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Coupled climate model: 9 

The National Center for Atmospheric Research Community Climate System Model 10 

version 4 (CCSM4) is a global scale fully coupled climate model. It includes a finite 11 

volume nominal 1 degree (0.9° x 1.25°) 26 level version of the atmospheric model 12 

Community Atmospheric Model version 4 (CAM4), with improved components of 13 

ocean, land and sea ice compared to the older version (CCSM3)1. The ocean is the 14 

Parallel Ocean Program version 2 (POP2) with a nominal latitude-longitude resolution of 15 

1° and 60 levels in the vertical with a rotated North Pole to Greenland. The grid points in 16 

the ocean have a uniform 1.11° spacing in the zonal direction, and 0.27° near the equator, 17 

extending to 0.54° poleward of 35° N and S meridionally. No flux adjustments are used 18 

in CCSM4. 19 

The ocean component of CCSM4 uses the Boussinesq approximation, leading to a 20 

conservation of the total ocean water volume. Therefore, the thermosteric sea level 21 

change is calculated offline after the model simulation is done. The control simulation 22 

trend of SLR in CCSM4 has been removed from the CCSM4 20th and 21st century 23 
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simulations as shown in Figure SF2. In comparison with other climate models which 24 

participated in the Coupled Model Intercomparison Project phase 5 (CMIP5)2, the 25 

simulated 20th and 21st centuries’ thermosteric SLR by CCSM4 falls within the mid to 26 

upper range. 27 

In addition, we compared the radiative forcing changes of the BC, CH4 and 28 

Halocarbon (CFCs, HCFCs, HFCs) relative to 2005 under RXM mitigation and RCP 2.6 29 

scenarios (SF10). It shows significant similarities between these two scenarios. 30 

Validation of the linear fit of the global mean temperature and thermosteric SLR: 31 

We used the empirical model from Vermeer & Rahmstorf3 by fitting it to the global 32 

temperature time series and corresponding global SLR time series (thermal expansion 33 

component only) as output from CCSM4 historical and RCP simulations, after averaging 34 

all available ensemble members into ensemble mean time series, separately for each RCP 35 

experiment.  36 

For each of the CCSM4 RCP experiments, we used in turn the remaining three RCP 37 

experiments to estimate the coefficients of the linear model by least squares. We then 38 

applied these coefficients to the global temperature time series of the fourth RCP (not 39 

used to estimate the coefficient) to determine the sea level rise as predicted by the semi-40 

empirical model and compare it to the actual thermosteric sea level rise produced under 41 

that experiment. The R2 of the 4 regressions are all above 0.98, and the mean of the 42 

squared residuals of the out-of sample prediction ranges between 2 cm (thermosteric SLR 43 

from RCP4.5 when predicted on the basis of the regression model fitted to all remaining 44 

three RCPs) and 6 cm (RCP2.6). 45 
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Once we verified the goodness-of-fit, we estimated a new set of coefficients by using 46 

CCSM4 output from all 4 RCP experiments together in a single regression. We used 47 

these coefficients to predict sea level rise (thermal component only) from the RXM4 48 

output of global temperature for the RCP simulations as shown in SF7 and other 49 

mitigation simulations as shown in Figure 2. 50 

Semi-empirical approach: 51 

The main criticisms levied to the semi-empirical approach are characteristic of statistical 52 

model estimation and prediction based on observational records: the extent of the 53 

calibration period is limited, and based on uncertain observations, and thus the nature of 54 

the prediction is in essence that of an extrapolation beyond the behavior already observed, 55 

which can also show sensitivity to the choices of observational records and its pre-56 

processing. Some of the sea level change used for calibration may be due to sources 57 

unrelated to climatic changes, like ground water storage and river dams, but the 58 

magnitude of this component is highly uncertain and therefore its exclusion (or in turn its 59 

effect on the prediction) are not easily assessed5-10, although attempts to assess these 60 

effects have been made in recent years11-13. 61 

Like every prediction based on empirical fits the assumption is that the behavior of the 62 

system remains the same in the future. If highly non-linear behavior kicks in it would not 63 

be accounted for by these predictions. Lastly, the reason why semi-empirical models 64 

produce on average higher projections than process-based models is still not understood, 65 

thus making the adoption of these techniques a source of debate in the community. 66 
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 Nevertheless, we only use this semi-empirical model to qualitatively show how the 67 

SLCPs mitigation would affect the future SLR in conjunction with a process based 68 

coupled climate model. We are not intending to produce precise numerical SLR 69 

projection for the future. Since the estimated effect of the SLCPs mitigation on both 70 

thermosteric SLR derived from the process based model and the semi-empirical model 71 

derived SLR is on the same direction, in our opinion, the model and methodology we 72 

used here will not severely influence our conclusions. If other models and methodologies 73 

had been used, we would not expect our conclusions regarding the percent changes due to 74 

the mitigation actions to be changed significantly. 75 

Further we also tested the semi-empirical model with b being set zero (SF11). In all 76 

scenarios, the projected SLR changes of the upper bound with b=0 in comparison to the 77 

standard VR model3 are very small at 2100. However, with b=0, it does affect the 78 

projected mean and the lower bound SLR at the end of the 21st century. For the 79 

SLCP+CO2 scenario, the mid value of SLR projection reduces by about 10%, but the 80 

lower bound reduces by more than 20%. 81 

Choice of input data sets: 82 

We have tested the projected SLR using the coefficients derived from the Church and 83 

White (2011, CW11)10 data against the SLR derived from Church and White (2006, 84 

CW06)9 data. We found that the projected SLR by 2100 using CW11 data is about 1/3 85 

less than that using CW06 data (see new Figure SF4 in supplements). In the end, we still 86 

chose to use CW06 data, for the following reasons: 87 
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a). The percent reduction in projected SLR between the mitigation case and the baseline 88 

(BAU) case is nearly the same (about 40% for the scenarios shown in SF4). As a result, 89 

in the main text, we describe our findings using the percent change as the metric, instead 90 

of absolute values of SLR changes.  91 

b). We were also influenced by the conclusion of Rahmstorf et al6. They suggested that 92 

the fit obtained by CW06 data, simulates the observed surface temperature changes better 93 

(compared with CW11); and furthermore, it is consistent with results from 3 different 94 

methods and does not produce an estimate of the base temperature that conflicts with the 95 

stationarity of sea level rise during the 1400-1800 period (as derived by proxies). 96 

We also tested different surface temperature data sets (HadCRUTv314, HadCRUTv415, 97 

GISS16, and NOAA17) as suggested, and we found that the estimated coefficients of the 98 

four resulting models are nearly identical, well within the confidence intervals of the 99 

linear fits and thus do not produce significantly different projections. We therefore 100 

continued to use the original GISS temperature data. 101 

General discussion on Sea Level rise 102 

The global mean sea level change is related to many processes, such as the changes of the 103 

sea water temperature (thermosteric) and redistribution of salt (halosteric), the mass 104 

changes of the land-based ice (glaciers, ice caps and the two major ice sheets), the 105 

changes of the gravity field associated to the mass change of land-based ice, and the 106 

changes of the earth crust due to the changes of land-based ice mass. The global mean sea 107 

level change is also affected by direct human activities, such as ground water mining and 108 
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dam building11-13. Due to lack of accurate and long-term observations on all contributing 109 

factors, it has proven to be very difficult to attribute the contributions of each of these 110 

processes to the observed SLR although intensive efforts have been made in the past 111 

decades5-13, 18-25. Because of the potential significant impact of SLR on human society, 112 

the projection of future SLR has caught significant attention in the scientific 113 

community26-36. However, it remains a grand challenge to the scientific community for 114 

accurately predicting the future global mean SLR and its regional pattern due to the 115 

uncertainty rising from the uncertainty of the climate sensitivity (such as shown in Figure 116 

SF3), the heat uptake by the ocean, response of the land-based ice to the climate changes, 117 

and the associated gravity field changes and the uplift of the earth crust underneath the 118 

land-based ice, and the ground water mining and dam buildings. Due to all of these 119 

uncertainties, we acknowledge that projections of SLR are valid only in a qualitative 120 

sense in our research.  Keeping up with this perspective, we restrict our attention to the 121 

percent change in SLR and SLR rate instead of the absolute changes.      122 
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Supplement Table 1: Observed and simulated temperature and sea level change in the 220 

20th century. 221 

Case 20th Century (1900 to 2005) 

 ΔT (°C) 
SLR_R (cm/yr) at 

2005 

ΔSLR (cm) 

Observed 0.72 (ref 16) 0.41 (ref 9)  19.9 (ref 9) 

Semi-empirical SLR 0.7 0.34 17.9±3.7 

Thermosteric SLR 0.7 0.11 4.3±0.1 

 222 

223 
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Supplement figures  224 

 225 
SF1. Temperature simulated by RXM and CCSM4 (anomaly relative to 1900-1910 226 

mean). As CCSM4 does not include aerosol indirect effect, we exclude that from RXM in 227 

this simulation only. Both models agree with each other during the 20th century but both 228 

overestimate observed temperature increase16. 229 
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  230 
SF2. SLR simulated by a semi-empirical model3 (labeled as RXM/VR09) and CCSM4 231 

thermal expansion only simulation1. (a) Historical SLR simulation (relative to 1900-232 

1910) compared with observation9. RXM/VR09 Full is semi-empirical model developed 233 

by fitting with observed temperature14 and SLR9. RXM/VR09 Thermo only is the semi-234 

empirical model developed by fitting with future temperature increase and thermal 235 

expansion SLR simulated by CCSM4. Historical SLR directly simulated by CCSM4 236 

(green dash line) is higher than RXM/VR09 Thermo only because CCSM4 does not take 237 

into account aerosol indirect effect and therefore overestimated historical warming (also 238 

see SF1). (b) Future SLR due to thermal expansion only (relative to 2000-2010) under 239 

various RCP scenarios. 240 

241 
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 242 
SF 3. (a)Probability distribution of temperature warming at 2100 under three scenarios 243 

(BAU, CO2 mitigation and CO2+SLCPs mitigation). The uncertainty range is caused 244 

only by climate sensitivity uncertainty. The most likely value is shown in Fig 1 and Table 245 

1. (b) same as (a) but for SLR. The most likely value is shown in Fig 2a and Table 1. (c) 246 

SLR (2005-2100)reduction from BAU under CO2 and CO+SLCPs mitigation scenarios.  247 
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 248 
SF 4. The sensitivity of the projected SLR in the 21st century from the VR3 model to the 249 

input SLR data sets9,10. CW11 represents Church and White 2011 data10 and CW06 250 

represents Church and White 2006 data9. 251 

 252 
SF5. A comparison of the CO2 concentration and forcing used in ref 4 (labeled as RX10) 253 

and RCP6.0 and RCP2.6 scenarios. 254 
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 255 
SF6. Simulated global mean surface temperature from 1850 to 2100 using NCAR 256 

CCSM4. For the historical period, all know climate forcings, such as CO2, methane, SO2, 257 

black carbon, solar etc., are used. The overall warming is about 1.1°C averaged over 258 

1996-2005 from the mean of 1850-1899. This warming is slightly higher than that 259 

suggested by observations. From 2006-2100, the model is forced by IPCC RCP2.6, a 260 

scenario designed to keep the global mean temperature rise to less than 2°C by the end of 261 

the 21st century. In this scenario, heavy mitigation of CO2 has been assumed and the CO2 262 

concentration will peak at about 450ppm in the mid-21st century, and then decline to 263 

about 420ppm by the end of the 21st century. In our model, the warming by the end of 264 

the century is 2.4°C relative to the mean of 1850-1899. To test the sensitivity of the 265 

climate to aerosols, we set all aerosols in RCP2.6 to zero, and the climate is about 0.65°C 266 

warmer than that simulation including the aerosols. This suggests that the increased 267 

aerosol concentration since the industrialization is indeed masking part of the warming 268 

from the rising CO2 concentration. In the other word, by making our air cleaner, we could 269 

potentially see a larger warming. 270 
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 271 
SF7. SLRfull under different scenarios as shown in Fig 2a solid lines, except that time-272 

dependent uncertainty range are illustrated in color shades. The uncertainty shown here 273 

are only due to SLR model but not climate sensitivity.  274 
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 275 
SF8. Same as Fig 2, except that only thermal expansion SLR (the dash lines in Fig 2) is 276 

shown.  277 

 278 
SF9. Temperature and SLR responses if mitigation efforts on SLCPs were delayed by 279 

about 25 years. The delayed emission reduction starts at 2030(methane) or 2040(BC). 280 

Observed temperature16 and SLR9 are shown for reference. The three thinner lines in 281 

right panel are SLR due to thermal expansion only.  282 

283 
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 284 
SF10. BC, CH4 and Halocarbon (CFCs, HCFCs, HFCs) radiative forcing change relative 285 

to 2005 under RXM mitigation and RCP 2.6 scenarios. Note that for both scenarios, BC 286 

forcing is calculated by scaling future emission, and CH4 forcing is calculated from 287 

future atmospheric concentration which takes into account indirect contribution to ozone.  288 

289 
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 290 
SF11. A comparison of the VR3 model with b=0 (blue lines) and not zero (red lines) for 291 

CW06 data9. 292 
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