is how to enforce participation (Barrett 2014). The low operational
3

costs of SRM provide incentives for unilateral deployment (Barrett 2008; Moreno-Cruz 2015;
Weitzman, 2015). In consequence, without any mechanisms to enforce participation, the pure
Nash equilibrium suggests that the country with the preference for the coolest climate aims
for engineering the climate outside any agreement (Barrett 2014). Taking this view, the actual
governance challenge associated with SRM deployment can therefore also be characterized as
a free-driver problem, in stark contrast to the free-rider problem with climate change
mitigation (Weitzman 2015). Considering the existence of an “optimal climate” with respect
to economic activity, several countries might even have an incentive to “overcool” the global
climate in order to bring their individual regional climate closer to the optimal climate.
Accordingly, not only climate change winners but also other countries would be confronted
with overprovision of SRM deployment, resulting in a free-driver externality (Moreno-Cruz
2015, Weitzman 2015).
Theoretically, the opportunity of unilateral SRM deployment can work as leverage in favor of
greenhouse emissions mitigation because the threat of SRM provides incentives for climate
change winners to increase their abatement efforts (Moreno-Cruz 2015). Millard-Ball (2012)
discusses such a threat as the “Tuvalu Syndrome”, arguing that it would be the best response
of desperate islands nations to commit themselves to unilateral SRM deployment such that the
best response of other countries is to collectively reduce emissions. However, according to
our analysis (excluding catastrophic or extinction events), the economic incentives for many
countries and in particular small island states are not sufficient to consider unilateral SRM
implementation to be beneficial and therefore to represent a credible threat. Still, there
remains a small group of countries for which holds that a much higher level of SRM
deployment than the globally efficient level would be beneficially and which also could afford
this higher level unilaterally.
However, following the international logic of multilateralism, Horton (2011) argues that with
the various channels of retaliation in combination with the rules of international law it is
rather unlikely that SRM measures would be applied unilaterally against international
opposition. In the same vein, Parson and Ernst (2013) argue that only a very small number of
states would be capable of upholding SRM in terms of financial, technological, logistical, and
military strength against international opposition, implying at the same time that countries
outside any coalition can be expected to be capable of imposing externalities on coalition
members. In our analysis, only a level of SRM deployment close to the level chosen by the
grand coalition would generate a total net gain in global GDP, allowing therefore to
potentially compensating SRM losers. Presuming that only a level of SRM deployment which
provides global net benefit appears likely to be implementable, the grand coalition appears to
be a robust guess for the solution of a SRM coalition game.
The paper is structured as follows. Section 2 introduces the decision framework for global
SRM deployment and explains the calibration for the quantitative illustration (Sections 2.1 to
2.3). Section 3 presents our results, discussing first the global efficient level of SRM
deployment as the reference state for the country incentives (Section 3.1), the individual
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country incentives (Section 3.2), and participation gains and coalition implications (Section
3.3). Section 4 discusses the limitations of our approach and Section 5 concludes.

2 Methods
Countries choose the global level of SRM deployment, 𝑅. Grid cell temperature, 𝑇𝑗 , and
precipitation, 𝑃𝑗 , depend on 𝑅 and the (multidimensional) state of non-SRM anthropogenic
forcing, 𝑆, (both measured in W/m2). The state of non-SRM anthropogenic forcing is
determined by the prevailing greenhouse gas (GHG) forcing and tropospheric aerosol forcing
(saer). Changing GHG forcing to a significant extent requires at least decadal global
coordinated emission abatement and even with carbon dioxide removal significant changes
cannot be expected in less than a decade (Lenton and Vaughan 2009; Klepper and Rickels
2014). Consequently, we assume that S is exogenously given through time, 𝑆𝑡̅ , and the only
decision variable for countries that allows a rapid change in temperature and precipitation is
𝑅. We assume that country 𝑖’s GDP at some year 𝑡 is influenced by temperature 𝑇𝑗 and
precipitation 𝑃𝑗 in grid cells either fully or partly located in country 𝑖, 𝑗 ∈ 𝐽𝑖 . SRM
deployment generates cost, 𝐶(𝑅) = 𝑐𝑅, where c>0 is constant marginal cost of SRM.
The globally efficient level of SRM deployment is the one that maximizes world GDP. Thus,
country 𝑖’s GDP “weights” its preferences for the globally efficient level of 𝑅. The future
global distribution of GDP (and therefore weights) is not necessarily equivalent to the current
distribution. To account for this, we include exogenously given country-specific GDP growth
rates, 𝑔𝑖 (𝑡), which are corrected for the degree of climate change experienced until year 𝑡, 𝑆𝑡̅ .
More specifically, country 𝑖’s GDP in year 𝑡 is calculated as:
(1)

𝑖
̅
̅
𝐺𝐷𝑃(𝑅, 𝑆𝑡̅ , 𝑡, 𝑍𝑖 ) = 𝑔𝑖 (𝑡, 𝑆𝑡̅ ) ∗ ∑𝑁
𝑗=1 𝐺𝐶𝑃(𝑇𝑗 (𝑅, 𝑆𝑡 ), 𝑃𝑗 (𝑅, 𝑆𝑡 ), 𝑋𝑗 , 𝐴𝑖𝑗 , 𝑍𝑖 ) for 𝑗 ∈ 𝐽 ,

where 𝐺𝐶𝑃 is gross cell product, 𝑋𝑗 summarizes parameters describing cell-fixed geographic
control variables, 𝐴𝑖𝑗 specifies the area size of grid cell 𝑗 in country 𝑖, and 𝑍𝑖 specifices
country-fixed effects. The HadCM3L general circulation model is applied to estimate 𝑇𝑗 (𝑅, 𝑆)
and 𝑃𝑗 (𝑅, 𝑆) (Section 2.1). The G-Econ data is used to estimate 𝐺𝐶𝑃(𝑇𝑗 , 𝑃𝑗 , 𝑋𝑗 , 𝐴𝑖𝑗 , 𝑍𝑖 )
(Section 2.2, denoted for notational convenience as 𝐺𝐶𝑃(𝑇𝑗 , 𝑃𝑗 )) (Nordhaus 2006). The
analysis of Burke et al. (2015b) is used to obtain the estimates of the growth rates, 𝑔𝑖 (𝑡, 𝑆𝑡 )
(Section 2.3). We restrict our analysis of SRM deployment to the case where the state of the
climate 𝑆𝑡̅ follows representative concentration pathways (RCP) 8.5 where emissions are
assumed to increase throughout the 21st century and accordingly the climate change adjusted
GDP growth rates from the corresponding shared socioeconomic pathway (SSP5) (Riahi et al.
2007 and Burke et al. 2015b, respectively).
The globally efficient level of SRM in year t is obtained by maximizing aggregated GDP of
all 𝑁 countries, taking into account the cost of SRM:

5

(2)

̅
max𝑅 ∑𝑁
𝑖=1 𝐺𝐷𝑃(𝑅, 𝑆𝑡 , 𝑡, 𝑍𝑖 ) − 𝐶(𝑅).

Accordingly, our decision framework is a sequence of static optimization decisions. Each
time step is treated independently of each other. Our optimization is clearly not dynamic, but
static in that we ask what is the optimal amount of SRM deployed under different background
climate and economic conditions. Those climate and economic conditions are the result of our
scenarios for 𝑇𝑗 (𝑅, 𝑆𝑡̅ ) and 𝑃𝑗 (𝑅, 𝑆𝑡̅ ), 𝐺𝐶𝑃(𝑇𝑗 , 𝑃𝑗 ), and 𝑔𝑖 (𝑆𝑡̅ , 𝑡).
Furthermore, we impose the constraint 𝑅 ≥ 0, i.e. we do not study the possibility of (solar)
radiation management deployment to increase global temperatures, as such means of counter
climate engineering are expected to face considerable practical obstacles (Parker et al. 2018).
Estimates for the marginal operational cost of global SRM, c(𝑅), are obtained from a recent
study by Moriyama et al. (2017). They review and estimate the cost for stratospheric aerosol
injection (SAI) which is probably the most likely example to be considered in case of global
SRM deployment. Furthermore, the most likely injection method is expected to be achieved
by aircrafts and Moriyama et al. (2017) estimate the cost to be USD 45 billion/year/𝑊 ⁄𝑚2 or
USD 5 billion/year/𝑊 ⁄𝑚2 , using either existing aircrafts (F-15) or newly designed aircrafts,
respectively.

2.1 Estimates 𝑻𝒋 (𝑹, 𝑺) and 𝑷𝒋 (𝑹, 𝑺)
We estimated grid cell changes in temperature and precipitation as function of SRM and the
state of the climate by using the HadCM3L general circulation model as detailed in Ricke et
al. (2012). To estimate the influence of 𝑆 and 𝑅, we relied on a standard emissions scenario
(SRES A1B) to represent future trajectories for GHG concentrations and tropospheric aerosol
emissions, and considered multiple trajectories for stratospheric SRM. The changes were
computed against a 2005 observational baseline (to be in line with the temperature and
precipitation data in Nordhaus 2006). The analysis uses then six decades of output from three
SRM scenarios. Each scenario is represented by the decadal mean values from three initial
condition ensemble members. Simulation output was regridded to a 1 degree resolution to
correspond with the G-Econ dataset. We fitted a linear model to predict changes in
temperature and precipitation as a function of greenhouse gas forcing (in W/m2), tropospheric
aerosol forcing (in W/m2), and solar radiation management (in units of stratospheric aerosol
optical depth*1000) at each grid cell. As radiative forcing we consider total anthropogenic
forcing (relative to a pre-industrial baseline). We obtained estimates for 20577 grid cells. For
all grid cells the deployment of SRM reduces grid cell temperature, 𝜕𝑇𝑗 ⁄𝜕𝑅 < 0, albeit with
different magnitude. In 14646 grid cells SRM reduces precipitation (𝜕𝑃𝑗 ⁄𝜕𝑅 < 0), whereas in
the remaining grid cell it increases precipitation (𝜕𝑃𝑗 ⁄𝜕𝑅 > 0).

2.2 Estimates for 𝑮𝑪𝑷(𝑻𝒋 , 𝑷𝒋 )
We estimated changes in 𝐺𝐶𝑃 as function of grid cell temperature and precipitation with a
cross-section estimation, using long-term average grid-cell temperature and precipitation as
explanatory variables. The data, including also other geographic control variables like the
distance to the coast or elevation, are obtained from the G-Econ database (Nordhaus 2006).
The 1-degree latitude by 1-degree longitude grid cells are assigned to countries proportionally
6

to the area of the country in the grid-cell, yielding a total number of 16082 𝐺𝐶𝑃 observations.
Burke et al. (2015b) find strong evidence for the assumption of a global non-linear functional
relationship function by also i) estimating subsamples of their dataset, ii) testing whether
countries individual marginal response are non-tangent to the slope of the global function, and
iii) by including interaction terms for temperature with average temperature and income.
Accordingly, following Nordhaus (2006) we estimated
(3)
ln(𝐺𝐶𝑃𝑖𝑗 ) = 𝑎𝑜 + 𝑎1 𝑇𝑗 + 𝑎2 𝑇𝑗 2 + 𝑎3 𝑃𝑗 + 𝑎4 𝑃𝑗 2 + 𝑐𝑖 + ∑7𝑘=5 𝑎𝑘 𝐺𝑘𝑖𝑗 + ∑13
𝑘=8 𝑎𝑘 𝐷𝑘𝑗 + 𝜖𝑖𝑗
where 𝐺𝐶𝑃𝑖𝑗 is gross cell product in 2005 USD (at market exchange rates), 𝑐𝑖 captures
country fixed effects, 𝐺𝑘 are two geographic variables (accounting for elevation and area of
the grid cell in country 𝑖), 𝐷𝑘 are six dummy variables (accounting for being in the high
latitudes, for different distances to the coast (three dummy variables), and accounting for
extreme rich cells (two dummy variables)), and 𝜖𝑖𝑗 is the error term. We estimated equation
(3) by weighted least squares where we obtained the weighting series obtained from a forecast
based on a regression of the squared residuals of the non-weighted estimation on
precipitation. We relied on Newey-West-based determination for the coefficient covariance
matrix. Like Nordhaus (2006) or Burke et al. (2015b) our results suggest an optimal
temperature and precipitation level (i.e. 𝑎1 and 𝑎3 > 0 while 𝑎2 and 𝑎4 < 0). Our estimation
suggests an optimal temperature level of 14.35°C which is well in the confidence interval of
study by Burke et al. (2018) on optimal temperature levels for GDP growth (9.7 to 16.8°C).
They find a median estimate of 13.1°C which in turn implies that our slightly higher estimate
for the optimal temperature results in a rather conservative estimate for future SRM
deployment. Appendix A1 shows the complete set of results from the regression.
For our calculations of gains or potential payments as part of the global SRM decision, we
require information about GDP in levels, not in logarithms like in (3). In addition to a simple
retransformation, we obtained retransformations by including Duan (1983) smearing estimate
at the complete sample size and the country level, and a retransformation with a perfect
correction factor obtained from comparing aggregated estimated GDP against aggregated
observed GDP at the country level. The results presented in Section 3 below rely on the
perfect correction.

̅, 𝒕)
2.3 Estimates for 𝒈𝒊 (𝑺
We obtained estimates for climate adjusted growth rates from Burke et al. (2015b) where the
underlying climate change scenario corresponds to RCP8.5. They estimate the nonlinear
effect of temperature on GDP per capita growth, using 6584 country-year observations
between the years 1960-2010 (i.e., accounting for country-fixed and time-fixed effects). The
country-specific per capita growth rates were translated into country-specific GDP growth
rates by using the population growth projections from the SPP database corresponding to
SSP5. These growth rates were then used to adjust the country-specific forecasted GDP level
through time, making the assumption that all grid cells in a country growth at the same rate.
7

3 Results
We first derive efficient SRM as a function of the coefficients and income levels in a
simplified version of model (1)-(2) to show that the efficient level of SRM associated with the
model (1)-(2) can be represented as a GDP-weighted average of the gap between actual and
GDP-maximizing temperature. Abstracting from within-country (cell-level) heterogeneity,
abstracting from precipitation effects, and assuming that no SRM is applied up to time t, we
derive from equations (1)-(2) the following expression for country i’s GDP at time t:
(3)

𝑙𝑛𝐺𝐷𝑃𝑖 (𝑡) = 𝐹̅𝑖 (𝑡) − 𝜑(𝑇𝑖 (𝑡) − 𝑇 ∗ )2

where parameter φ = -a2 > 0 represents sensitivity of GDP to local temperature and parameter
T* = a1/(-2a2) is GDP-maximizing temperature. The term 𝐹̅𝑖 (𝑡) collects all other countryspecific terms, which include the effects of temperature in the past (up to time t) as explained
in Section 2 above. Following the estimation for 𝑇𝑗 (𝑅, 𝑆) as described in Section 2.1, we write
local (country-specific) temperature at time t as:
(4)

𝑇𝑖 (𝑡) = 𝑇̅𝑖 + 𝜎𝑖 𝑆(𝑡) − 𝜃𝑖 𝑅(𝑡),

where local temperature responds to non-SRM anthropogenic forcing, 𝑆, and SRM, 𝑅, in a
̅𝑖 collects
country-specific way, as captured by parameters σi and θi, respectively, and where 𝑇
all other country-specific determinants of temperature. The effect of SRM on country GDP is
now given by:
(5)

𝑑𝐺𝐷𝑃𝑖
𝑑𝑅

= 𝜃𝑖 ∙ 𝐺𝐷𝑃𝑖 ∙ 2𝜑 ∙ (𝑇̅𝑖 + 𝜎𝑖 𝑆 − 𝜃𝑖 𝑅 − 𝑇 ∗ ).

The expression measures the private marginal benefits of global SRM—and accordingly also
the private marginal benefits to join a coalition of countries that organizes SRM. The
incentives are large, first, if effective market size θiGDPi is large and, second, if local
temperature greatly exceeds optimal temperature (without the constraint 𝑅 ≥ 0 the second
aspect would generalize to large incentives if local temperature greatly differs from optimum
temperature).
By summing this expression over countries i, equating the sum to marginal cost c, and solving
for R, we find that the level of SRM that maximizes aggregate GDP of a group (coalition) of
countries I is characterized by:1

(6)



iGDPi (t )
c
 ( i S (t )  Ti  T * ) 
.
R I (t )   
2
( j ) 2 GDPj (t )
iI   jI ( j ) GDPj (t ) 

j

I



1

The expression is not a closed form-solution since the RHS contains GDP which depends on R. Nevertheless,
the expression allows for straightforward comparative statics since the GDP-dependent weights add up to unity.
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The second term is the marginal cost of SRM corrected for the effect of SRM on aggregate
GDP. Most action comes from the first term, representing marginal benefits. In the first term,
the second factor is i’s deviation from optimal temperature in the absence of SRM, or
“temperature gap” for short. Obviously, if this gap would be zero for all countries, there
would be no incentive for SRM.
By replacing 𝑇 ∗ with 𝑇̅𝑖 in (6), you obtain again the problem addressed by Moreno-Cruz et al.
2012) and Ricke et al. (2013) (and by setting 𝑐 = 0 as they neglect operational cost for SRM
application). With perfect SRM (i.e., 𝜎𝑖 = 𝜃𝑖 ), the efficient level of SRM would simply offset
greenhouse gas forcing (𝑆 = 𝑅) in their problem.
Here, with an optimal temperature, 𝑇 ∗ , and asymmetric countries, even with perfect SRM,
SRM could not optimize temperature everywhere because of geographical heterogeneity
̅𝑖 ). In general, the efficient level of SRM responds to the weighted average of
(captured in 𝑇
temperature gaps across the countries, where the relative weights (the term in long brackets)
are governed by the relative local sensitivity of temperature to SRM (𝜃𝑖 ) and relative GDP.
Since the variation in GDP is much stronger than the variation in local temperature sensitivity
to SRM application, the temperature gaps of high-income locations mainly drive the efficient
SRM level.
Accordingly, equation (6) reveals the effects on SRM of a later implementation time t or a
change in coalition I. First, postponing the SRM decision to a later point in time, when 𝑆 is
higher, affects efficient SRM both through the temperature gap and the weights. Due to a
higher 𝑆, temperature is higher in all locations, which for given weights increases the demand
for SRM: warm countries prefer more cooling and cool countries prefer less warming.
However, the weights also shift towards fast-growing countries that suffer less from climate
change. Since these countries are relatively cold (below optimal temperature), efficient SRM
becomes lower. Second, when a country newly joins the coalition, efficient SRM moves in the
direction that the joining country prefers since the coalition starts weighting the GDP effect of
the joining country: more SRM if a warm country joins, as measured by the temperature gap
Ti   i S  i R  T * , and less SRM if a cold country joins.
The results here are only indicative. The full analysis cannot ignore the effects of SRM
through local precipitation, which are similar to effects through local temperature but add to
the total effect and might go in opposite directions. We now turn to the full estimated model.

3.1 Globally Efficient SRM Deployment
Figure 1 summarizes the globally efficient level of SRM, i.e. the solutions to the static
decisions problem (2) at different points in time, for an operational cost estimate for SRM
deployment of USD 45 billion/year/𝑊 ⁄𝑚2 . The grey dots in Figure 1 show the radiative
forcing from GHG from RCP8.5 between 2020 and 2100. The red dots show the efficient
levels of SRM that would be chosen if SRM were to start in that given year. Note that the
efficient levels of SRM should not be confused with an optimal time-path of SRM
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deployment. Each dot shows the efficient level of deployment given that previously no SRM
has been applied.
Figure 1 shows that the largest amount of SRM would be applied if the decision to start SRM
was taken in the year 2050. Postponing the decision about SRM deployment further into the
future would result in lower levels of SRM. From the year 2080, the global optimal level of
SRM would be zero. Even though the number of climate change loosing countries increases
towards the end of the century for RCP8.5, climate change slows down GDP growth rates for
climate change losers (Burke et al. 2015b). Accordingly, the relative weight of the already
warm countries decreases while it increases for the cold countries, implying that in aggregated
terms it is efficient to apply less SRM.

Figure 1: Global Optimal SRM Deployment at Different Points in Time. Each red dot displays the
solution to the static optimization problem of determining the efficient amount of SRM, given the
degree of climate change experienced so far (which corresponds to RCP8.5). The solid and dashed
lines show average mean temperature change and GDP weighted mean temperature change of the
grid cells included in the analysis. The grey and red lines show temperature change without and with
SRM deployment, respectively.

To provide further intuition for the influence of climate change adjusted growth rates, Figure
1 also displays average global temperature and average GDP weighted global temperature,
with and without SRM deployment. The calculation of both temperature values is restricted to
the grid cells included in our analysis and therefore the simple average differs from the global
mean temperature increase associated with RCP8.5 (which includes for example also ocean
grid cells). Figure 1 shows that the simple average temperature without SRM deployment is
10

steeply increasing towards the end of the century. The GDP-weighted average temperature
shows an only modest increase towards the mid of the century and a decrease afterwards,
because of the above explained influence of climate change on GDP growth. SRM
deployment stabilizes GDP-weighted average temperature at levels found for the year 2020.
The general finding is robust against the type of retransformation from log to linear (i.e. is
also present in the simple retransformation without correction and the retransformation
applying smearing estimates for the complete sample size and for each country, see Figure
A2.1 in Appendix A2) and it is also robust with respect to the cost estimate for SRM
deployment (Figure A2.2 in Appendix A2 shows the level of SRM deployment in 2050 for
different levels of GHG forcing and three different SRM cost scenarios, showing only a very
small difference). If we use growth rates from SSP5 without adjusting them for climate
change, we would observe an extreme overcooling towards the end of the century i.e., SRM
deployment larger than GHG forcing. Then, the convergence assumption underlying the SSP
growth rates implies that currently already warm but still developing countries have a higher
relative weight in a future aggregated GDP which in turn would result in a higher efficient
level of SRM deployment.

3.2 Individual Country Incentives for SRM deployment
Figure 2 shows the country-specific incentives to undertake SRM in the year 2050 and 2060
(left and right panel, respectively). In both panels, the axes show the marginal change in GDP
as function of SRM: the x-axis at the point of no SRM deployment and the y-axes at the point
of globally efficient SRM deployment (as derived in Figure 1). Accordingly, the x-axes
address the question whether country 𝑖 has an incentive to start SRM deployment at all and
the y-axes address the question whether country 𝑖 has an incentive to further increase SRM
deployment beyond the globally efficient level. The size of the bubble shows the absolute
change in GDP between the situation of no SRM and globally efficient SRM deployment, the
color code indicates whether GDP increases (orange) or decreases (purple). In addition,
Figure 2 shows on both axes the marginal cost for SRM deployment, corresponding to
injecting aerosols into the stratosphere using existing airplanes (USD 45 billion/year/𝑊 ⁄𝑚2 ).
Considering a deployment of SRM in the year 2050 or 2060 one could expect that newly
designed aircrafts are used for the spreading of aerosols, thus allowing for a lower marginal
cost. However, the cost estimates presented in Moriyama et al. (2017) and similar assessments
usually assume global coordinated deployment which implies relatively low marginal costs,
as for example the best located airports could be used. Turning to the question of individual
countries incentives for potentially unilateral SRM deployment, the assumptions underlying
the cost estimates with respect to processing, infrastructure, or monitoring are likely on the
optimistic side and we consider therefore the displayed marginal cost to be a rather low
estimate for the operational cost to be faced in case of unilateral deployment.
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Figure 2: Individual Country Incentives. The figure shows the marginal change in GDP at no SRM (R=0, x-axes) and at globally efficient SRM deployment
(R=R*, y-axes) in the year 2050 and 2060 (left and right panel respectively). The size of the bubble shows the absolute change in GDP and color code reveals
whether a country gains (orange) or loses (purple) from SRM deployment.

12

Figure 2 shows that country’s individual incentives are more nuanced than just simply
distinguishing between climate change losers and winners. Climate change losers are
expected to gain from SRM deployment and are situated on the positive domain of the x-axes.
However, not all of them would afford SRM deployment unilaterally and not all of them
would still gain from SRM deployment at the globally efficient level. For that reason, we
distinguish between six groups of countries in the positive domain of the x-axes, 4 groups in
the positive domain of the y-axes (A1, A2, A3, and A4) and two groups in the negative
domain of the y-axes (B1 and B2).
There is only a small group of countries (A1, 9 countries in the years 2050 and 2060) where
the marginal gain in GDP exceeds the marginal cost of SRM at both points (no SRM and
globally efficient SRM). These countries would have an incentive to deploy SRM unilaterally,
because they would gain by increasing SRM application beyond the optimal level. The
majority of climate change losing countries would rather free-ride (A4, 116 and 117 countries
in 2050 and 2060, respectively). These countries also gain at both points of SRM deployment
but their marginal gains fall short of the marginal costs of SRM deployment. According to
these results, the “Tuvalu Syndrome” as introduced by the Millard-Ball (2012) cannot be
considered as credible threat.
There are two further groups of countries with positive gains at both levels of SRM
deployment. For the countries in the area A2 (in both years, 2050 and 2060, only one country)
the gains exceed the marginal cost of SRM deployment only at the globally efficient SRM
level which can be explained by the non-concavity of our functional form for grid-cell
influence of temperature and precipitation on GDP (in levels). The interpretation is that these
countries would benefit sufficiently from the implementation of the efficient level so that their
marginal benefit of SRM would even exceed the marginal cost of SRM deployment. A
particularly interesting group is represented by countries in area A3 (three countries in 2060,
none in 2050). These countries have an incentive for unilateral SRM deployment in case no
SRM is realized. However, if the globally efficient SRM is already in place, their incentives to
further increase SRM deployment is not sufficient given the marginal cost, which means that
the level of SRM deployment is already close to the country individual optimal level (if no
SRM cost are in place).
The countries in the B area can still be considered as climate change losers as they would gain
from SRM deployment. Yet, at the globally efficient SRM level, it is already overdone from
their perspective. The countries in the B1 area (four and one country in 2050 and 2060,
respectively) still gain from SRM deployment in absolute terms. This is not true for countries
in the B2 area (two countries in 2050 and six in 2060). Even though these countries are
(moderate) climate change losers and would benefit from reducing global temperatures, the
globally efficient SRM level implies that they lose in absolute terms from SRM deployment.
The remaining countries in area C are the climate change winning countries (47 and 42
countries in 2050 and 2060, respectively) which lose from SRM deployment, no matter how
much (if we would allow for counter climate engineering, i.e. 𝑅 < 0, we would also need to
distinguish between different groups among the C-countries.
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The comparison between 2050 and 2060 reveals that the distribution of countries in the
different areas is not stable. Between the two points in time, two effects are at play. First, in
̅
2060 the state of the climate, 𝑆2060
, represents a stronger degree of climate change than in
2050, making more countries climate change losers (for example the group of countries in the
area C drops from 47 to 42 while the group of countries in the area B2 increases from two to
six). Accordingly, the marginal gains from SRM deployment increase. Second, because of the
influence of climate change on GDP growth rates, the globally efficient SRM level (the
reference point for the marginal change measured along the y-axes) is lower (compare Figure
1). Countries which would have been affected from overdoing SRM in the year 2050 have
either shifted from the area B2 to B1 or from B1 to A3.
Most of the shifts take place for those countries which are initially already rather close to the
optimal temperature and small changes in temperature determine whether these countries
remain climate change winners or turn into climate change losers. Accordingly, these kind of
swing countries cannot be expected to have stable preferences regarding SRM deployment.
On the opposite side, countries which are initially rather far away from the optimal
temperature (in both directions) can be expected to display rather stable preferences regarding
SRM. For example, rather hot and also sufficiently wealthy countries like India or Brazil
have in both years under consideration an incentive for unilateral SRM deployment. Also, the
group of “Tuvalu” countries appears to be rather stable compared across the two years. As
expected, countries like Russia and Canada would have no incentive for SRM deployment in
either of the two years. Information about the distribution of all countries across these
different incentive areas can be found in Table A3.1 in Appendix A3.

3.3 Participation Gains and Coalition Implications
Figure 3 shows the country-specific gains from participating in a global agreement on SRM in
the years 2050 and 2060 (upper and lower panel, respectively). In both panels, the x-axes
show the absolute change in GDP between the situation of globally efficient SRM deployment
and no SRM deployment. The information is the same as shown with the bubble sizes in
Figure 2. The y-axes in both panels show the absolute change in GDP between the situation of
globally efficient SRM deployment and efficient SRM deployment for the remaining 𝑁 − 1
countries if the effect of SRM on country 𝑖’s GDP was ignored. If country 𝑖’s preferences are
not considered, the resulting efficient level of SRM deployment is even further away from
what country 𝑖 considers to be optimal. In general, the effect is more pronounced the extremer
the country-specific preferences are. For example, if Canada stays outside the global
agreement, the remaining countries would decide on a higher level of SRM compared to the
situation when Canada is included. Although Canada already loses when the globally
efficient SRM level is deployed, it would lose even more if the effect of SRM on their GDP
was ignored. If India stays outside the global agreement, the remaining countries would
decide on a lower level of SRM compared to the situation of full participation implying that
India would gain less compared to the situation where their desire for cooling the planet
would be accounted for. Countries located close to the origin in Figure 2 have only small
participation gains as their marginal gain or loss from SRM deployment is too small to change
the global optimal level significantly. Accordingly, they have low (but strictly positive) values
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on the y-axes in Figure 3. The overall pattern for the distribution of countries preference for
globally efficient SRM deployment displays a U-shape.
One notable exemption is the United States of America in the year 2050. In Figure 2, the USA
can be found in the area B1, implying that the marginal gain from SRM at the globally
efficient level is negative. Accordingly, at the globally efficient level, SRM is already
overdone from the USA perspective in the year 2050. If they drop out of the global agreement
in 2050, the remaining countries would pick a considerably larger amount of SRM
deployment (about 1.4 W/𝑚2 larger compared to full participation level including the USA).
Consequently, the negative impact of overdoing on the USA’s GDP would increase
significantly, explaining their gains from participation. In 2060 this effect is no longer
present. There is more climate change in the year 2060 compared to the year 2050, implying
that the USA has moved from the area B1 to the area A3 (Figure 2) and is losing more from
climate change (increasing its individual incentives for SRM deployment). At the same time,
the globally efficient level of SRM deployment in 2060 under full participation is lower
compared to the year 2050 because of the climate change adjusted GDP growth rates (Figure
1). These two effects combined imply that the efficient level of SRM deployment in the year
2060 is very close to the level the USA would consider optimal (in a unilateral deployment
scenario).
Including country 𝑖 and implementing the efficient level of SRM under full participation, 𝑅 ∗ ,
instead of the optimal level of SRM for the 𝑁 − 1 countries, 𝑅 ∗ \𝑖 , comes at a cost:
∗
∑𝑘≠𝑖 𝐺𝐷𝑃𝑘 (𝑅 ∗ \𝑖 ) − ∑𝑘≠𝑖 𝐺𝐷𝑃𝑘 (𝑅 ∗ ) + 𝐶(𝑅 ∗ ) − 𝐶(𝑅\𝑖
) ≥ 0 which is strictly positive if
𝑅 ∗ ≠ 𝑅 ∗ \𝑖 . The vertical grey bars in Figure 3 display the costs resulting from including
country 𝑖’s preferences into the decision about the global level of SRM deployment for the
remaining 𝑁 − 1 countries. The costs correspond to the payments under a Vickrey-ClarkeGroves (VCG) mechanism (Vickrey 1961; Clarke 1971; Groves and Loeb 1975) whereby our
calculation of the lump-sum charge component is based on the Vickrey specification which
includes, in contrast to the Clarke specification, the full change in the operational cost (which
increase or reduce the charge in case of 𝑅 ∗ > 𝑅 ∗ \𝑖 and 𝑅 ∗ < 𝑅 ∗ \𝑖 , respectively) (Loeb 1977).
A VCG mechanism motivates truthful revelation of country’s preferences in dominant
strategies (Green and Laffont 1977), this is important if the influence of SRM on countries’
GDP is considered private information. The orange dots at the lower end of each bar indicate
the net gains of country 𝑖 which they realize from participating in the global agreement if they
have to pay the cost they induce for the 𝑁 − 1 countries. Country 𝑖’s gross gains exceed their
cost (which they induce for the 𝑁 − 1 countries) if 𝑅 ∗ ≠ 𝑅 ∗ \𝑖 , implying that the incentives of
joining the global agreement still exist (if 𝑅 ∗ = 𝑅 ∗ \𝑖 , the gains and cost would be zero). If
countries decide the global level of SRM deployment under a VCG mechanism, climate
change winners (countries on the negative domain of the x-axes) would actually have
incentive to collude, submitting bits such that 𝑅 ∗ = 𝑅 ∗ \𝑖 = 𝑅 ∗ \𝑗 = 0 (e.g., country 𝑖 and 𝑗
collude and both of them are not pivotal). Note that collusion would be harder to coordinate in
case counter climate engineering (i.e., 𝑅 < 0) would be possible.
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Figure 3: Participation Gains in 2050 and 2060. The gray dots in the figure indicate the countryspecific absolute change in GDP between the scenarios globally efficient SRM deployment (full
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participation) and no SRM deployment (x-axes) and globally efficient SRM deployment (full
participation) and efficient SRM deployment excluding country i (y-axes). Furthermore, the figure
shows the cost for the remaining N-1 countries if country i is included, which is equal to the VickreyClarke-Groves (VCG) tax. The orange dots indicate the net change in GDP under the payment of the
VCG tax.

The absolute changes in GDP displayed in Figure 2 and Figure 3 can be quite large for some
countries. These results, however, are easy to reconcile as countries have experienced
substantial growth in GDP (in nominal terms) up to the years 2050 and 2060. Still, consider
Canada and India as two countries at the respective extreme positions of the country
distribution. Canada is estimated to lose about 30 and 25 percent in GDP in 2050 and 2060,
respectively, if the globally efficient level of SRM is implemented compared to no SRM
deployment. India is estimated to gain about 15 percent in GDP in the years 2050 and 2060 if
the globally efficient level of SRM is implemented compared to no SRM deployment. We
discuss the limitations of these estimates in Section 4.
The individual participation gains are discussed under the assumption that all but country 𝑖 are
part of the agreement. However, other references agreements or coalitions are possible,
including the question of how entry and exit into coalitions are organized (e.g., open
membership). The literature on international environmental agreements, cooperation, and
coalition formation provides so far only limited insights for the governance of SRM. The
decision about the level of SRM deployment imposes a different challenge compared to
problems studied in the existing literature that looks at the decision whether a country should
contribute to the public good provision inside a coalition (or agreement) or whether it should
stay outside of the coalition and free-ride on the public good provision of the coalition
members. Some insights might be obtained from the literature on coalition (games) with
externalities (Thrall and Lucas 1963). Yi (1997) examines coalition formation under the
possibility of a negative and positive externality on outside coalitions, showing that under a
negative externality the grand coalition is an equilibrium outcome (under open membership
and other reasonable assumptions regarding the partition function) and that under a positive
externality the grand coalition is not a stable outcome due to free-riding. Here, for several
countries SRM deployment above a certain level, or even at all, is a public bad and they have
an incentive to join the coalition to prevent that too much SRM is applied. Furthermore, the
gains from free-riding are rather low. Even though the operational costs limit unilateral
deployment for several small countries, they are only a minor aspect in any coalition
including countries from the area A1. As mentioned above, the countries close to the origin in
Figure 3 have small but positive net gains from participating (in case they would have to pay
for their marginal influence on the decision of SRM deployment).
Figure 4 shows the GDP gains and losses of country groups for increasing coalition size in the
year 2050 and 2060 (left and right panel, respectively). We did not model the coalition
formation process, but simply assume that the SRM coalition forms from the country groups
identified in Figure 2 (ranging from A1 to C), ordered by their desire for cooling the planet.
Consequently, the first coalition contains only A1 countries, the second coalition also contains
A2 countries (A1-A2), the third coalition also A3 countries (A1-A3) and so on until we end
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up with the grand coalition (A1-C). In each case, the level of SRM deployment is assumed to
maximize the aggregate GDP of the coalition members.

Figure 4: Coalition Gains and Losses in 2050 and 2060. The figure displays, for coalitions
of increasing size, the GDP gains and losses for the different country groups if the coalition
determines the global level of SRM deployment by only taking the preferences of coalition
members into account. The black line indicates the aggregated change in GDP of all
countries.
Figure 4 emphasizes incentives of A1-countries to free-drive. Their gains from exclusivity are
large because they can chose a much higher level of SRM deployment on their own.
However, while the rest of the A countries (in particular the A4 countries) benefit from free
riding on SRM deployment, from the perspective of the rest of the world SRM is overdone. In
aggregated terms, the second effect dominates (SRM is overdone) and global change in GDP
is negative. This situation remains similar for coalitions of increasing size up to the grand
coalition in 2050. Even though participation of the B1 countries results in a significant
reduction in the chosen coalition SRM deployment, the weight of the B1 countries in the
coalition is not sufficient to bring SRM deployment to a level where they gain. Accordingly,
the B1 countries benefit from inviting C countries to join and thus, preventing them from
losing under SRM deployment. In 2060, the pattern is slightly different because facing
stronger climate change and lower global optimal SRM deployment, most of the B1 countries
from 2050 are now described as A3 countries. Accordingly, when the coalition size increases
to include these three group of countries, A1, A2, and A3, we observe already a significant
reduction in global SRM deployment. Including now the A4 countries in the coalition, SRM
deployment increases again slightly. Accordingly, here the A4 countries have no incentive to
free-ride. In both points in time, only the grand coalition generates a total net gain in global
GDP, being therefore capable to compensate the losers.
While the grand coalition guarantees that SRM is only implemented if it results in global net
benefits, it must not necessary be the only equilibrium in a potential SRM coalition formation
game. For example, in 2060 a coalition consisting of the A and C countries, only taking into
account the preferences of coalition members, would decide on a level of SRM deployment
which is very close to the globally efficient level. However, assuming that the A4 countries
would leave the coalition, the weighting of preferences for and against SRM deployment
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would change such that the coalition would decide on no SRM deployment. Consequently,
again, there would be no incentive for the A4 countries to free-ride even though we have
classified them as free-riders in Section 3.2. The A1 countries would have an incentive to
keep the A4 countries in the coalition to answer the question how much SRM to do more in
their favor. Accordingly, these considerations suggest that the grand coalition is the most
plausible solution of a cooperative SRM coalition game with externalities.

4 Discussion
The influence of future GHG and SRM forcing on grid-cell temperature and precipitation is
uncertain. Both magnitude and pattern of the projected changes vary greatly (Collins et al.
2013): (i) by scenario (the RCP8.5 scenario selected here is at the upper end of what was
considered in the Intergovernmental Panel on Climate Change 5th assessment report, and so
far seems the most realistic), and (ii) by model (the GCM selected here for illustration –
HadCM3 – is a model with a climate sensitivity in the middle of the range simulated by
various models). Still, the applied estimates for grid cell change in temperature and
precipitation provide a reasonable representation of the regional variation in SRM’s
effectiveness to compensate GHG induced changes.
The estimation of the influence of temperature and precipitation on grid cell GDP by a crosssectional relationship has several limitations. In particular, the relationship may capture
historical process which would not be effective in future changing climate conditions (or at
least not at those timescales) (Dell et al. 2014). However, the grid cell-based approach is
essential to take into account the regionally imperfect compensation of greenhouse gas
induced changes in temperature and precipitation induced by SRM deployment (Moreno-Cruz
et al. 2012; Ricke et al. 2013). The grid cell approach can also be expected to be less
vulnerable to this omitted variable bias than estimations on the country level. Furthermore,
our approach is less concerned with interference than with predicting the impacts of changes
in temperature and precipitation. Accordingly, our estimation strategy was to minimize the
standard error of estimation. Omitted variable bias is in so far an issue as we might
overestimate the influence of temperature and precipitation (in particular in the short term).
Our estimated rather large changes in GDP from SRM deployment for some countries appear
to be implausible—just as the immediate implementation of the globally efficient level of
SRM. The associated rapid change in temperature and precipitation would cause (economic)
cost, suggesting that globally efficient SRM level would be rather approached optimally by a
smooth and gradually increasing deployment scenario (Keith and MacMartin 2015). These
considerations indicate that the results in our static decision framework (with the crosssectional calibration) should be interpreted rather qualitatively than quantitatively and that our
framework rather serves at identifying and illustrating the driving factors for country-specific
incentives. Furthermore, even though the magnitude of estimated changes can be questioned,
we believe that our major results about the influence of climate change adjusted growth rates
on the globally efficient level of SRM deployment, the classification of country-incentives,
and the identification and discussion of coalition participation gains provides robust insights.
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Nevertheless, a more comprehensive assessment requires a truly dynamic solution, accounting
for the cost associated with the rate of change in climate variables and the influence of SRM
on future GDP growth rate. In our static decision framework, we account for the historical
influence of climate change on GDP growth (up to the point in time when the SRM decision
takes places) but neglect the influence on future growth. Due to the sustained influence of
climate change on growth rates, particular countries would have strong incentives for SRM
deployment before the mid of the century, while other countries would have strong incentive
to delay SRM application.
In addition to aiming for a truly dynamic solution, it would be interesting to study the role of
further aspects in future work, which we have ignored in our analysis. First, climate variables
other than temperature and precipitation may play a role, including wind speed and direction,
cloudiness, or relation of diffuse to direct irradiation, all of which can affect sector-specific
economic activity and are expected to react differently to SRM deployment than compared to
increased GHG concentration (Tilmes et al. 2009, Huneeus et al. 2014, Proctor et al. 2018).
Second, we have restricted our analysis to changes in annual average temperature and
precipitation. In terms of economic activity it can be expected that the seasonal variability of
precipitation or the number of extreme hot and cold days has at least an equally strong
influence than changes in average values (Lesk et al. 2016). Again, extreme values and
variability are differently affected by SRM deployment than by increased GHG concentration
(Curry et al. 2014; Huneeus et al. 2014).
Third, we have neglected any extreme events like storms or hurricanes and impacts with
strong delay and therefore slow response time like sea-level rise. Deployment of SRM (via
SAI) could reduce tropical cyclone frequency (requiring northern hemisphere injection)
(Jones et al. 2017) or could reduce coastal flood risks from Atlantic hurricanes (Moore et al.
2015), creating potentially very different incentives for neighboring countries than those
derived from simply accounting for changes in mean temperature and mean precipitation. And
even though the deployment of SRM is expected to allow for a quick influence on
temperature, slowing or even reversing sea-level rise would require a much stronger and
earlier deployment than an deployment only concerned with influencing temperatures (Irvine
et al. 2012).
Fourth, our approach neglects any feedbacks arising from trade and price effects. In our
simply decision framework, countries like Canada and Russia would keep gaining from
climate change by moving the regional temperature closer to the optimum, even though there
would not be too many serious trading partners left in the rest of the world. Factoring in these
effects, the overall impact of climate change on countries’ GDP could very be different than
the one derived from the direct climate impacts within the country (Calzadilla et al. 2013,
Aaheim et al. 2015).
Fifth, we neglect indirect impacts of climate change, like for example changes in migration
and increased conflicts. Heat stress and droughts are expected to increase conflict risks and
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therefore potentially even civil war risk (Burke et al. 2015a) and (Maystadt and Ecker 2014)
and also effect directly and indirectly migration flows (Missirian and Schlenker 2017),
increasing the incentives for SRM deployment by climate change loosing countries beyond
those suggested from considering only direct changes in GDP.
Sixth, and finally, we neglect other impacts of SRM deployment affecting for example health
or simply the well-being of people. For example, deployment of SRM is expected to slow the
recovery of the ozone layer (Tilmes et al. 2009) and to reduce the occurrence of blue skies
(while at the same time increasing the number of colorful sunsets) (Robock et al. 2008). Both
climate change and any SRM deployment will also affect the biodiversity and various
ecosystem services. Sensible regions in this respect—like for example Antarctica or the
oceans—were even not part of our analysis, as there is no GDP in those grid cells. These
impacts also influence how people and therefore voters assess SRM and might therefore result
in very different country preference for SRM deployment than suggested by looking only at
economic impacts (Merk et al. 2015).
These further aspects may have significant influence on countries incentives, such that our
results should be interpreted with caution. Yet, these limitations are not necessarily bad news
for the SRM governance considerations derived from our analysis. The limitations could be
interpreted in such a way that the actual spread between the country-specific optimal levels of
SRM deployment is not as large as suggested by our analysis. In particular economic
feedbacks via trade in an increasingly globalized world make is less likely that countries only
seek to achieve an optimal regional climate without considering (to some extend) the impacts
of climate change on the rest of the world. Accordingly, a Pareto-improving level of SRM
deployment as suggested by Moreno-Cruz et al. (2012) could actually emerge in the future
even when accounting for climate change winners. The limitations could also imply the
country-specific preferences for SRM deployment are much more private information than
suggested by a climate-econometric approach. Mechanism like the Vickrey-Clarke-Groves
mechanism to obtain information about the true preferences for SRM deployment of countries
could then be an element of a global governance framework, providing also information how
much the country-specific preferences cost the rest of the world.

5 Conclusion
In his seminal paper on economic diplomacy of climate engineering, Schelling (1996)
identifies three major questions: i) what to do, ii) how much to do, iii) and who pays for it.
According to his view, “[] primarily the issue is who pays for it? And this is an old-fashioned
issue, we have dealt with it before” (p. 306).
Our analysis supports the view that the major question is instead how much (SRM) to do, as
the costs of SRM are primarily induced by under- or overprovision of SRM, and not so much
the direct costs of deployment. The difficulty in answering the question how much SRM to
apply arises in particular from the different preferences of countries regarding the global
climate. While some countries already consider today’s climate as too warm with respect to
their economic output, other countries are expected to gain economically in a warmer (future)
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climate. We combined information from earth system modelling on the influence of global
SRM on grid-cell temperature and precipitation, information on the influence of temperature
and precipitation on GDP at the grid-cell level, and information on climate change adjusted
GDP growth rates in a static decision framework to discuss in more detail the question how
much (SRM) to do, at different future years where the climate develops along RCP8.5. Given
the various uncertainties in our framework and the overall structural limitations arising from
aspects not included in our framework, our results, despite being quantitative, should be
interpreted with caution. Still, they provide relevant insights for the future debate on the
governance challenge associated with SRM deployment.
We conclude by highlighting four key insights. First, using climate change adjusted GDP
growth rates in our analysis, we find that without any near-term significant emission
reductions, SRM deployment appears to be more likely by the middle of the century. Without
any near-term emission reductions or mid-of-the century SRM deployment, the future
distribution of economic and thus also political weight might be very different from today’s
distribution.
Second, the economic incentives for many countries and in particular small island states are
not sufficient to make unilateral SRM deployment beneficial. The “Tuvalu Syndrome” is not
likely to materialize. With respect to the decision how much SRM to do, most influential are
the ‘swing’ states, i.e. those countries that currently face climate conditions close to optimal.
For this group of countries, small changes in temperature determine whether they remain
climate change winners or turn into climate change losers with significant implications for the
globally efficient level of SRM deployment.
Third, there exist strong incentives for countries to join a coalition in order to have their
preferences included in the decision about the globally efficient level of SRM deployment.
Countries which consider SRM deployment above a certain level or even at all as a public bad
have an incentive to join the coalition to prevent that too much SRM is applied. Countries
with a preference for strong cooling (high level of SRM deployment, e.g. India) and countries
with a preference for no cooling (no SRM deployment, e.g. Canada) gain most from being
part of the coalition.
Fourth, presuming that only a level of SRM deployment which provides global net benefit
appears likely to be implementable, the grand coalition appears to be a robust guess for the
solution of an SRM coalition game. Abstracting from the pure Nash equilibrium and
expecting some degree of cooperation and coordination under the logic of multilateralism,
future research on coalition games with externalities appears to provide an avenue for further
insights for the SRM governance challenge.
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Appendix A1: Estimation Results for Gross Cell Product
Dependent Variable: LN_GDP_MIO
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Method: Least Squares
Sample: 1 18841 IF D_ZEROGRID=0
Included observations: 16082
Weighting series: F1_NORD4
Weight type: Inverse standard deviation (EViews default scaling)
HAC standard errors & covariance (Bartlett kernel, Newey-West fixed
bandwidth = 13.0000)
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0.391109
0.516301
0.406918
0.447217
0.373879
0.457776
0.440839
0.821004
0.402101
0.395988
0.939026
0.379356
0.915722
0.449601
0.817046
0.417123
0.410515
0.393349
0.513476
0.089946
0.094703
0.074014
8.92E-06
4.83E-05
0.099085

6.016725
-2.281957
-4.862893
-8.044242
-1.836638
-5.152422
-3.124333
-0.831206
-6.78167
-3.617814
-3.638574
2.772826
0.330727
-1.764659
-5.477391
-3.139189
-9.321336
-3.87496
-4.402751
-4.619554
-9.58927
-7.266961
7.778873
2.404521
4.976644
4.170306
7.7679 0
27.72791
-6.89187
-4.250363

Weighted Statistics
R-squared
Adjusted R-squared
S.E. of regression
Sum squared resid
Log likelihood
F-statistic
Prob(F-statistic)
Wald F-statistic

0.618192
0.614258
1.612015
41361.77
-30415.35
157.1434
0
83.64945

Mean dependent var
S.D. dependent var
Akaike info criterion
Schwarz criterion
Hannan-Quinn criter.
Durbin-Watson stat
Weighted mean dep.
Prob(Wald F-statistic)

4.561244
2.66614
3.803053
3.881905
3.829126
0.637535
4.560228
0

Unweighted Statistics
R-squared
Adjusted R-squared
S.E. of regression
Durbin-Watson stat

0.629981
0.626168
1.577111
0.622036

Mean dependent var
S.D. dependent var
Sum squared resid

4.559587
2.579433
39590.03
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0
0.0225
0
0
0.0663
0
0.0018
0.4059
0
0.0003
0.0003
0.0056
0.7409
0.0776
0
0.0017
0
0.0001
0
0
0
0
0
0.0162
0
0
0
0
0

Appendix A2: Sensitivity of Globally Efficient SRM Deployment

Figure A2.1 Dependence of the Globally Efficient Level of SRM Deployment from the
Correction Factor at Different Points in Time. Each red, blue, and green dot displays the
solution to the static optimization problem of determining the global efficient level of SRM
deployment, given the degree of climate change experienced so far (which corresponds to RCP8.5 and
is shown in terms of GHG forcing by the gray dots) for the application of a perfect correction factor,
of a country-specific smearing factor, and without correction factor, respectively.
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Figure A2.2 Dependence of the Globally Efficient SRM Level from the Operational Cost in
2050. The figure shows the globally efficient level of SRM deployment (in W/m2) in 2050 for
three different cost estimates from the literature against increasing GHG concentration.

Appendix A3: Distribution of Countries in Figure 2 in the Years 2050 and
2060
A1

A2
A3
A4

2050
Australia, Brazil, Egypt, Hong Kong,
India, Indonesia, Mexico, Nigeria, Saudi
Arabia
Bangladesh

2060
Australia, Bangladesh, Brazil, Egypt,
Hong Kong, India, Indonesia, Mexico,
Nigeria
Philippines
China, Japan, United States
Algeria, Angola, Antigua and Barbuda,
Algeria, Angola, Antigua and Barbuda,
Argentina, Bahamas, Bahrain, Barbados, Argentina, Bahamas, Bahrain, Barbados,
Belize, Benin, Bolivia, Cameroon,
Belize, Benin, Bolivia, Cameroon,
Botswana, Brunei, Burkina Faso,
Botswana, Brunei, Burkina Faso,
Burundi, Cambodia, Cape Verde,
Burundi, Cambodia, Cape Verde,
Central African Republic, Chad,
Central African Republic, Chad,
Colombia, Comoros, Congo, Costa
Colombia, Comoros, Congo, Costa
Rica, Cote d’Ivoire, Cyprus, Democratic Rica, Cote d’Ivoire, Cyprus, Democratic
Republic of Congo, Djibouti,
Republic of Congo, Djibouti,
Dominican Republic, Ecuador, El
Dominican Republic, Ecuador, El
Salvador, Equatorial Guinea, Eritrea,
Salvador, Equatorial Guinea, Eritrea,
Ethiopia, Federated State of
Ethiopia, Federated State of
Micronesia, Fiji, French Polynesia,
Micronesia, Fiji, French Polynesia,
Gabon, Gambia, Ghana, Greece,
Gabon, Gambia, Ghana, Greece,
Grenada, Guatemala, Guinea, Guinea
Grenada, Guatemala, Guinea, Guinea
Bissau, Guyana, Haiti, Honduras, Iran,
Bissau, Guyana, Haiti, Honduras, Iran,
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Iraq, Israel, Jamaica,
Jordan, Kenya, Kuwait, Laos, Lebanon,
Liberia, Libya, Madagascar, Malawi,
Malaysia, Mali, Malta, Mauritania,
Mauritius, Morocco, Mozambique,
Namibia, Nepal, New Caledonia,
Nicaragua, Niger, Oman, Pakistan,
Panama, Papua New Guinea, Paraguay,
Peru, Philippines, Portugal, Puerto Rico,
Qatar, Rwanda, Samoa, Sao Tome and
Principe, Senegal, Sierra Leone,
Singapore, Solomon Islands, South
Africa, Spain, Sri Lanka, St. Kitts and
Nevis, St. Lucia, St. Vincent and the
Grenadines, Sudan, Suriname,
Swaziland,
Syria, Tanzania, Thailand, Togo, Tonga,
Trinidad and Tobago, Tunisia,
Turkmenistan, Uganda, United Arab
Emirates, Uruguay, Vanuatu,
Venezuela, Vietnam, West Bank and
Gaza, Yemen, Zambia, Zimbabwe
China, Italy, Japan, United States
Lesotho, Uzbekistan

Iraq, Israel, Italy, Jamaica, Jordan,
Kenya, Kuwait, Laos, Lebanon, Liberia,
Libya, Madagascar, Malawi, Malaysia,
Mali, Malta, Mauritania, Mauritius,
Morocco, Mozambique, Namibia,
Nepal, New Caledonia, Nicaragua,
Niger, Oman, Pakistan, Panama, Papua
New Guinea, Paraguay, Peru, Portugal,
Puerto
Rico, Qatar, Rwanda, Samoa, Sao Tome
and Principe, Saudi Arabia, Senegal,
Sierra Leone, Singapore, Solomon
Islands, South Africa, Spain, Sri Lanka,
St. Kitts and Nevis, St. Lucia, St.
Vincent and the Grenadines, Sudan,
Suriname, Swaziland, Syria, Tanzania,
Thailand, Togo, Tonga,
Trinidad and Tobago, Tunisia,
Turkmenistan, Uganda, United
Arab Emirates, Uruguay, Vanuatu,
Venezuela, Vietnam, West Bank and
Gaza, Yemen, Zambia, Zimbabwe
B1
Uzbekistan
B2
Albania, Azerbaijan, Croatia, Lesotho,
South Korea, Turkey
C
Albania, Armenia, Austria, Azerbaijan,
Armenia, Austria, Belarus, Belgium,
Belarus, Belgium, Bhutan,
Bhutan,
Bosnia&Herzegovina, Bulgaria, Canada, Bosnia&Herzegovina, Bulgaria, Canada,
Chile, Croatia, Czech Republic,
Chile, Czech Republic, Denmark,
Denmark, Estonia, Finland, France,
Estonia, Finland, France, Georgia,
Georgia, Germany, Greenland, Hungary, Germany, Greenland, Hungary, Iceland,
Iceland, Ireland, Kazakhstan,
Ireland,
Kyrgyztan, Latvia, Lithuania,
Kazakhstan, Kyrgyztan, Latvia,
Luxembourg, Macedonia, Moldova,
Lithuania, Luxembourg, Macedonia,
Mongolia, Netherlands, New Zealand,
Moldova, Mongolia, Netherlands, New
Norway, Poland, Romania, Russia,
Zealand,
Serbia and Montenegro, Slovakia,
Norway, Poland, Romania, Russia,
Slovenia, South Korea, Sweden,
Serbia and Montenegro, Slovakia,
Switzerland, Tajikistan, Turkey,
Slovenia, Sweden, Switzerland,
Ukraine, United Kingdom
Tajikistan, Ukraine, United Kingdom
Table A3.1: Distribution of Countries across Incentive-Areas in the year 2050 and 2060.
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