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1. The carbon-cycle model and the energy-balance model. 5 

The model is an integrated carbon-cycle and one-box energy balance model. The carbon-6 

cycle component adopts the Bern geochemistry model1 to estimate atmospheric CO2 and methane 7 

concentration from emissions. The radiative forcing due to GHGs is calculated from their 8 

atmospheric concentration, while the radiative forcing due to aerosols is scaled with emissions. 9 

The radiative forcing is then inputted into the energy balance model (similar to the formulation of 10 

ref. 2) to calculate global mean temperature change. The model simulation compares well against 11 

observations of historical CO2 concentrations (Fig. S1), temperature changes (Fig. 2), ocean heat 12 

content, and sea-level rise. The key parameters in the energy balance model are a 300-m ocean 13 

mixed layer and climate sensitivity of 0.8 (0.5 to 1.2 at the 10% to 90% confidence interval) 14 

ºC/(W/m2), or 3ºC due to a doubling of CO2. And the probability density function of climate 15 

sensitivity is following the formulation in ref. 3, which is skewed more towards the high value of 16 

climate sensitivity (“fat tail”, see more discussion in Section 4 (d) and Section 5 below). The 17 

probability density function of temperature projection is calculated by using 1500 randomizations 18 

at different values of climate sensitivity while keeping the forcing the same.  19 

 20 

2. The scenarios. 21 

Long-lived GHGs. In the Baseline-default scenario for CO2, the emission keeps increasing 22 

throughout the 21st century (RCP8.5). The 5% to 95% range of baseline-default is also adopted 23 

(Fig. S1b). In the baseline-fast scenario for CO2 (pre-INDCs), emissions effectively increase at a 24 

rate of 1.1%/year before 2030 and then following Representative Concentration Pathway 6.0 (Fig. 25 

S1a). In the mitigation scenario for CO2 (i.e. INDCs and post-2030 decarbonization), emissions 26 

effectively increase at a rate of 0.8%/year before 2030 (following INDCs) and then decrease at a 27 

rate of 5.5%/year after 2030 (CN2030 in Fig. S2a). The CN2020 scenario is the same as CN2030, 28 

except that the peak of emission is reached at 2020 (Fig. S2b). 29 

The other long-lived GHG with non-negligible forcing is nitrous oxide (N2O). Its current 30 

forcing is approximately 0.15 W/m2 and is projected to increase to 0.23 W/m2 by 2100 (Fig. S6). 31 



 2 

Net contribution to warming from 2010 to 2100 is only about 0.1ºC (50% probability). Given the 32 

small size of warming from present to 2100, and the fact that N2O emission is tied to agriculture 33 

and thus has the greatest challenge in limiting N2O emissions with a 10 billion population by 2100, 34 

we are not targeting N2O in the following mitigation measures discussed here. 35 

SLCPs. Under the baseline scenario, CH4 emissions are projected to rise by 40% by 2030 36 

from the 2005 level, and BC emissions are projected to increase by 15% by 2020 and then level 37 

off. The mitigation scenarios follow recommendations by the International Institute for Applied 38 

Systems Analysis (IIASA)4  and the Royal Society5  that maximum feasible reductions of air 39 

pollution regulations can result in reductions of 50% for CO emissions and 30% of CH4 emissions 40 

from the 2005 levels by 2030, as well as reductions of 50% for BC emissions by 2050. The 41 

emissions of sulfates and their precursors are projected to decrease by 80% throughout the century. 42 

These aerosol scenarios are within the wide range suggested by a recent integrated-assessment 43 

model study6, which included both “frozen legislation” (similar to our Baseline-fast) and “stringer 44 

legislation” (similar to our mitigation) scenarios. The total halocarbon forcing is slightly modified 45 

to include the Kigali Amendment to the Montreal Protocol that calls for a faster phase-out of HFC 46 

use7. The 2050 HFC forcing is projected to be about 10% of the 2020 value. Even under the 47 

stringent mitigation scenario, a residual radiative forcing of HFC that is higher than the 2000 level 48 

(about 0.05 W/m2) is included8. 49 

The time series of total radiative forcing applied to the energy balance model are given in 50 

Fig. S4 and the radiative forcing due to individual compositions are given in Fig. S6. We note that 51 

CH4 effects include forcing through the formation of tropospheric O3 and stratospheric water 52 

vapor. BC effects also factored in co-emitted organic carbon, which partially offset the warming 53 

effects. Thus, the industrial era climate forcing (present-day minus 1850) of BC forcing in this 54 

paper is 0.7 W/m2, a conservative value compared to the 1.1 W/m2 in a recent assessment9.  55 

SLCP mitigation requires a multi-dimensional and multi-sectoral approach10. (a) In the 56 

case of HFCs, mitigation requires coordination with the Montreal Protocol since HFCs are 57 

proposed to be covered by an amendment to this treaty11. (b) BC is a major air pollutant. In urban 58 

areas, BC emissions from diesel vehicles are a primary source of particulate matter. Emissions of 59 

BC and organic aerosols by biomass cook stoves are the principal air pollutants in rural areas and 60 

are responsible for nearly three million deaths worldwide12. (c) CH4 is a GHG itself but also leads 61 

to the production of tropospheric ozone, which is a GHG as well as a major air pollutant with 62 
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negative impacts on public health and crop yields. BC and methane mitigation require coordination 63 

with urban and national air pollution agencies. A good example is the recent California Air 64 

Resource Board initiative on SLCPs13. The combustion of coal and petroleum release sulfur 65 

dioxide (SO2), which is converted to sulfate particles. These sulfates reflect sunlight, which results 66 

in cooling. The cooling effect of co-emitted sulfate and nitrate particles has masked as much as 67 

30-50% of the warming effect of CO2 released by fossil fuels. SO2 and NOx emissions are 68 

eliminated when energy sources are switched from fossil fuels to renewables and the warming 69 

produced by the unmasking of sulfate/nitrate effects during the coming decades partially offsets 70 

the cooling effect of CO2 mitigation14, 15. The co-benefit of taking explicit measures of mitigating 71 

SLCP emissions is immense. Nearly seven million people die every year due to ambient air 72 

pollution, to which sulfates and nitrates contribute as much 40%. Likewise, some of the warming 73 

effects of black carbon emissions are offset by the cooling effect of organics aerosols; however, 74 

reducing organic aerosols along with black carbon resulting from biomass cooking and other 75 

sources can save millions of lives every year. 76 

The use of carbon extraction and sequestration (CES) is a promising avenue being pursued 77 

by many groups16 with applications for power, heat, and transportation fuels. Biomass, depending 78 

on the source and harvesting practices, is a carbon neutral energy source for production of 79 

bioenergy17. Capture of CO2 can be accomplished in bioenergy power plants, biochar production 80 

by pyrolysis and storage in soils, and restoration of soil organic pools. Our analysis suggests that 81 

urgent investments in these avenues are needed so that scalable technology will be available by 82 

2030. Such a window is closing quickly18. 83 

 84 

3. Validation of the climate sensitivity: equilibrium and transient values. 85 

The central value (50% probability) of the equilibrium climate sensitivity of the model is 86 

3.0ºC for a doubling of carbon dioxide. The climate models used in the IPCC studies have been 87 

calibrated by comparing two metrics. First is the equilibrium climate warming due to a doubling 88 

of carbon dioxide concentration and this warming is referred as equilibrium climate sensitivity 89 

(ECS). The second important metric is the transient climate response (TCR). This is estimated by 90 

increasing the CO2 concentration by 1% each year until it doubles at year 70. The simulated 91 

warming for the year when CO2 doubles is the TCR. The most recent IPCC report compared ECS 92 

and TCR for 30 models from around the world19. The 30-model mean for ECS is 3.2ºC (2.1ºC to 93 
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4.7ºC for the minimum to maximum range), compared well with the 3.0ºC for the model used in 94 

this study. The ECS comparison suggests that the treatment of the net effects of climate physical-95 

dynamical feedback processes in the model used in this study is consistent with the more 96 

comprehensive three-dimensional climate models used in IPCC assessment report. With respect 97 

to TCR, which is a crucial test for the treatment of ocean thermal inertia, the 30-model mean is 98 

1.8ºC (minimum to maximum range of 1.1ºC to 2.6ºC), which again compares favorably with the 99 

TCR of 1.8ºC for the present model. The ECS and TCR are hotly debated issues and many studies 100 

have attempted to infer it from observed temperature and forcing trends for the 20th century. Few 101 

of these studies20, 21 obtained ECS or TCR values that are about 50% smaller than the IPCC multi-102 

model mean. A more recent study that corrects for sampling errors in observational trends, 103 

obtained a TCR of 1.7ºC22, again consistent with the 1.8ºC value used in this study. 104 

 105 

4. Uncertainties treatment in the modeled warming. 106 

We have included the following sources of uncertainties into consideration: 107 

(a) Emission scenarios These arise in projecting population growth, carbon intensity of 108 

energy, carbon intensity of the economy, the growth of GDP and consumption patterns among 109 

others. And we have adopted both Baseline-fast and Baseline-default scenarios (Fig. 1 and Fig. 2) 110 

as well as the 5%-95% associated with each scenario (Fig. S1). 111 

(b) Modeling of aerosol and cloud processes (Fig. 1). Aerosol forcing is a major source of 112 

uncertainty in calculating the historical radiative forcing, and the spread in the aerosol forcing for 113 

the year 2010, can range from 0 to −2 Wm-2 23. In exploring the role of this uncertainty, we account 114 

for the entanglement of the aerosol forcing uncertainty with climate sensitivity uncertainty (blue 115 

dashed line in Fig. 1). That is, if a higher climate sensitivity is used, the historical aerosol forcing 116 

needs to be more negative to simulate the observed temperature trends of the 20th century. For each 117 

climate sensitivity value selected, we adjust the historical aerosol forcing (but staying within the 0 118 

to −2 Wm-2 range) to obtain the optimal fit for the 20th-century temperature trends, and then apply 119 

the same adjustment for the future aerosol forcing. Because of the mutually compensating effect 120 

of the aerosol forcing with climate sensitivity (more negative aerosol forcing requires larger 121 

climate sensitivity to explain the observed warming), the aerosol forcing uncertainty turns out to 122 

have a smaller effect than expected on the spread of the 2100 warming (Fig. 1 of ref 24). 123 
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(c) Carbon-cycle climate feedbacks. There are three positive feedbacks identified so far: 124 

decrease in oceanic and land uptake of the emitted carbon which amplifies the increase in 125 

atmospheric CO2; thawing of permafrost which releases CO2 and CH4 to the atmosphere; and 126 

increased emission of CH4 from the warmer wetlands. Most of the climate models do not include 127 

the CO2 and CH4 released by the permafrost or the wetlands. These positive feedbacks are 128 

effectively considered in Fig. 1. 129 

(d) Physical-dynamical climate feedbacks. The largest source of climate sensitivity 130 

uncertainty is that due to the physical-dynamical feedbacks arising from water vapor (the largest 131 

greenhouse gas), clouds (the dominant regulator of radiative forcing), and snow/ice albedo from 132 

melting of Arctic sea ice and glaciers among other parts of the cryosphere.  133 

 134 

5. Origin of the skewed distribution of climate sensitivity. 135 

We adopted the skewed distribution of climate sensitivity derived by Roe and Baker 3.This 136 

distribution was derived from the several tens of published studies with three-dimensional climate 137 

models (3), yielding a central value of 3ºC warming for a doubling of CO2 (definition for climate 138 

sensitivity) with a 95% range of 2ºC to 4.5ºC25. The distribution is asymmetric (skewed) with a 139 

well-defined lower bound but without a sharp upper bound. To examine if this is reasonable, let 140 

us consider the 1% probability value for the distribution adopted for Fig. 1, which is about 5.5ºC 141 

for a doubling of CO2, compared with the central value of 3ºC. Is the 5.5ºC climate sensitivity 142 

reasonable or unrealistically high? A recent 3-D coupled ocean-atmosphere climate model study26 143 

showed that when the model included the mixed ice-water phase clouds, the climate sensitivity 144 

increased from 4ºC to 5.3ºC. Global climate models assessed by ref (3) included the ice/snow 145 

albedo feedback, but a recent study27 using satellite data showed the observed ice/snow albedo 146 

decreased more steeply with warming than that depicted in models. Also, satellite data showeda 147 

large retreat of the mid-latitude storm track clouds with warming than that revealed by model 148 

studies28. Since these cloud systems have a large radiative cooling effect (because of their albedo), 149 

underestimation of their poleward retreat will underestimate their positive feedback effect. The 150 

basic inference is that the 1% probability of 5.5ºC climate sensitivity in the ref 3 distribution can 151 

not be ruled out as out of  bounds of likely values.  152 

 153 

6. Individual contributions to mitigation. 154 
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With unchecked emissions, the warming can become as large as 5.0ºC (baseline-default. 155 

Fig. 1). Just reducing the carbon intensity of the economy from the projected 50% (from 2010 156 

values) by 2100 (under baseline-default) to 80% (under baseline-fast), will cut CO2 concentration 157 

sufficiently to reduce the warming by 0.9ºC. Reducing CO2 by achieving carbon neutrality will 158 

reduce the warming by at least another 1.6ºC to 1.9ºC (Table S1). However, the 0.6ºC warming 159 

caused by unmasking of aerosol cooling (most of which is due to fossil fuels) would offset some 160 

of the cooling due to CO2 mitigation. What fraction of this unmasking is caused by CN measures 161 

versus air pollution regulations would depend on the relative timing of CN measures and air 162 

pollution regulations. Reducing the super pollutant emissions through a combination of CO2 and 163 

SLCP measures, can reduce the warming by another 1.2ºC. Extracting one trillion tons of CO2 164 

from the air would cut the warming by another 0.3ºC by 2100 and therefore achieve WB2C goal 165 

and also bend the warming curve to a cooling trend (Fig. 3). 166 

  167 
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SI Table: 168 

 169 

Table S1. The contribution of individual mitigation measures to the warming in the 21st century. 170 

 171 

Mitigation Measure 2050 change in ºC 2100 change in ºC Estimated in  

Energy Intensity −0.2 −0.9 Fig. 1, Fig. S1 

CO2 due to CN2030 −0.1 −1.6 Fig. S3  

CO2 due to CN2020 −0.3 −1.9 Fig. 3 

CO2 due to CES1t 0 −0.3 Fig. S3  

BC −0.2 −0.3 Fig. S3, Fig. S6 

CH4 including O3 −0.2 −0.45 Fig. S3, Fig. S6 

HFCs −0.2 −0.45 Fig. S3, Fig. S6 

Aerosol Unmasking +0.3 +0.6 Fig. S7 

 172 

  173 
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SI Figures: 174 

  175 

  176 

 177 

Fig. S1. (a) Under the Baseline-fast scenario. CO2 emission rate (blue curve, Gt CO2/year), CO2 178 

cumulative emissions since 2010 (red curve, Gt CO2) are shown in the upper panel. The 5% to 179 

95% uncertainty of the emission pathway (as adopted from Figure 6.4 of ref 29) is also shown in 180 

the shading. CO2 emission in RCP8.5 (red dots) and RCP6.0 (black dots) are shown for 181 

comparisons. In the middle panel, simulated CO2 atmospheric concentration (red curve, ppm) is 182 

shown along with the 5% to 95% uncertainty range. The red dashed line is the simulated CO2 183 

concentration when the land carbon uptake coefficient in the carbon cycle model is increased by 184 

20%. In the bottom panel, simulated temperature increase (red curve, ºC) in shown along with the 185 
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5% to 95% uncertainty due to CO2 pathway, not due to climate sensitivity. (b) Same as (a), except 186 

for the baseline-default scenario29, which is more in line with RCP8.5. 187 

  188 
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 189 

 190 

Fig. S2. (a) CO2 emission rate (blue curve in the upper panel, Gt CO2/year), CO2 cumulative 191 

emissions since 2010 (green curve in the upper panel, Gt CO2) and CO2 atmospheric concentration 192 

(red curve in the lower panel, ppm) under the CN2030 scenario (CO2 mitigation starting from 193 

2030, which follows the INDCs before 2030 and then a post-2030 decarbonization pathway). CN 194 

is eventually reached at about 2060-2070. CO2 emission in RCP4.5 (red dots) and RCP2.6 (black 195 

dots) are shown for references. Simulated historical CO2 concentration is consistent with various 196 

observational records since the 1850s (color dots in the lower panel). (b) Same as (a), except that 197 

the CO2 mitigation starts earlier at 2020 (CN2020). CN is reached at about 2040-2050. (c) Same 198 

as (a) with CO2 mitigation starting at 2030, but also including an additional carbon extraction and 199 

sequestration (CES) at a rate of 16 Gt CO2/year after 2030. 200 

  201 
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 202 

 203 

Fig. S3. The probability of exceeding a certain temperature threshold (Y-axis) at a given year (X-204 

axis) under different scenarios. (a) Baseline-fast. (b) CO2 mitigation only (CN2030). (c) CO2 205 

mitigation + SLCP mitigation (CN2030+SLCP2020, Target-2C). (d) CO2 mitigation + SLCP 206 

mitigation + CES at a rate of 16 Gt CO2/year (CN2030+SLCP2020+CES1t, Target-WB2C).  207 
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 209 

 210 

 211 

Fig. S4. (a) 21st century radiative forcing due to a combination of CO2 and SLCP mitigation 212 

(Target-2C: CN2030+SLCP2020). Note: the blue dots represent the HFC scenario used in a 213 

previous study (30). (b) Same as (a) but for Target-1.5C (CN2020+SLCP2020).  214 
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 216 

 217 

Fig. S5. The role of co-emitted SLCPs and cooling aerosols with CO2 in the CN2020 measures. 218 

(a) Black line is the radiative forcing due to CO2 mitigation only resulting from the CN2020 219 

measures (note that the SO4 and nitrate cooling is fixed in this case, so it is not directly comparable 220 

with the CN2020 curves in Fig. S4b), and the blue dashed line down below shows the mitigation 221 

of CH4 and BC emissions co-emitted with CO2 sources, which lowers the radiative forcing by 0.8 222 

W/m2 at 2100. The dashed-dotted line includes the mitigation of all SLCPs by dedicated SLCPs 223 

measures. By comparing the difference between three lines, we can estimate the fraction of the 224 

SLCPs mitigation that can be accomplished by the CO2-dedicated measures, and the fraction that 225 

can only be accomplished by the SLCPs-dedicated measures. The red line includes the mitigation 226 

of co-emitted sulfate and nitrate aerosols, in addition to the co-emitted SLCPs with CO2, which 227 

tends to warm the atmosphere. (b) Same as (a), but for the temperature projection under various 228 

scenarios.  229 
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 231 

 232 

Fig. S6. Radiative forcing (W/m2) due to individual atmospheric compositions under the baseline 233 

(red) and mitigation (blue) scenarios. The CO2 baseline here is the Baseline-fast scenario and the 234 

mitigation scenario here refers to CN2030. The “cooling aerosols” panel shows the cooling aerosol 235 

forcing (due to sulfates, nitrates, and indirect effects through clouds) under baseline scenario 236 

(reduction in red solid line) and “No Unmasking” scenario (flat red dashed line). The upper right 237 

panel also shows the halocarbon scenario used in our previous study30.  238 
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 240 

 241 

Fig. S7. The warming under Baseline-fast scenario (red solid line) is the same as in Fig. 3. The red 242 

dashed line also shows the warming under Baseline-fast scenarios but without unmasking of 243 

cooling aerosols, Fig. S6). The additional warming due to the unmasking of cooling aerosols (as 244 

the difference between red solid and red dashed lines) is 0.25ºC at 2050 and 0.6ºC at 2100.  245 
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  247 

 248 

Fig. S8. (a) A “Fixed Concentration” scenario for CO2 that is similar to Fig. S2b (CN2020), except 249 

that the decarbonization pathway is slower and the carbon neutralization (CN) is not reached until 250 

the end of the century. (b) Due to the slower pathway to reach CN, the CO2 concentration levels 251 

off at 2020-2030 values (“Fixed Concentration”) instead of declining as in Fig. S2b (CN2020). (c) 252 

The temperature simulated under FixedCocentration2020 (due to CO2 forcing only, with SLCP 253 

and cooling aerosol forcing fixed at present-day level) is shown in red. (d), (e), (f): Similar to (a), 254 

(b), (c), except under a scenario in which the CO2 emission becomes to net zero after 2020 255 

(“ZeroEmission2020”). Because of the thermal inertia of the oceans, there is an unrealized 256 

warming of about 0.6ºC due to cumulative emissions as of 2030. If the emissions of CO2 were 257 
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reduced to zero immediately (d), CO2 concentrations would decrease (e). Focusing just on CO2, 258 

the resulting decrease in radiative forcing can either offset or exceed the heat stored in the oceans 259 

such that the CO2 warming can stabilize at 2030 levels or even decrease slightly (f).  260 

  261 
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 262 

 263 

Fig. S9. (a) Similar to Fig. 2, but also showing two additional scenarios: CN2030+SCLP2020 264 

(Target-2C) in blue solid line and CN2020+SLCP2020 (Target-1.5C) in blue dashed line. (b) The 265 

probability of exceeding a certain temperature threshold (X-axis) in 2100, calculated as 1- the 266 

cumulative distribution function of the curves in (a).  267 
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 269 

 270 

Fig. S10. Same as Fig. S9, but for 2050. 271 
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