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Abstract:
The planetary boundary framework constitutes an opportunity for decision makers to define climate
policy through the lens of adaptive governance. Here, we use the DICE model for analyzing the set of
adaptive climate policies that comply with the two planetary boundaries on climate change: 1) staying
below a CO2 concentration of 550ppm until 2100 and 2) recovering 350ppm in 2100. Results enable
decision makers to assess the following milestones: 1) a minimum of 33% reduction of CO2 emissions
by 2055 in order to stay below 550ppm by 2100 (this milestone goes up to 46% in the case of delayed
policies, emphasizing the need to define a trajectory target instead of single point target); and 2)
carbon neutrality and the effective implementation of innovative geoengineering technologies (10% of
negative emissions) before 2060 in order to recover 350ppm in 2100, under the assumption of getting
out of the baseline scenario without delay.
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1 Introduction 6 

Nine planetary boundaries have been previously defined (Rockström et al. 2009; Steffen et al. 2015) 7 

within which we expect that humanity can operate safely. One of these planetary boundaries 8 

addresses the issues of climate change through two thresholds based on the CO2 concentration in the 9 

atmosphere (Rockström et al. 2009; Steffen et al. 2015) (Figure 1) instead of thresholds based on 10 

temperature increase. Indeed, temperature increase is directly connected to the CO2 concentration in 11 

the atmosphere and the radiative forces, but many uncertainties rely on the effective impact of CO2 12 

concentration on the temperature increase, in terms of slow feedback such as the decrease of ice 13 

cover area or changes in the vegetation distribution (Rockström et al. 2009). Moreover, cooling the 14 

atmosphere will not reverse the ocean acidification affecting biodiversity loss (Jackson 2008; 15 

Nagelkerken et al. 2016): therefore, instead of a temperature objective, the planetary boundary on 16 

climate change relies on a climate objective based on CO2 concentrations. Experts (Rockström et al. 17 

2009; Steffen et al. 2015) suggest that “the planet was largely ice free until atmospheric CO2 18 

concentrations fell to 450 ppm (  100 ppm), indicating a danger zone when concentrations of CO2 19 

rise within the range of 350 – 550 ppm” (Hansen et al. 2008).Therefore it yields two thresholds: 350 20 
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ppm under which the system is considered safe and 550 ppm above which there is a consensus about 21 

catastrophic effects in terms of loss of polar ice sheets or freshwater supplies (Hansen et al. 2008). 22 

Despite some criticism of this concept (Lewis 2012; Jaramillo and Destouni 2015), the planetary 23 

boundary framework is valuable for designing climate policy through the lens of adaptive governance 24 

in order to keep the earth within the safe operating space (Galaz 2012). In view of these planetary 25 

boundaries, we seek to analyze the characteristics of the pathways that comply with them and to 26 

extract milestones for integrating them in future climate policy design. In terms of future pathways, 27 

the fifth IPCC’s report (AR5) shows that there are a variety of options to limit climate change (IPCC 28 

2014), some of which will maintain the system within the safe operating space. However, the more 29 

we advance in time, the more this variety of options erodes, especially as governments struggle with 30 

a world agreement on the reduction of CO2 emissions (Friman and Hjerpe 2015), yielding a tricky 31 

balance between the policy lag for reducing greenhouse gas emissions (it is not possible to 32 

immediately reduce all CO2 emissions) and the lag of global warming (without additional greenhouse 33 

gas from 2000 to 2100, the atmosphere temperature will increase of 0.6°C (Kerr 2007)). For 34 

assessing and evaluating the different policy options and the impact on such lags on the climate, both 35 

IPCC and policy-makers use integrated assessment models (IAMs) for helping them in their 36 

decision-making process (Van Vuuren 2011; Tavoni, M. et al. 2015). Many IAMs are used for 37 

optimizing climate policy by maximizing the discounted sum of utilities for the coming hundreds of 38 

years (Roughgarden and Schneider 1999; Wei et al. 2015) despite the fact that these optimal 39 

trajectories remain contestable because of the uncertainties of parameters in the long-term (Ackerman 40 

et al. 2009; Pyndick 2013). In addition, the baseline scenario has continually matched the reality for 41 

the past 20 years (Alcamo et al. 1996) making these optimal trajectories uncredible. In line with the 42 

planetary boundary framework, rather than computing the optimal policy timeline for the coming 43 
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decades, we focus on the set of sustainable adaptive pathways that enable the earth to stay within the 44 

safe operating space. More specifically, we seek to identify critical boundaries in terms of time (i.e., 45 

how long can we postpone efficient world agreement?) and in terms of policy (i.e., what are the 46 

minimal measures for not crossing planetary boundaries on climate change?). 47 

 48 

2 A set of adaptive pathways instead of preset optimal ones for complying with planetary 49 

boundaries 50 

Both scholars and climate policy makers are continuously grappling with how to integrate 51 

uncertainties into their decision-making processes (Rogelj et al. 2013; Kunreuther et al. 2013; 52 

Meinshausen et al. 2009; Rogelj et al. 2012). In this context, decision makers need tools that enable 53 

flexible and adaptive options (Lempert et al. 1996) for staying in the safe operating space, especially 54 

for climate change that is subjected to a diversity of uncertainty (Ackerman et al. 2010). Such an 55 

adaptive approach yields a range of acceptable outcomes while avoiding irreversible negative effects, 56 

defined here by the planetary boundaries on climate change. Considering adaptive policy and 57 

satisfying constraints (like the planetary boundaries) in order to stay within a given set (like the safe 58 

operating space) may be addressed by different approaches such as the tolerable windows approach 59 

(TWA) (Petschel-Held et al. 1999) that consider all possible options from a given initial state. For 60 

addressing this issue, we use a similar approach, viability theory (Aubin 1991; Rougé et al. 2013), 61 

which considers a set of initial states and that computes policy options according to the states of the 62 

system, resulting in policies that are adaptive to the world’s states even if the states are not reachable 63 

with current initial conditions, which is relevant for defining climate policies where the future 64 

remains more than uncertain. This method works backwards from specified constraints and enables 65 

us to find all policy options that comply with these constraints. This method gives traction mainly for 66 
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managing environmental systems within an acceptable range (Mathias et al. 2015; Béné et al. 2001). 67 

In our context, this acceptable range is based on the planetary boundaries (Rockström et al. 2009; 68 

Steffen et al. 2015): we therefore consider them in our analysis for providing some new insights on 69 

the trade-off between policy lags and climate lags according to these thresholds in terms of adaptive 70 

policies. In what follows, we use the basic processes of the DICE (Nordhaus 1992; Nordhaus 1993; 71 

Nordhaus 2000) model (2013R) for modeling the dynamics of 6 state variables with a time step of 5 72 

years (see Annex A for mathematical details). The 6 variables include the increase of temperatures in 73 

the atmosphere and in the ocean, a carbon stock in the atmosphere )(tM AT , a carbon stock in the 74 

ocean )(tMUP
, the world capital stock and the CO2 emission control rate )(t . Policy options rely 75 

on two controls (as the DICE model, see Annex A for mathematical details): the reinvestment rate of 76 

the gross world product (GWP) in the world capital stock as well as the relative increase )(t  77 

(every 5 years) of CO2 emission reduction rate )(t  defined as follows: 78 

 ))()(1(=1)( ttt    (1) 79 

With )(tµ  in [0;1] and )(t  in [0;
max

 ]. The value of 
max

  constitutes the capacity of to act 80 

toward reducing CO2 emissions. 81 

 82 

3 The carbon neutrality for staying below 550 ppm until 2100 83 

3.1 Understanding how viable options erode with time  84 

We analyze all combinations of the world states from 2010 and 2100 for highlighting what are the 85 

adaptive policies, according to each state, that enable the planetary system to stay below 550 ppm 86 

until 2100. Computations (see Annex A for mathematical details) give us all viable states according 87 

to time. For representing the results, and due to the number of variables (6 world state variables and 2 88 

controls), we analyze the most influential variables on the viability of the system through the 89 
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computation of Sobol indices (see Figure 2 and Annex A for mathematical details). As can be 90 

expected, the most significant variables for the viability of the system are the emission reduction rate 91 

)(t  and the carbon stocks )(tM AT  and )(tMUP
 in the atmosphere and in the upper part of the 92 

oceans. Therefore, it is necessary to monitor these stocks in order to derive adaptive climate policies 93 

with the objective of not crossing the planetary boundary. Note that the economic variable (the world 94 

capital stock) is the fourth most important variable (CO2 emission is connected to economy). The 95 

more we advance in time, the more the carbon stock index increases (value tripled between 2010 and 96 

2060)—unlike the emission control rate, it is easier to control the carbon stock earlier than later. 97 

Moreover, the second order Sobol index 
AT

MS  increases with time reflecting that the effect of the 98 

emission control rate µ clearly depends on the amount of carbon MAT in the atmosphere. The set of 99 

viable states that complies with the planetary boundary of 550ppm is represented in Figure 2 100 

according to the time and the three most important parameters with a capacity of acting 
max

 =1 (see 101 

Annex A for mathematical details). The minimum value of the emission reduction rate (for any state 102 

of the world) increases with time to 0.8 in 2060 (in the case of a value of the CO2 concentration in the 103 

atmosphere close to 550 ppm in 2060). The main idea here is that even if the viable set is significant 104 

now, this set shrinks considerably according to time. However, this shrinking clearly depends on the 105 

capacity of acting 
max

 . If we consider the viable states in 2010, results show an inevitable trade-off 106 

between immediate reduction and progressive reduction according to time (we need an immediate 107 

emission reduction rate around 33% for 
max

 =0.2). Therefore, regardless of the climate policies, 108 

considering an immediate massive reduction of CO2 emissions rather than a progressive reduction of 109 

CO2 emission will give more options for the future. In Figure 2, the number of viable states 110 

(expressed in % according to the analysis set) that comply with the planetary boundary of 550 ppm is 111 
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represented for different values of this capacity of acting 
max

 . The higher the capacity of acting, the 112 

higher the viability of the system but the difference between 
max

 =0.4 and 
max

 =0.2 is more 113 

significant than the difference between 
max

 =0.4 and 
max

 =1; therefore, under a capacity of acting 114 

max

 =0.4, it is more difficult to maintain the CO2 concentration under 550 ppm. In addition, the 115 

viability of the system decreases until 2075-2080; if the CO2 concentration is below 550 ppm around 116 

these dates, it is then easier to keep this concentration until 2100 because the maximum peak has 117 

been limited and the main efforts were done. 118 

 119 

3.2 Effect of delayed policies 120 

Although we have followed the baseline scenario for decades, governments are still struggling with a 121 

world agreement. We therefore seek to analyze the effect of delayed policies. We integrate the 2010 122 

initial conditions in our analysis for assessing all possible pathways from the 2010 data (2010 123 

scenario) and from two delayed policies scenarios (2025 and 2035 scenarios, see Figure 1). Figure 3 124 

represents all future possible states in terms of CO2 concentration, emission reduction rate and in 125 

terms of relative difference 
dQ (t) of GWP according to the gross world product of the baseline 126 

scenario )(tGWPBS , defined as follows: 127 

 
)(

)()(
=)(

tGWP

tGWPtGWP
tQ

BS

BS

d


 (2) 128 

All scenarios consider carbon neutrality by 2090 unlike 2060 for the temperature-limited scenario 129 

and 2235 for the "‘baseline"’ scenario (see Figure 3). For the 2010 scenario, it is necessary to reach 130 

an emission control rate equal to 33% (at least) in 2055, which constitutes a minimum milestone for 131 

future climate policy design. The CO2 concentration of these futures is not very close to the threshold 132 
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of 550 ppm by 2100 because the main concern is to limit the carbon peak between 2050 and 2090. 133 

This peak can be reduced to 440 ppm (respectively 495 and 538 ppm) for the 2010 scenario 134 

(respectively for the 2025 and 2035 scenario). If effective policies are delayed, the peak will be very 135 

close to 550 ppm despite greater efforts. The mean increase of emission reduction rate is equal to 136 

71% for the 2035 scenario (respectively 61% for the 2010 scenario) for a minimum CO2 137 

concentration in 2100 around 455 ppm (respectively around 375 ppm for the 2010 scenario); 138 

therefore, efforts are greater for a worst result. In addition, the milestone “33% in 2055” becomes 139 

“46% in 2055” because of the lag in CO2 peak showing the necessity to think of climate target in 140 

terms of trajectories and not in terms of single points, the latter being meaningless in the case of lag 141 

systems such as climate dynamics. Moreover, there is a risk that additional efforts will not be 142 

possible in practice since it is always more difficult to reach major agreements in order to provide 143 

significant efforts despite the emergency of the situation (see for instance Copenhagen climate talks 144 

in 2009). It is therefore essential to begin immediately, as delay will be costly in terms of achieving 145 

the climate stabilization goals (Luderer 2013; Jakob et al. 2012). Note that if efficient climate policies 146 

are postponed after 2035, the planetary boundary will be crossed in all cases. 147 

 148 

Results show that the GWP in 2100 is higher (for all scenarios) than the GWP in the baseline 149 

scenario because the main available options rely on early total reduction of CO2 emission (66% of the 150 

pathways exhibit a complete reduction of CO2 emission in 2055 for the 2010 scenario), involving a 151 

relative decrease of GWP in the first years before an increase of this relative difference of GWP from 152 

2060. It follows that the economy will increase faster than the economy of the baseline scenario in 153 

the long term due to the benefits from not having climate change. Besides, in the first years, there is a 154 

negative impact to implementing emission reduction (yielding a lower CO2 concentration) whereas 155 
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this impact is positive by 2100 (see Supplemental Figure 1). This relationship as well as the sign of 156 

dQ  change around 2075; therefore, we should expect economic benefits only after this date. 157 

 158 

4 Negative emissions for recovering 350 ppm in 2100 159 

Having a concentration of 350 ppm corresponds to the climate planetary boundary considered as 160 

"‘safe"’ in terms of risks for the earth (Rockström et al. 2009; Steffen et al. 2015). Many ecological 161 

systems have experienced the effects of crossing this value, such as coral reefs for which mortality 162 

increases beyond this value (Veron et al. 2009). Therefore, we study the states, and the associated 163 

climate policies, by which the boundary of 350ppm is complied with. Regarding the previous 164 

trajectories above, there is no trajectory that enables the recovery of 350 ppm in 2100 from the 2010 165 

initial conditions. For complying with this objective, we have doubled and tripled the capacity of 166 

acting ( 2=max

  and 3) without success, even with carbon neutrality by 2025 (see Supplemental 167 

Figure 2, the “optimistic” case). Moreover, results show (see Supplemental Figure 2) that doubling 168 

(or tripling) the capacity to act toward reducing CO2 emission will provide a gain around 20 ppm in 169 

2100 because the climate lag makes it difficult to decrease CO2 concentrations in the atmosphere 170 

below 350 ppm. The maximum peak of CO2 is as important as the emission control rate (Arnell et al. 171 

2013; Tavoni et al. 2015) as shown by the minimum peak that reaches 440 ppm in 2035 for 1=max

  172 

against 420 ppm in 2025 for 2=max

 . For reaching this objective, it has been shown that beyond 173 

our capacity of reducing CO2 emissions, alternatives rely on climate engineering in order to have 174 

negative emissions (Barrett et al. 2015; Lomax et al. 2015; Smith et al. 2015). We therefore consider 175 

here negative emissions by allowing the emission reduction rate µ(t) to be higher than 1, i.e. we allow 176 

10% of negative emissions. This maximum limit for negative emissions is still being debated in the 177 

community varying from 10 to 30 GtCO2/year (Tavoni and Socolow 2013). We decided to be cautious by 178 
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choosing 10% of the emissions in order to have an increasing maximum of negative emissions around 10 179 

GtCO2/year in 2100. The cost of negative emissions is a topic that is also still being debated (from $10 to 180 

$1000 GtCO2(Tavoni and Socolow 2013)). We therefore consider that negative emissions have the same costs 181 

of the abatement costs. Results (see Figure 4) show that it is necessary to completely reduce CO2 182 

emissions and to implement geoengineering technologies (µ(t)=1.1) before 2075. After this date, it is 183 

not possible to bounce back to 350 ppm by 2100. Between 2045 and 2065, the relative difference of 184 

net output is negative in all cases since economic efforts are critical for complying with this planetary 185 

boundary by 2100. The date from which negative emissions are effectively introduced significantly 186 

influences the results. For instance, if we focus on the trajectories that consider negative emissions 187 

only from 2075, carbon neutrality has to be reached by 2050 (see Figure 4, orange area). Indeed, 188 

delaying the introduction of such technologies after 2060 considerably reduces the number of viable 189 

pathways for recovering 350 ppm. Therefore, having 10% of negative emissions and the carbon 190 

neutrality in 2060 constitutes a milestone for the planetary boundary of 350 ppm in 2100. Moreover, 191 

so that this milestone will be relevant, it is necessary to get out of the baseline scenario by 2020 (see 192 

Figure 4). 193 

 194 

5 Implications for climate policy design 195 

Even if the sensitivity of our results to key assumptions on the implementation of geoengineering 196 

technologies, effective abatement and damage costs should make us cautious about translating our 197 

quantitative results into decision-making process, this sensitivity can be used to help determine where 198 

we should invest in learning and gathering information. However, beyond our quantitative 199 

conclusions, our approach may contribute not only towards mapping out all possible options and all 200 

possible future trajectories but also towards investigating a wider set of views for designing climate 201 

policies, for supporting both CO2 emission reduction and the development of breakthrough 202 
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geoengineering technologies in order to keep the planet within the safe operating space. Table 1 203 

shows the different windows of opportunity according to the planetary boundaries, these windows of 204 

opportunity being narrower over time. Although efforts need to increase with time in the case of 205 

delayed climate policy, the main result identifies the requirement of the carbon neutrality in 2090 (at 206 

least) for staying under 550 ppm. Recovering the safe planetary boundary of 350 ppm in 2100 207 

requires such efforts in terms of CO2 emissions reduction that this is not a credible target if this 208 

objective is only based on the reduction of CO2 emissions. For bouncing back to 350 ppm in 2100, 209 

our results emphasize the urgency of the situation and the need to: 1) not delay efficient policies for 210 

navigating away from the baseline scenario; and 2) develop and implement geoengineering 211 

technologies enabling both carbon neutrality and negative emissions with a recommendation of 10% 212 

of negative emissions before 2060. Reaching this objective of 10% of negative emissions requires the 213 

development of new strategies based on innovative geoengineering technologies that can be effective 214 

in the short term (Kriegler at al. 2014). Whereas solar radiation management (SRM) may provide a 215 

very short-term solution for low cost cooling of the atmosphere, this technology may have a limited 216 

effect on ocean acidification (Matthews et al., 2009)  and may lead to major political conflicts 217 

(Barrett et al. 2015). The carbon capture and storage (CSS) (Azar et al. 2006; Huaman and Jun 2014) 218 

or the carbon dioxide removal (CDR) (Turkenburg 1997; Merkel et al. 2010) technologies may 219 

decrease the CO2 concentration by holding the current CO2 from the atmosphere (Leung et al. 2014) 220 

but these technologies are expensive and are not effective today at the global scale. Moreover, even 221 

though CSS and CRD (and also SRM) are promising, it is important to not consider all 222 

geoengineering measures as equivalent to CO2 emission reduction (Pielke 2009). In all cases, a break 223 

in the growth of CO2 emissions is immediately required for facing climate challenge, and ocean 224 

acidification (Friedlingstein et al. 2014; Mathesius et al. 2015). Beyond these specific results, it is 225 
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necessary to derive adaptive indicators—as those we propose in Table 1—in order to fulfill the need 226 

for indicators for facilitating the design of climate policy (Hák et al. 2016) and to face social and 227 

political uncertainties inherent to climate decision process. These indicators have to be dynamical 228 

and adaptive by using pathway-based targets instead of single point targets at a given time, the latter 229 

being meaningless in case of social or political delays. 230 

 231 
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 359 

Fig. 1 Climate change and planetary boundaries, inspired from Steffen et al 2015. We use the planetary 360 
boundary (Rockström et al 2009; Steffen et al 2015) on climate change: a CO2 concentration of 550 ppm as an 361 

objective for 2100 and a concentration of 350 ppm for 2100. The temperature-limited scenario, based on 362 
Copenhagen conference, complies with this planetary boundary. The "2010" scenario uses as initial point the 363 
baseline scenario in 2010. The "2025" and "2035" scenarios starts respectively in 2025 and in 2035 using the 364 

baseline scenario as initial conditions  365 
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 366 
 367 

 368 
 369 

 370 
 371 

Fig. 2 Viable states that comply with the planetary boundary of 500ppm until 2100. Sobol indices assess the 372 
most important state variables on the viability of the system. The more we advance in time, the more the 373 

carbon stock index increases, unlike the emission control rate, because it is easier to control the carbon stock 374 
earlier than later. The most important variables (according to Sobol indices) are the emission control rate 375 

)(t , the carbon stocks in the atmosphere ATM  and the carbon stocks in the upper oceans 
UPM . The 376 

capacity of reducing CO2 emissions, represented by 
max

µ , limits the viability of the system 377 

  378 
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 379 

 380 

381 

 382 
Fig. 3 The impact of delayed policies on CO2 concentrations, emission reduction rate and relative GWP 

dQ . 383 

The set of trajectories of the 2035 scenario is included in the 2025 set which is included in the 2010 set. One 384 
random trajectory is also represented for each scenario. Note that the optimal pathway (from the 385 

temperature-limited scenario) expects an immediate reduction of CO2 emissions  386 
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387 

 388 

 389 
Fig. 4 Recovering 350ppm in 2100. Considering negative emissions (µmax=1.1 instead of 1) yields more 390 

flexibility and more options for reaching 350ppm. However, if the implementation of climate engineering 391 
technologies is delayed to 2075 (orange area), carbon neutrality is necessary by 2050  392 
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 393 
 Milestones 

550ppm in 2100  

2010 scenario 33% of emission control rate in 2055 

2025 scenario 35% in 2055 (+2%) 

2035 scenario 46% in 2055 (+13%) 

Temperature limited scenario 95% in 2055 (+62%) 

350ppm in 2100  

Reference case (
max

µ =1) No solution (375ppm in 2100, optimistic case) 

Tripling efforts of emissions reduction (
max

µ =3) No solution (355ppm in 2100, optimistic case) 

Climate engineering  

(
max

µ =1 and 0.1 of negative emissions) 

Carbon neutrality and effective geoengineering 

technologies are implemented before 2060 

 394 
Table 1 Main milestones for complying with the planetary boundaries on climate change in 2100. 395 

  396 
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Annex A: 397 
 398 

“Mathematical details of the DICE model and the viability theory” 399 
of 400 

“On our rapidly shrinking capacity to comply with the planetary boundaries on climate change “ 401 

Jean-Denis Mathias1,2★, John Marty Anderies2,3,4, Marco Janssen2,4 402 

1 DICE model (2013R) 403 
Main equations of the DICE (2013) model are recalled here. )(tE  is the CO2 emissions of carbon per year, 404 

composed of industrial emissions )(tEind
 and emissions from land-use changes )(tEland

: 405 

 )()(=)( tEtEtE landind   (3) 406 

 407 
Emissions from land-use changes )(tEland

 writes: 408 

 409 
 )1)(1(=)(

land
Elandland tEtE   (4) 410 

 411 
Industrial emissions )(tEind

 writes: 412 

 413 

 
  1)()()())()(1(=)( tLtKtAtttEind  (5) 414 

 415 
)(t  is the estimate of the baseline carbon intensity: 416 

 417 

 

























1

1)(
=)(

)](1)[1(=)(

tg
tg

tgtt

 (6) 418 

 419 
)(t  corresponds to the emissions-reduction rate. The latter will constitute one of our controls (see next 420 

section "adaptive policy"). )(tA  constitutes the total factor productivity: 421 

 422 

 














A

A
A

A

tg
tg

tgtAtA

1

1)(
=)(

)](1)[1(=)(

 (7) 423 

 424 
The function )(tL  represents the population as well as the labor inputs. We take the trajectory of )(tL  with 425 

the UN medium trajectory (11 213 millions in 2100). The capital stock writes as: 426 
 427 
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 1)()(11)(1)(=)(  tKtQtItK k  (8) 428 

 429 
1)( tI  represents the reinvestment rate from the net economic output 1)( tQ . 1)( tI  represents one of 430 

our two controls (see next section “adaptive policy”). The global net output writes: 431 
 432 

  



 1)()()(
)(1

)(1
=)( tLtKtA

t

t
tQ  (9) 433 

 434 
The function )(t  represents climate damages:  435 

 436 
 2

21=)( ATAT TTt    (10) 437 

 438 

ATT  represents the mean surface temperature. The function )(t  represents the abatement costs:  439 

 2
1 )()(=)(


 ttt  (11) 440 

 441 
The abatement cost function coefficient )(1 t  writes: 442 

 443 

 
2

1
1000

)()(
=)(






ttB
t

p

 (12) 444 

 445 
with )(tB p  the backstop price ($1000 per tons of CO2):  446 

 447 
 )1)(1(=)( B

pp tBtB   (13) 448 

 449 
The atmospheric temperature )(tTAT  (degree celsius above 1900) and the deep temperature of oceans 450 

)(tTLO
 interact as follows: 451 

 452 
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 (14) 453 

 454 
Variations in temperature depend on the change in total radiative forcings )(tF  of greenhouse gases since 455 

1750:  456 

 )()
(1750)

)(
(=)( 2 tF
M

tM
logtF ext

AT

AT   (15) 457 

 458 
)(tFext

 represents exogenous forcings: 459 

 460 

 2000))(0.01(=)( 200021002000  tffftFext  (16) 461 

 462 
where 2000f  are 2000 forcings, non-CO2 GHG and influences and 2100f  are expected 2100 forcings, 463 

non-CO2 GHG and influences. Finally, the variables )(),( tMtM UPAT
 and )(tM LO

 represent carbon in the 464 

atmosphere, carbon in a quickly mixing reservoir in the upper oceans and the biosphere, and carbon in the 465 
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deep oceans. Carbon flows in both directions between adjacent reservoirs: 466 
 467 
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 (17) 468 

 469 
Values of the parameters are described in Table A1. 470 

 471 
2 Adaptive policy. We consider a time horizon of 2100 with a time step of 5 years, with 2010=0t . As 472 

explained before, we suppose that policy-makers monitor the CO2 concentration in the air and the state 473 
variables defined in Table A1. We use the thresholds defined by the planetary boundary, that is, staying under 474 
550 ppm and recovering 350 ppm. We suppose that policy-makers may change the savings rate )(tI  by 475 

choosing a value (at each time step) ranging in [0.2366;0.2592]. These limit values corresponding to the 476 
minimum and maximum values found in the baseline and the limited-temperature scenarios in the DICE 477 
model. We also consider that policy-makers may influence the emission reduction rate )(t . 478 

 479 
 ))()(1(=1)( ttt    (18) 480 

 481 

with )(t  in [0;1] and )(t  in [0;
max

 ]. The value of 
max

  constitutes the capacity to act toward 482 

reducing CO2 emissions. The mean value of )(t  is around 0.4 for the temperature-limited scenario. In 483 

order to have enough flexibility around this mean value, we fix the reference value of the capacity of acting 484 
max

  to 1, i.e. the value may double every 5 years. Note that this value is specifically analyzed on Figure 2. 485 

We consider )(tM LO
 as a forcing equation: simulations show that whatever the policy, it does not influence 486 

the carbon stock in deeper oceans at time horizon 2100. We have therefore 6 dimensions (487 
)(),(),(),(),(),( ttMtMtTtTtK UPATLOAT  ) and 2 controls (   and )(tI ). We consider 11 uniformly 488 

distributed values of the state variables and of the controls. 489 
 490 
3 The viability theory. The viability theory (Aubin 1991) aims to preserve desired properties (denoted K) of a 491 
dynamical system. In the viability framework, controls are explicit and not fixed beforehand. Instead, the goal 492 
is to find relevant management strategies (not necessarily “optimal” according to a certain criterion) that will 493 
maintain the system into its state constraints K . In discrete time, this means that at each time step, there is a 494 
set of possible controls that one must choose from. Noting in general Xxt   the state of the system at date 495 

t  and Uut   its controls, a typical controlled discrete-time dynamical system can be written as:  496 

 497 
  ttt uxgx ,=1

 (19) 498 

 499 

tu  is a vector that may contain several control variables. One objective of the viability theory is to determine 500 

the states of K  for which the dynamics can keep the system properties – here the planetary boundaries on 501 
climate change. This objective is achieved through management strategies 

tu  associated to any date t  and 502 

to any state x . In the DICE model, these controls are   and )(tI . Under the framework of the viability 503 

theory, the set of all the states for which there is a control strategy such that the earth can be maintained at all 504 
times inside the planetary boundary is called the "viability set” or the "viability kernel" )(KViab . The 505 

viability kernel )(KViab  is composed of all initial states of systems for which there is at least a sequence of 506 
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action policies 
tu  which influences the evolution of 

tx  at time t  and allows the system to stay in this 507 

same viability kernel. In discrete time, it can be formally defined as the set of initial states for which there 508 
exists a trajectory that does not leave K :  509 
 510 

  KxtgxtftKxKViab ft  ),(=0,,0,>|=)( 00  (22) 511 

 512 
Within the viability kernel, the system is maintained in a desirable state for so long as it is not disturbed—it is 513 
the set of all the viable states. The computation of a viability kernel also yields the set of controls that maintain 514 
the system, which are called the viable controls. For the calculation, the Saint-Pierre’s algorithm (Saint-Pierre 515 
1994) has been used. In our context, we have only one constraint (on CO2 concentrations), the other 516 
dimensions being not constrained. However, we have to limit the range of our analysis. We choose a range of 517 
analysis delimited by the minimum and maximum values of the baseline and temperature-limited scenarios. 518 
From the range of analysis, it is necessary to define a range for the viability computations in order to assess the 519 
viability of the states within the analysis range. The assessment of the computation range consists in finding all 520 
states reachable from the analysis range. Table A2 presents both ranges and comments about the range of the 521 
viability computations. For each control and each state variable, we consider 11 uniformly distributed values 522 
with a time step of 5 years. It is important to note that we consider all options in a deterministic way, i.e., we 523 
do no assumptions on the probability distribution of the different options. Considering all possible options 524 

cannot be addressed directly. For instance, we consider nearly 11
6
 states of the world and 1111 policy 525 

options for each time step yielding 3.10
37

 (( 1811)11 ) policy options between 2010 and 2100 (18 time steps 526 

of 5 years). For Figure 3 and 4, 10000 simulations were done from the 2010 initial conditions and for each 527 
scenario. 528 
 529 
4 Sobol indices. Sobol indices were calculated from the range analysis defined above. Considering a model 530 

Y=f(X), first-order indices iS  of variable iX  writes as follows: 531 

 532 

  
)(

=
YVar

XYEVar
S

i

i  (23) 533 

 534 

and the second-order indices 
jiS

,
 of variables iX  and jX  are: 535 

 536 

        
)(

,
=

YVar

XYEVarXYEVarXXYEVar
S

jiji

ij


             (24) 537 

 538 

In our case, the variables iX  are represented by the 6 state variables (carbon stocks and temperatures in the 539 

ocean and the atmosphere as well as the capital stock and the emission control rate) and the variable Y 540 
represents the viability of the system. The most important variables are the emission control rate )(t , the 541 

carbon stocks in the atmosphere ATM  and in the upper oceans 
UPM . Then, then the viable sets of Figure 2 542 

have been plotted through these variables and the other dimensions have been fixed according to their values 543 
in the baseline scenario. 544 
 545 
References 546 
 547 
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 550 
Variable Type Name Unit Value 

)(tE  Output Total CO2 emissions Giga tons of CO2 per year (2010)E = 31.4 

)(tEland
 Forcing equation CO2 emissions due to land-use 

changes 
Giga tons of CO2 per year (2010)landE = 1.54 

)(t
land

E  Parameter Decrease of CO2 emissions due to 
land-use changes 

per 5 year 0.2 

)(tEind
 Output Industrial CO2 emissions Giga tons of CO2 per year (2010)E = 29.860 

  Parameter Elasticity - 0.3 

)(t  Forcing equation Estimate of baseline carbon 
intensity 

tons of CO2 per 1000$ (2010) = 0.489 

)(tg
 Forcing equation rate change of carbon intensity % of change per year (2015)g = -1 

  Parameter parameter of 
g  % of change per 5 years -0.1 

)(t  State variable Emissions-reduction rate % of change per 5 years 3.9=(2010)  

)(t  Control Variation in emissions-reduction 

rate )(t  

- [0-
max

 ] 

)(tA  Forcing equation Total factor productivity - (2010)A = 3.8 

)(tgA  Forcing equation rate change of total factor 
productivity 

% of change per 5 year (2015)Ag = 7.9 

A  Parameter Parameter of Ag  % of change per 5 years 0.6 

)(tL  Forcing equation World population size million (2010)L = 6838 

)(tK  State variable World capital stock trillion of 2005 $ (2010)K = 135 

k  Parameter Depreciation rate of the world 
capital stock 

% of change per year 10 

)(tQ  Output Output net of damages and 
abatement 

trillion of 2005 $ - 

)(tI  Control Reinvestment rate - [0.2366-0.2592] 

)(t  Output Climate damages trillion of 2005 $ - 

1  Parameter Parameter of the climate 
damages function 

- 0 

2  Parameter Parameter of the climate 
damages function 

- 0.0027 

)(tC  Output Cost of climate damages trillion of 2005 $ - 

)(t  Output Abatement costs trillion of 2005 $ - 

2  Parameter Parameter of the abatement 
costs 

- 2.8 

)(1 t  Forcing equation Abatement cost function 
coefficient 

- 0.060=(2010)1  

)(tB p  Forcing equation Backstop price 1000 $ per ton of C02 $ 344=(2010)pB  

)(tC P  Output Carbon price per ton of C02 $ 1=(2010)pC  

B  Parameter Depreciation of the backstop 
price 

per year 0.025 

)(tF  Output Change in total radiative forcings 
of greenhouse gases since 1750 

Watts per square meter (2010)F = 1.824 

  Parameter Forcings at CO2 doubling Watts per square meter 3.8 
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)(tFext
 Forcing equation Exogenous forcings Watts per square meter (2010)F = 0.008 

1f  Parameter 2000 forcings, non-CO2 GHG and 
influences 

Watts per square meter -0.06 

2f  Parameter 2100 forcings, non-CO2 GHG and 
influences 

Watts per square meter 0.62 

)(tTAT  State variable Atmospheric temperature degree Celsius (above 1900) (2010)ATT = 0.83 

)(tTLO
 State variable Deep oceans temperature degree Celsius (above 1900) (2010)LOT = 0.0068 

1  Parameter Parameter of the change in 
atmospheric temperature 

- 0.104 

2  Parameter Parameter of the change in 
atmospheric temperature 

- 1.1875 

3  Parameter Parameter of the change in 
atmospheric temperature 

- 0.088 

4  Parameter Parameter of the change in deep 
oceans temperature 

- 0.025 

)(tM AT  State variable Atmospheric carbon stock Giga tons of carbon (2010)ATM = 818.985 

)(tMUP
 State variable Upper ocean carbon stock Giga tons of carbon (2010)ATM = 1527 

)(tM LO
 State variable Lower ocean carbon stock Giga tons of carbon (2010)ATM = 10010 

11  Parameter Parameter of the atmospheric 
carbon stock 

per 5 years 0.912 

21  Parameter Parameter of the atmospheric 
carbon stock 

per 5 years 0.03833 

12  Parameter Parameter of the upper ocean 
carbon stock 

per 5 years 0.088 

22  Parameter Parameter of the upper ocean 
carbon stock 

per 5 years 0.95917 

32  Parameter Parameter of the upper ocean 
carbon stock 

per 5 years 0.00034 

23  Parameter Parameter of the deeper ocean 
carbon stock 

per 5 years 0.0025 

33  Parameter Parameter of the deeper ocean 
carbon stock 

per 5 years 0.99966 

 551 
Table A1. Description of the variables used in the DICE model (2013R). A state variable is a variable that is monitoring 552 

and used for designing policy through controls. The model parameters are the intrinsic variables of the DICE model. 553 
Forcing equations are exogenous dynamics that we cannot control. Outputs are functions needed for calculations of the 554 

state variables. 555 
 556 

  557 
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 558 
 559 

Variable Type Range of 

analysis 

Range of viability 

calculation 

Comments 

)(t  State variable [0.039-1] [0.039-1] Ranges are the same ( 0>)(t  and 1)( t ) 

)(tTAT  State variable [0.8-4.2] [0.8-4.2] qT e

AT
 (atmosphere / oceans temperature) is between 1.3 and 3.2 (also 

matches the IPCC results) 

)(tTLO
 State variable [0-0.9] [0-1.8] 0>(0)LOT . Maximum of )(tTLO

=1.8 with the maximum values of the 

analysis range. 

)(tK  State variable [135-1500] [135-1640] 0>(135)K  whatever the values of the parameters (within the analysis 

range). 1640=K  is the maximum calculated value of K  in the 

analysis range (case of high population, high reinvestment and high capital 

stock). 

)(tM AT  State variable [819-1181] [723-1181] )(tM AT  reaches 723 in the extreme case of no CO2 emission, during 90 

years. The maximum value is the planetary boundary (constraint). 

)(tMUP
 State variable [1527-2300] [1527-2500] 0>)(tMUP

  on the analysis range. )(tMUP
=2500 in the case of 

)(tMUP
 and )(tM AT equal the maximum value of the analysis range.  

  560 
Table A2. Description of the variables used in the viability analysis. The minimum and maximum values of the analysis 561 

range correspond to the minimum and maximum values from the baseline and the temperature-limited scenarios. The 562 
calculation range corresponds to the set of states necessary for calculate the viability of the states within the analysis 563 

range. 564 
 565 

  566 
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Supplemental Figure 1: 567 
 568 

“Impact of delayed policies on relative GWP ” 569 

of 570 
“On our rapidly shrinking capacity to comply with the planetary boundaries on climate change “ 571 

Jean-Denis Mathias1,3★, John Marty Anderies2,3,4, Marco Janssen2,4 572 

 573 

 574 
 575 

   576 
 577 

          2010 scenario                              2025 scenario                       2035 scenario  578 
 579 

Supplementary Figure S1 Impact of delayed policies on relative GWP 
dQ  according to the GWP of the 580 

baseline scenario, CO2 concentration and emission control rate in 2035 (blue points), 2055 (green points), 581 
2075 (cyan points) and 2100 (red points) from the 2010 initial states and for the 2010- 2025- and 2035- 582 

scenarios. The GWP is impacted in the first years in main cases but then the absence of climate damages will 583 
benefit to GWP until 2100. The slope between the relative difference of GWP and the CO2 concentration 584 
shows the trade-off between climate damages and abatement costs: the first years, implementing emission 585 

reduction policies has a negative impact on the GWP until 2075 586 
 587 

588 
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Supplemental Figure 2 589 
 590 

“The impact of an increase of the acting capacity ” 591 

of 592 
“On our rapidly shrinking capacity to comply with the planetary boundaries on climate change “ 593 

Jean-Denis Mathias1,4★, John Marty Anderies2,3,4, Marco Janssen2,4 594 

 595 

 596 
Supplementary Figure S2 The impact of an increase of the acting capacity

max

 . We consider 597 

t,= max

   (optimistic scenario). Having 2=max

  (or 3=max

 ) instead of 1 (we double or triple the 598 

acting capacity) enables a decrease of 20ppm in 2100. Indeed, even with 3=max

 , the climate lag makes 599 

difficult the decrease of CO2 concentration in the atmosphere below 350ppm. The maximum peak of CO2 is 600 

as important as the emission control rate: the peak reaches 440ppm in 2035 for 1=max

  against 420ppm in 601 

2025 for 2=max

 . Besides, as expected, the GWP is more impacted in the first years than in the case of 602 

staying below 550ppm and the main economic benefits of climate mitigation are delayed after 2075 603 
 604 
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