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Economics of tipping the climate dominoes The Economics of Tipping the Climate Dominoes by Derek Lemoine and Christian P. Traeger



Section A provides additional background and results. Section B provides the model equations and parameterization. Section C details the solution method.



A



The RCP6 Scenario, Optimal Policy, and Post-Threshold Policy Reaction



Figure S1 compares emissions along the IPCC’s extended RCP6 scenario and our optimal emission trajectory (left). The extended RCP6 scenario initially delays policy, but it imposes major emission reductions towards the end of the century to stabilize radiative forcing and, eventually, temperature (right). The optimal policy shown in Figure S1 is conditional on not having crossed a tipping point.



Figure S1: Emissions and temperature under the exogenous extended RCP6 scenario (dashed) and under the optimal policy (solid) when there are three potential tipping points. All calculations assume that no tipping points have yet been triggered. Figure S2 depicts how optimal policy, carbon dioxide (CO2 ), and temperature respond if a tipping point occurs in 2075. The decision maker anticipates that some threshold could be crossed, and once he detects a crossing, he adjusts his policy immediately. After 2075, the other two tipping points may still occur and the depicted policy anticipates this possibility. Our depicted i
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policy representation assumes that no further tipping point occurs by 2150: the decision maker is “lucky”, but cannot count on his luck while setting policy. The top left panel of Figure S2 shows that the optimal carbon tax increases once any of the three tipping points has occurred. The optimal tax increases most strongly after the damage tipping point occurs. The greater abatement effort and the damaged capital stock translate into lower emissions than in the case where no tipping point happens to occur (top right). These reduced emissions in turn lead to sharply lower CO2 concentrations under the feedback and damage tipping points (bottom left); however, the greater persistence of CO2 in the wake of the carbon sink tipping point means that the post-tipping CO2 trajectory is very similar to the no-tipping CO2 trajectory, despite the reduction in emissions. The temperature trajectory is therefore also similar whether or not a carbon sink tipping point happens to occur (bottom right). In contrast, even though the policymaker reduces emissions after triggering a feedback tipping point, the increased sensitivity of the climate to CO2 means that temperature increases more strongly than if the tipping point had not been triggered. This additional warming explains why the feedback tipping point has a particularly strong domino effect. Figure S3 plots quantiles from a Monte Carlo simulation of our setting with three potential tipping points and optimal policy. The left panel reflects that any triggered tipping point reduces emissions. The median emission pathway does not see a tipping point triggered until near the end of the century. The 75% and 90% quantiles for temperature (right panel) reflect that both a feedback and a carbon sink tipping point lead to greater warming (despite lower emissions), making these higher quantiles rise above the median pathway. In contrast, the 10% temperature quantile reflects that the economic damage tipping point reduces warming, making this quantile fall below the median pathway. These graphs illustrate the policies and warming that we can expect in a world governed by optimal policy. However, policymakers should not actually apply an average policy in the future, but should instead condition policy on whether a threshold has been crossed and on the climatic and economic states at which a tipping point was triggered.



B



Model Equations



The state variables are effective capital kt , atmospheric CO2 Mt , cumulative temperature change Tt , and time t. Throughout, bold parameters indicate parameters that are altered by tipping points. Table S1 gives the parameterization. [1] and [2] contain a sensitivity analysis of the base model. t is capital Kt measured per amount of labor Lt , adjusted for the Effective capital kt = LK t At quality of technology At . Labor and technology follow the exogenous equations   gA,0  −tδA At =A0 exp 1−e , (Production technology) δA gA,t =gA,0 e−tδA ,











(Growth rate of production technology)



Lt =L0 + (L∞ − L0 ) 1 − e−tδL ,  −1 L∞ tδL gL,t =δL e −1 . L∞ − L0



(Labor) (Growth rate of labor)
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Figure S2: The effect of a tipping point on post-threshold policy and on the climate system. Plotted simulations assume that all three tipping points are possible and that the indicated one happens to occur in 2075 as the first tipping point. Gross production in the economy is Ytgross = (At Lt )1−κ Ktκ , or in effective units ytgross = ktκ . Climate change damages reduce the effective gross output to the level function Dt (Tt ) = d1 Ttd2



yt 1+Dt (TT ) ,



where the damage (Damages)



measures output loss as percentage of total production. The damage tipping point increases the coefficient d2 from 2 to 3. This tipping point specification pays tribute to two climate change impacts frequently discussed in the recent literature. First, tipping points like the West Antarctic ice sheet or the Greenland ice sheet can increase sea level by about 4.5 or 7.3 meters, respectively [3, 4, 5, 6]. The smooth melting happens over centuries to millennia. However, some disintegration can happen abruptly on much shorted time scales leading to a (much smaller but) significant sea iii
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Figure S3: Emission (left) and temperature (right) quantiles from 10,000 simulated paths with three potential tipping points. All trajectories use optimal policy both pre- and post-tipping.



level rise. [7] estimate that over 1% of the world’s population lives within 1m of current sea level. A transition over centuries is not as costly because infrastructure can be replaced on a more gradual level, partly making use of natural depreciation. However, a rapid increase comes at a much larger cost. At higher temperatures, the risk is that such an abrupt sea level increase is larger and faster, giving rise to the first motivation why we chose a damage tipping point whose economic damages are stronger at a higher temperature level. Note, that at higher temperature levels the natural environment of global economic activity is already under more pressure, including crop yields, ecosystem services, fresh water scarcities, socioeconomic costs, and limits to migration. This point is a second motivation why we assume that the economic damage tipping point implies higher relative losses if it happens at a higher temperature. We use the frequently discussed ice sheet tipping point as a motivation for our specification. More generally, we are concerned with a tipping point that causes direct economic damages in the percentage of global output of an order of magnitude. Abrupt sea level rise as well as the shutdown of the thermohaline circulation have often been used as examples of such a tipping point. Other events are possible, including presently unforeseeable events. The main idea is that scientists and economists agree that there might be climate-triggered tipping points that cause a somewhat direct world output loss in the order of magnitude of a few percent. Our tipping point does not cause an immediate loss if it happens at current warming levels (temperatures just under 1 degree Celsius warmer than 1900), but it makes additional warming more costly. It costs almost one percent of world output if it happens at a moderate 2 degree Celsius warming, and almost 3.5 percent of world output if it happens at a 3 degree Celsius warming. Finally, the climate change literature dedicated to smooth damages raises the concern that damages can turn out to increase much more steeply in temperature levels than the quadratic formulation of the DICE model suggests [8, 9]. Another perspective on our tipping point is that,
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with some probability, such an increase in damage convexity will set in at an unknown temperature level. The remaining output is divided between effective consumption ct = LCt At t , abatement expenditure, and capital investment. Per-period utility takes the familiar power form in effective consumption: c1−η u(ct ) = t . 1−η The equation of motion for capital is  −(gL,t +gA,t ) kt+1 =e (1 − δk )kt + (1 − Λ(µt )) The function Λ(µt ) =



Ψt µat 2



with



a 0 σt Ψt = a2



(Per-period utility)



 yt − ct . 1 + Dt







1 − etgΨ 1− a1







(Effective capital)



(Abatement cost)



measures the abatement cost as a function of the abatement rate µt . The abatement rate µt measures the policy-induced emission reductions at time t as a fraction of the business-as-usual emissions. The parameter   gσ,0  −tδσ 1−e (Uncontrolled emissions per output) σt =σ0 exp δσ measures the time t emission intensity of production. The CO2 concentration follows the equation of motion   Mt+1 =Et + Mt b11 + b21 [b12 + (b22 + b32 b23 ) αB (Mt , t) + b32 b33 αO (Mt , t)] ,



(CO2 transition)



where the b parameters govern DICE’s carbon transition matrix. The function αB (M, t) represents the combined biosphere and shallow ocean carbon stock as a fraction of the atmospheric stock, and the function αO (M, t) represents the deep ocean carbon stock as a fraction of the atmospheric stock. We estimate these functions using a set of emission scenarios simulated in the full version of DICE [10]. This CO2 transition equation can be reduced to the following form: Mt+1 = Et + [1 − δM (Mt , t)] Mt , , where δM (Mt , t) gives the carbon dioxide removal rate as a function of CO2 and time. It averages 0.0056 along the first 100 years of the optimal pre-threshold policy path. The carbon sink tipping point reduces this removal rate by 50%. It reflects that carbon sinks can weaken beyond the predictions of coupled climate-carbon cycle models. Warming-induced changes in oceans [11], soil carbon dynamics [12], and standing biomass [13] could affect the uptake of CO2 from the atmosphere. [10] contains a sensitivity analysis for the impact of a stronger and a weaker manifestation of this tipping point in a single-tipping environment. The emissions Et = σt (1 − µt )Ytgross + Bt



(Emissions)



v
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are unabated CO2 emissions from fossil fuel use and CO2 emissions from land use change and forestry. The latter evolve exogenously according to Bt =B0 etgB .



(Non-industrial CO2 emissions)



A change in the atmospheric CO2 concentration causes a shift in the earth’s energy balance expressed by the radiative forcing F (Mt , t) = f ln (Mt /Mpre ) + EFt , where f is the forcing from doubled CO2 and Mpre is the preindustrial CO2 concentration. The exogenous forcing EFt includes non-CO2 greenhouse gases and aerosols. It evolves according to EFt =EF0 + 0.01(EF100 − EF0 ) min{t, 100}.



(Non-CO2 forcing)



Radiative forcing changes the temperature increase above 1900 levels as   f Tt+1 =Tt + CT F (Mt+1 , t + 1) − Tt − [1 − αT (Tt , t)] CO Tt , (Temperature transition) s which is a function of the lagged temperature, the carbon concentration, and the exogenous forcing from other greenhouse gases. Ocean cooling enters through both the calibration of the heat capacity parameters CT and CO as well as through a direct cooling term αT (Tt , t) that expresses ocean warming as a fraction of atmospheric warming. Following [10], the function αT (Tt , t) is interpolated from different scenarios that we simulated with the full DICE model (which explicitly keeps track of the ocean’s temperature). The parameter s in the temperature transition equation is climate sensitivity, or the equilibrium temperature change from doubling CO2 concentrations. The climate feedback tipping point increases this parameter from 3 to 5 degrees Celsius. There are many feedback processes converting a given radiative forcing from atmospheric CO2 concentration into the new (medium-run) equilibrium temperature. Without these feedbacks, direct radiative forcing from a doubling of pre-industrial CO2 concentrations would result in approximately a 1 degree Celsius increase of global temperature. The best current guess is that the actual temperature increase resulting from a doubling of pre-industrial CO2 concentrations is about 3 degrees Celsius. However, many of the feedbacks are uncertain. In particular, one feedback resulting in a much higher temperature response is the possibility that warming could mobilize large methane stores locked in permafrost and in ice lattices (clathrates) in the shallow ocean [14, 15, 16]. If warming mobilizes these methane stocks, they would cause further warming that could mobilize additional stocks. As another example, if land ice sheets begin to retreat on decadal timescales, the resulting loss of reflective ice could double the long-term warming predicted by models that hold land ice sheets fixed [17]. Even with such a faster land-ice retreat, the full 6 degree Celsius response would happen more slowly than suggested by changing climate sensitivity in the DICE model. Therefore, we consider a 5 degree Celsius regime shift a better approximation of such a feedback tipping point. [10] contains a sensitivity analysis for the policy impact of a stronger and a weaker manifestation of this tipping point in a single-tipping environment. The Bayesian policymaker assesses the probability of tipping by updating her previous beliefs based on whether she has just observed a tipping point or not. Each tipping point occurs with identical, independent probability in any given state of the world, and the hazard of tipping is determined by global temperature. These assumptions induce a binomial distribution over the vi
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number of tipping points triggered between any two periods. When there are n potential tipping points, the probability of crossing m of them between times t and t + 1 is: n (Tt , Tt+1 ) = Hm



n! [h(Tt , Tt+1 )]m [1 − h(Tt , Tt+1 )]n−m . m! (n − m)!



(Tipping probability)



The function h(Tt , Tt+1 ) is the time t hazard rate for a single tipping point as a function of temperature at times t and t + 1. Currently, scientific modeling cannot suggest that some specific temperature is a more likely threshold than another similar temperature [18, 19, 20]. Our policymaker therefore believes that each tipping point’s temperature threshold is uniformly distributed between a fixed upper bound T¯ and a lower bound subject to learning:   min{Tt+1 , T¯} − Tt . (Hazard rate) h(Tt , Tt+1 ) = max 0, T¯ − Tt The hazard rate increases with Tt+1 because greater warming over the next interval carries a greater risk of tipping over the next interval. The hazard rate’s dependence on Tt reflects that if a tipping point is still possible, then its threshold has not been crossed yet and the policymaker has learned that its threshold is either above the current temperature or does not exist at all. As described in [10], the hazard rate is actually a function of the historic maximum temperature, but the quasiconcavity of the temperature path means that the hazard rate can be expressed more simply by using the current temperature (which saves a state variable in the solution method). Note that, by construction, tipping has occurred by the time of reaching Tt = T¯. However, our calibration of T¯ exceeds any temperatures that are actually reached along the different scenarios. The initial conditions correspond to 2015, even though DICE-2007 begins in the year 2005. We obtain these initial conditions by simulating the model for 10 years with RCP6 emissions and a 22% investment rate. The resulting values for the climate variables are similar to recent projections.



C



Solution Method



We solve the model using a nested stochastic dynamic programming algorithm. The solution algorithm ensures that, when choosing her optimal policy in a given period, the decision maker always has in mind the complete set of possible futures (including optimal future reactions to tipping points). We recursively solve for different sets of value functions, starting with the case where all tipping points have occurred and working back to the present situation without any threshold having yet been crossed. We will describe the solution method for a case with three potential tipping points. The methods for settings with fewer potential tipping points follow straightforwardly. 0 (k , M , T , t) the value function in the world where three tipping points (labeled Denote by V1,2,3 t t t 1, 2, and 3) have already occurred and no further ones may occur. We obtain this value function by solving the Bellman equation 0 0 (kt ,Mt , Tt , t) = max u(ct ) + βt V1,2,3 (kt+1 , Mt+1 , Tt+1 , t + 1) V1,2,3 ct ,µt



(1)



subject to the equations summarized in section B. We solve the Bellman equation by function iteration using a four dimensional tensor basis of Chebychev polynomials to approximate the value vii
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Table S1: Parameterization of the numerical model following DICE-2007. Several values are rounded, and CT and δκ vary slightly over time in order to reproduce the DICE results with an annual timestep.
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Parameter



Value



Description



A0 gA,0 δA



0.027 0.009 0.001



Production technology in 2005 Annual growth rate of production technology in 2005 Annual rate of decline in growth rate of production technology



L0 L∞ δL



6514 8600 0.035



Population in 2005 (millions) Asymptotic population (millions) Annual rate of convergence of population to asymptotic value



σ0



0.13



gσ,0 δσ



-0.0073 0.003



Emission intensity in 2005 before emission reductions (Gt C per unit output) Annual growth rate of emission intensity in 2005 Annual change in growth rate of emission intensity



a0 a1 a2 gΨ



1.17 2 2.8 -0.005



Cost of backstop technology in 2005 ($1000 per t C) Ratio of initial backstop cost to final backstop cost Abatement cost exponent Annual growth rate of backstop cost



B0 gB



1.1 -0.01



Annual non-industrial CO2 emissions (Gt C) in 2005 Annual growth rate of non-industrial emissions



EF0 EF100



-0.06 0.30



Forcing in 2005 from non-CO2 agents (W m−2 ) Forcing in 2105 from non-CO2 agents (W m−2 )



κ δκ d1 d2 s f Mpre CT CO



0.3 0.06 0.0019 2 3 3.8 596.4 0.03 0.3



Capital elasticity in Cobb-Douglas production function Annual depreciation rate of capital Coefficient on temperature in the damage function Exponent on temperature in the damage function Climate sensitivity (◦ C) Forcing from doubled CO2 (W m−2 ) Pre-industrial atmospheric CO2 (Gt C) Translation of forcing into temperature change Translation of surface-ocean temperature gradient into forcing



b11 ,b12 ,b13 b21 ,b22 , b23



0.978,0.023,0 0.011,0.983,0.005



b31 ,b32 ,b33



0,0.0003,0.9997



Transfer coefficients for carbon from the atmosphere Transfer coefficients for carbon from the combined biosphere and shallow ocean stock Transfer coefficients for carbon from the deep ocean



ρ η



0.015 2



Annual pure rate of time preference Relative risk aversion (also aversion to intertemporal substitution)



k0 M0 T0



187/(A10 L10 ) 865.98 0.915



Effective capital in 2015, with 187 US$trillion of capital Atmospheric carbon dioxide (Gt C) in 2015 ◦ Surface temperature viii ( C) in 2015, relative to 1900
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function. We refer to [21] for the basic numeric techniques of solving such a stochastic dynamic programming problem. We use Howard’s method to accelerate the function iteration algorithm (also known as a modified policy iteration algorithm). We first solve the problem for a low number of basis functions and then increase the number of basis functions in several steps until we have 10,000 basis functions and coefficients for each value function approximation. Each iteration with a greater number of basis functions uses the previous iteration’s converged value function as the initial guess. The stepwise increase addresses both the algorithm’s efficiency and potential divergence issues with a high dimensional Chebychev basis. [22] lays out the numeric algorithm and discusses the performance of different basis functions for the present climate change model without tipping points. That paper finds that our employed Chebychev basis performs best for our purposes. The effective discount factor βt = exp (−ρ + (1 − η)gA,t + gL,t )



(Effective discount factor)



accounts for the per effective unit of labor transformations of the Bellman equation [22]. The optimization over consumption and abatement has to satisfy the constraints ct +Ψt µat 2



Yt Yt ≤ , 1 + Dt 1 + Dt



µt ≤ 1 .



(Output constraint) (Non-negativity constraint for emissions)



The solution of equation (1) gives us the optimal policies in a world where all tipping points have occurred, as well as the maximal welfare that can be achieved over the infinite time horizon in such a world starting from any given state. In the second step, we derive the value functions for the three worlds where two tipping points have already occurred and one is still possible. We denote these value functions by V i (kt , Mt , Tt , t), i , where where i ∈ {1, 2, 3} labels the tipping point that is still possible. V i is short for Vj,m 0 i, j, m ∈ {1, 2, 3} and i = j < m = i. Given V1,2,3 derived in the first step, we solve the three Bellman equations  i V (kt , Mt , Tt , t) = max u(ct ) + βt [1 − H11 (Tt , Tt+1 )] V i (kt+1 , Mt+1 , Tt+1 , t + 1) ct ,µt  0 + H11 (Tt , Tt+1 ) V1,2,3 (kt+1 , Mt+1 , Tt+1 , t + 1) for V i , i ∈ {1, 2, 3}. Each Bellman equation is solved using the same numeric function iteration approach discussed earlier. The right hand side optimization now takes the probability-weighted averages over the two different possible futures. In the third step, we let Vi (kt , Mt , Tt , t) denote the value functions in the world where tipping point i ∈ {1, 2, 3} has already occurred and the other two are still possible. Vi is short for 0 Vij,m (kt , Mt , Tt , t) with i = j < m = i. Given the value functions V i and V1,2,3 obtained in the



ix
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earlier steps, we derive the value functions Vi by solving the three Bellman equations    Vi (kt , Mt , Tt , t) = max u(ct ) + βt 1 − 2H12 (Tt , Tt+1 ) − H22 (Tt , Tt+1 ) Vi (kt+1 , Mt+1 , Tt+1 , t + 1) ct ,µt   + H12 (Tt , Tt+1 ) V m (kt+1 , Mt+1 , Tt+1 , t + 1) + V j (kt+1 , Mt+1 , Tt+1 , t + 1)  0 2 + H2 (Tt , Tt+1 ) V1,2,3 (kt+1 , Mt+1 , Tt+1 , t + 1) where m = i = j. Again, the same numeric function iteration is applied to finding the basis coefficients for the function approximation to the value functions Vi (kt , Mt , Tt , t), working with a stepwise increase in the number of basis functions and coefficients. Finally, we obtain the value function V01,2,3 and optimal policies in the pre-threshold regime, where no tipping point has yet occurred. This value function solves the Bellman equation    1,2,3 V0 (kt , Mt , Tt , t) = max u(ct ) + βt 1 − 3H13 (Tt , Tt+1 ) − 3H23 (Tt , Tt+1 ) − H33 (Tt , Tt+1 ) ct ,µt



+ +



3 



i=1 3 



× V01,2,3 (kt+1 , Mt+1 , Tt+1 , t + 1)



H13 (Tt , Tt+1 )Vi (kt+1 , Mt+1 , Tt+1 , t + 1) H23 (Tt , Tt+1 )V i (kt+1 , Mt+1 , Tt+1 , t + 1)



i=1



+



0 (kt+1 , Mt+1 , Tt+1 , t H33 (Tt , Tt+1 ) V1,2,3



+ 1)







.



The approximation intervals in the no-tipping runs cover effective capital values from 3 to 6, atmospheric carbon stocks from 700 to 1800 Gt C, and temperature levels from 0.5 to 4◦ C above 1900 (plus the infinite time horizon mapped to the unit interval). We must vary the approximation intervals for the pre- and post-threshold value functions in order to accommodate changes in dynamics and curvature due to tipping points. So that the continuation values are contained within valid approximation regions, it is crucial that any value function with some number (potentially zero) of tipping points already crossed and tipping point j remaining possible is approximated over a weakly smaller interval than any value function with those same tipping points already crossed and also having tipping point j already crossed. Much of the numerical burden lies in finding combinations of approximation intervals that allow each of the required value function iteration steps to converge, where convergence is as described in [10]. Cases in which feedback and carbon sink tipping points have already been crossed typically require larger approximation intervals because the new dynamics tend to drive the carbon and temperature processes through wider regions of the state space. On the other hand, cases in which the damage tipping point has already been crossed typically require narrower approximation intervals due to the tendency of the value function to become strongly curved at high temperatures. In the setting with only a single possible tipping point, all post-threshold value functions extend the effective capital interval upwards to 7, extend the carbon interval upwards to 3000 Gt C, and x
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extend the temperature interval upwards to 6◦ C. The pre-threshold intervals are the same as in the no-policy case when the single tipping point is a feedback or carbon sink tipping point, but the case with a damage tipping point uses an interval with an upper bound of 7 for effective capital and of 2000 Gt C for atmospheric carbon. Now consider a setting with two potential tipping points. When both have been crossed, the approximation interval extends up to 7 in the effective capital domain, extends up to 3000 Gt C in the carbon domain, and extends up to 6◦ C in the temperature domain (8◦ C if the two tipping points are the feedback and carbon sink tipping points). When only one has been crossed and the damage tipping point is not the remaining one, the approximation interval extends up to 7 in the effective capital domain, up to 2500 Gt C in the carbon domain, and up to 5◦ C in the temperature domain. The interval is the same when none have been crossed and the damage tipping point is not possible, except the temperature interval does not extend past 4◦ C. When only one tipping point has been crossed and the damage tipping point remains possible, the approximation interval extends up to 7 in the effective capital domain, up to 2000 Gt C in the carbon domain, and up to 4◦ C in the temperature domain. The interval is the same when no tipping points have been crossed and the damage tipping point is one of the two that is possible. Finally, consider the full setting with three potential tipping points. When all three have already been crossed, the approximation interval extends up to 7 in the effective capital domain, up to 3000 Gt C in the carbon domain, and up to 6◦ C in the temperature domain. When only two tipping points have been crossed, the approximation interval extends up to 7 in the effective capital domain, up to 2500 Gt C in the carbon domain, and up to 5◦ C in the temperature domain (or 2000 Gt C and 4◦ C if the damage tipping point is the one that has not been crossed). When only a single tipping point has been crossed, the approximation interval extends up to 7 in the effective capital domain, up to 2000 Gt C in the carbon domain, and up to 4◦ C in the temperature domain. This same interval applies to the case in which no tipping points have been crossed. Our results for present-day policy directly use the optimal value function and policy choices in the year 2015. The optimal policies incorporate the possibility that any of the tipping points might occur in any given year in the future, with the tipping probabilities depending on the evolution of the climate states. The plotted trajectories for policy and the climate, as well as the optimal policy values for 2050, rely on the additional assumption that no tipping point has occurred by the given time. We simulate the paths using the equations of motion summarized in section B and the optimal policies derived above. We calculate the welfare loss from following extended RCP6 instead of the optimal scenario by replacing the optimal policy in a given stage with a fixed 22% investment rate and RCP6’s fixed extended emission trajectory, whose annual values we obtain from MAGICC 6.0 (see Figure S1). For these exogenous policy trajectories, we sum welfare over each year up to the time when optimal policy begins, with the approximated value functions determining welfare from that time forward. In cases where the policymaker reacts to some threshold crossing, we obtain the summation for the period with RCP6 emissions by starting at the initial year and calculating per-period utility along every possible path. In cases where the policymaker never reacts to a threshold crossing, the large number of possible tipping paths makes this approach computationally impractical if policy is delayed by more than 40 years and nearly interminable if policy is delayed by more than 70 years. In those cases with a nonresponsive policymaker, we reduce the number of necessary calculations xi
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by using value function approximations to determine welfare along those potential paths for which at least one tipping point has occurred. Specifically, we use Chebychev polynomials (as described above) to approximate welfare after having crossed each possible combination of tipping points at any potential combination of state variables, assuming optimal policy begins at a particular year of interest. This approach yields nearly identical results to the explicit calculation approach for all simulations for which we were able to obtain results under both approaches (i.e., for periods of delay up to and including 70 years). Reported results for which optimal policy never begins in the absence of triggered tipping points are implemented by delaying policy for 400 years.
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