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Supplement 

Section 2.1 states “The effect of this update results in our model being able to fit the historical climate 

record with higher values of climate feedback, especially for strong aerosol cooling (see Fig. S1 and 

supplement for more information)”. Figure S1 illustrates the impact of updating Eq. (2) in our model to be 

comparable to the formulation in Bony et al. (2006) and Schwartz (2012). This figure displays the change in 5 

GMST anomaly in 2100 relative to pre-industrial (ΔT2100) as a function of λΣ and AER RF2011 for the two 

formulations of Eq. (2). Figure S1a uses the previous version of the EM-GC, where QOCEAN was subtracted 

outside of the climate feedback multiplicative term, and Fig. 1b uses the new version of the EM-GC where 

QOCEAN is subtracted within the climate feedback multiplicative term.  

 In the EM-GC framework, we calculate our value of QOCEAN by finding the κ needed to multiply the 10 

temperature difference between the atmosphere and the ocean to fit the observed OHC record. The model 

iterates over the ocean module, specifically the value of ΔTOCEAN,HUMAN
 in Eq. (4), until the EM-GC 

converges on an estimate of κ for a single OHC record and value of AER RF2011. Figure S1 illustrates that 

the effect of changing Eq. (2) in the EM-GC impacts our estimates of the rise in ΔT2100 at high values of AER 

RF2011. Strong aerosol cooling results in the ocean taking up more heat from the atmosphere than in the 15 

previous version of the EM-GC. The larger value of QOCEAN results in a higher value of climate feedback 

needed to fit the historical climate record, because both AER RF2011 and QOCEAN are acting to cool the climate 

system. The higher values of climate feedback increase our maximum value of ΔT2100. This change brings 

some of the projections of ΔT2100 from the EM-GC closer to values of ΔT2100 from the CMIP6 multi-model 

ensemble. 20 

 

Section 2.1 states “Altering the training period of our model has a slight effect on our results (see Fig. 

S2, S3, and the supplement for information on various training periods).” Figure S2 shows the end of century 

projected warming as a function of λΣ and AER RF2011, for four different training periods: 1850-1989 (Fig. 

S2a), 1850-1999 (Fig. S2b), 1850-2009 (Fig. S2c) and 1850-2019 (Fig. S2d), which is the normal training 25 

period used in our analysis. Values of  ΔT2100 are shown only for combinations of λΣ and AER RF2011 that 

lead to good fits (χ2 ≤ 2) to the climate record. We project relatively similar results for end of century warming 

for the training periods that end in 2019 and 2009. Our results using the training period from 1850-1999 are 

similar to observations and other reduced complexity models (Nicholls et al., 2020). The training period that 

ends in 1989 (Fig. S2a) yields a different “shape” of model parameter space for which good fits to the climate 30 

record can be obtained, compared to the other training periods. The different shape for this shorter training 

period is due to two factors. First, the formulation of the ocean component of our model for the training 

period that stops in 1989 uses 35 years of the observed OHC record. We are able to calculate good fits to the 
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OHC record over this shorter time period that diverge from the OHC record after 1989. Also, for this shorter 

time period, aerosol radiative forcing of climate cools in a manner that nearly mirrors the warming due to 35 

rising GHGs, resulting in a wider range of model parameters that lead to a “good fit” of the climate record, 

compared to model simulations constrained by data that extend closer to present-day. The highest values of 

ΔT2100 in Fig. S2a are associated with the largest values of λΣ, which in our model corresponds to excessively 

high values of κ that we can rule out, based on OHC data collected during 1990 to 2019. 

 Figure S3 shows the observed (HadCRUT5) and modeled ΔT anomaly from 1945-2060 for the four 40 

different training periods described above. Each panel contains three projections of future ΔT for SSP4-3.4: 

projection using the value of climate feedback that provides the best fit to the historical climate record for a 

value of AER RF2011 = −0.9 W m−2, the lowest value of climate feedback that provides a good fit to the 

observed ΔT record for a value of AER RF2011 = −0.1 W m−2, and the highest value of climate feedback that 

provides a good fit to the historical climate record (the associated value of AER RF2011 varies depending on 45 

the training period). As more years are added to the training period, the range of projection for future 

temperature decreases (Fig. S3a vs S3d). All of the best fit projections (solid line) and highest value of climate 

feedback (upper dashed line) closely follow the mid-point of the data, regardless of the training period. Given 

the nature of this test (i.e., predicting GMST out to 2019 for a series of trainings that stop in either 1989, 

1999, or 2009), Figure S3 supports the quantitative accuracy of our approach for simulating and projecting 50 

future ΔT. 

 

 Section 2.2.1 states “We use the uncertainty time series from HadCRUT4 for all GMST records (see 

the supplement, Figs. S4 and S5, and Table S1 for more information)”. Figure S4 shows values of ΔT based 

on the seven individual GMST records (GISTEMP, BEG, HadCRUT4, CW14, HadCRUT5, NOAAGT, and 55 

JMA) with their corresponding 1σ and 2σ uncertainties. A horizontal line at zero denotes the time period of 

the baseline for each ΔT record. The multi-record mean, excluding the data set that is plotted, is also shown. 

Since the multi-record mean and individual ΔT record are plotted on the same baseline, these two quantities 

closely match over this time period. Panels (a), (b), (e), and (f) illustrate that the uncertainties for these GMST 

records are not large enough to encompass the multi-record mean over 1850-2019. The multi-record mean in 60 

panel (a) is below the GISTEMP 1σ uncertainty range between 1880 and 1900, and again between 1980 to 

2019. In panel (b), the multi-record mean is above the BEG 1σ range from 1850 until 1865, 1880 to 1895, 

and below the 1σ uncertainty range from 2000 to 2019. The multi-record mean in panel (e) is below the 

HadCRUT5 1σ uncertainty range from 1990 until 2019. In panel (f), the multi-record mean is above the 

NOAAGT 1σ uncertainty range from 1920 until 1955. The JMA GMST record does not provide an 65 

uncertainty estimate. We therefore use the HadCRUT4 combined uncertainty (measurement, sampling, bias, 
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and coverage uncertainties (Morice et al., 2012)) estimate for JMA in panel (g). The multi-record mean of 

ΔT for all data sets other than JMA lies at the edge of the 1σ uncertainty range from 1891 until 2000. After 

2000, the multi-record mean falls above both the 1σ and 2σ HadCRUT4 uncertainty range. The HadCRUT4 

uncertainty time series shown in panel (c) is the only uncertainty estimate large enough to cover the spread 70 

in the various GMST records. 

Figure S5 shows ΔT based on all seven GMST records and the multi-record mean relative to three 

baseline periods. The 1σ and 2σ uncertainties from HadCRUT4 are plotted about the multi-record mean. 

Panels (a) and (d) show the GMST records relative to 1891-1920, which are the first 30 years all of the data 

sets have in common. Between 1850-1970, all of the data sets fall within the 1σ HadCRUT4 uncertainty. 75 

After 1970, the GMST records start to deviate and some fall outside of the 1σ uncertainty but within the 2σ 

uncertainty, and JMA falls outside of the 2σ uncertainty. Panels (b) and (e) show the GMST records relative 

to the HadCRUT baseline period of 1961-1990. We see similar behavior as in panels (a) and (d), where the 

GMST records largely fall within the HadCRUT4 1σ uncertainty until about 1970. Panels (c) and (f) show 

the GMST records forced to match HadCRUT5 from 2010-2019, which is baselined to 1961-1990. In these 80 

two panels, we see a large spread between the GMST records from the beginning of the time period until 

2005.  

 Table S1 shows the percentage of ΔT data points that lie within the 1σ or 2σ HadCRUT4 uncertainty 

about the multi-record mean for all seven data records since 1940. Year 1940 is used to be consistent with 

the definition of our χ2
RECENT parameter. Depending on the choice of baseline period, the number of data 85 

points within the uncertainty range varies. For a baseline of 1891-1920, 80% of the data points for all seven 

records are within the 1σ uncertainty and 95% of the data points are within the 2σ. For a baseline of 1961-

1990, 88% and 93% of data points are within the 1σ and 2σ HadCRUT4 uncertainties, respectively. If the 

ΔT records are forced to match the average value of the HadCRUT5 data set over the last decade, 72% of the 

data points are within the 1σ uncertainty and 88% are within the 2σ uncertainty. This analysis shows that 90 

depending on which baseline is used, the percentage of points within the 1σ or 2σ uncertainty ranges varies. 

Overall, these comparisons support the utility of the HadCRUT4 uncertainty for the GMST, since the 1σ and 

2σ uncertainty ranges capture a percentage of points approximately correct for a pure Gaussian distribution. 

Therefore, we have adopted the HadCRUT4 uncertainties in GMST for all of the analyses in the main paper. 

The uncertainties published by other data centers tend to be smaller than the HadCRUT4 uncertainties. Since 95 

only the HadCRUT4 uncertainties span the range of values for ΔT from the seven data records in a somewhat 

realistic fashion, we have decided to use these uncertainties uniformly throughout the analysis. 
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 Section 2.2.1 also says “We then adjust each data set to the HadCRUT5 pre-industrial baseline as 

described in the supplement”. The mean of the HadCRUT5 GMST record from 1850-1900 is −0.3589°C. We 100 

add 0.3589°C to each value of the HadCRUT5 record to adjust the data set onto the pre-industrial baseline. 

We use this same offset for all of the other data sets. We add 0.3589°C to each value of ΔT from the six data 

sets to match the HadCRUT5 1850-1900 baseline. 

 

Section 2.2.3 states “Figure S6 shows the ozone RF time series used in this analysis and the 105 

supplement provides more information about the creation of the time series for the RF due to O3
TROP”. Figure 

S6 displays the time series of tropospheric ozone RF used in our analysis for the various SSPs. Tropospheric 

ozone is an important GHG that rivals nitrous oxide as the third most important anthropogenic GHG. We 

include the RF due to tropospheric ozone (O3
TROP) in our model for completion, even though the SSP database 

does not provide RF estimates for the various SSPs. We use values from the RCP scenarios provided by the 110 

Potsdam Institute for Climate Impact Research (Meinshausen et al., 2011). The values of the RF due to 

O3
TROP for SSP1-1.9 and SSP1-2.6 are from the RCP2.6 pathway. The RCP4.5 time series of O3

TROP is used 

for SSP2-4.5, the RCP6.0 time series is used for SSP4-6.0, and the RCP8.5 time series is used for SSP5-8.5. 

We create linear combinations of RCP2.6 and RCP8.5 to generate two new time series of the RF due to 

O3
TROP for SSP4-3.4 and SSP3-7.0. There is a large gap between the time series of the RF due to O3

TROP for 115 

RCP6.0 (shown as SSP4-6.0) and RCP8.5 (shown as SSP5-8.5) in Fig. S6. We created a time series that 

would split the difference between the two RCPs to represent the RF due to O3
TROP for SSP3-7.0. The SSP4-

3.4 time series of the RF due to O3
TROP that was created lies in between the RCP2.6 (shown as SSP1-2.6) and 

RCP4.5 (shown as SSP2-4.5) time series in Fig. S6. 

 120 

Section 2.2.8 states “Figure S9 shows the five OHC records as well as the multi-measurement 

average”. Figure S9 displays the five OHC content data sets, as well as the multi-measurement average, 

plotted as a function of time and normalized to year 1986. This figure illustrates how the shapes of the 

different OHC records compare. Each of the time series represents the amount of heat stored in the top 700 

m of the world’s oceans for that specific data set. Carton et al. (2018) is the shortest data set, and only spans 125 

36 years (1982-2017). The second shortest record is Balmaseda et al. (2013a), which spans 52 years (1958.5-

2009.5). Ishii et al. (2017) is the record in the middle with a range of 63 years (1955-2017). Both Cheng et 

al. (2017) and Levitus et al. (2012) have records that span 65 years (1955-2019). The length of the data set 

and the shape of the curve affect the estimate of ocean heat export (OHE), because we calculate OHE by 

taking a linear fit to the full OHC time series. Balmaseda et al. (2013a) has the lowest estimate of OHE 130 

because the slope of the curve is relatively shallow, due to the fact that it slightly rises, then decreases at the 
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start of the record. Carton et al. (2018) has the highest estimate of OHE because the slope of the curve is the 

steepest of the five records. 

 

Section 2.2.8 also says “For these five OHC data sets, uncertainty estimates are not always provided. 135 

Furthermore, some studies that do provide uncertainties give estimates that seem unreasonably small (see Fig 

S10 and the supplement)” and “Figure S10 and the supplement provide more detail on the creation of this 

time dependent uncertainty estimate for OHC”. Figure S10 shows the multi-measurement average as well as 

the five OHC data records as a function of time, the uncertainty for each corresponding data set, and the 

combined uncertainty used in this analysis. Panel (a) shows the multi-measurement OHC average with the 140 

standard deviation of the mean plotted around the average time series. The standard deviation is large at the 

beginning of the time series, due to the spread in the estimates of OHC between the different records 

(illustrated in Fig. S9). The standard deviation decreases as the various OHC records converge near a similar 

estimate. The standard deviation is zero in 1986 because we normalized all of the time series to zero in this 

year to create the multi-measurement average. Because of this normalization, the standard deviation of the 145 

mean is not a realistic measure of uncertainty for the five OHC time series.  

Panels (b), (c), (d), (e), and (f) display the uncertainty estimates for the five OHC data records. We 

use the standard deviation of the mean of five ensemble members of the European Centre for Medium-Range 

Weather Forecasts Ocean ReAnalysis System 4 (ORSA) (Balmaseda et al., 2013b) for the Balmaseda et al. 

(2013a) record. The standard deviation is plotted in panel (b) as the dotted blue line. The standard deviation 150 

is small at the beginning of the record, because the five ensemble members started at similar values of OHC 

in 1958 and diverged over time. The combined uncertainty of the standard deviation of the average of the 

five OHC records and the Cheng et al. (2017) estimate is plotted as a dashed blue line. Panel (c) shows the 

Levitus et al. (2012) time series for the top 700 m updated to the end of 2019. The Levitus time series utilizes 

the standard error over the whole ocean for their uncertainty estimate and is plotted as the dotted light blue 155 

line. The standard error is a very small uncertainty estimate compared to the other OHC data records, which 

is unreasonable considering the large variations in OHC between the different records. We use the standard 

deviation of eight reanalysis experiments to represent the uncertainty associated with the Carton et al. (2018) 

OHC record and is plotted as a dotted orange line in panel (e). The standard deviation of the eight reanalysis 

experiments is rather small, which also is unrealistic. Panel (f) displays the Cheng et al. (2017) OHC record 160 

updated through the end of 2019 with the 1σ uncertainty. This uncertainty does not vary much throughout 

the data record, making it more realistic as an estimate for such an uncertain quantity as OHC. We created 

the combined uncertainty estimate of the standard deviation of the average of the five OHC records and the 

Cheng et al. (2017) 1σ uncertainty to have the largest uncertainty possible due to the fact that OHC varies 

between the different records. The EM-GC cannot achieve χ2
OCEAN ≤ 2 for Balmaseda et al. (2013a), Levitus 165 
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et al (2012), and Carton et al. (2018) using their own respective estimates of uncertainty. Creating one 

uncertainty estimate to be used for all of the OHC records provides consistency and allows the EM-GC to 

achieve good fits between the observed and modeled OHC. 

 

Section 2.3 states “Figure S12 illustrates the REG method used to determine AAWR from the CMIP6 170 

GCMs”. Figure S12 shows the change in ΔT from 1975-2014 from the CMIP6 GCMs and the contribution 

of SAOD from 1975-2014. There was about a 6 month lag between the response of ΔT and enhancements of 

SAOD following the eruption of Mount Pinatubo in June 1991 (Douglass and Knox, 2005; Thompson et al., 

2009); a 6 month delay for the response of ΔT to SAOD is commonly used in regression analyses of the 

actual temperature record (Foster and Rahmstorf, 2011; Lean and Rind, 2008). The time needed for ΔT to 175 

respond to a change in the aerosol loading in the stratosphere due to a volcanic eruption in each GCM can 

exhibit a significant difference compared to this empirically determined response time. Therefore, a lag was 

determined for each GCM by calculating the value of the monthly delay that resulted in the largest regression 

coefficient for SAOD (versus ΔT). Due to the difference in model physics between the various GCMs, the 

value of the delay between the volcanic forcing and surface temperature response ranged from 0 to 11 months. 180 

The effect of SAOD on ΔT for the 50 GCMs is shown in Fig. S12d. Figure S12b shows the residual in ΔT 

after removing the influence of SOAD, and the median value of AAWR from the CMIP6 multi-model 

ensemble is plotted as a linear line. Figure S12c shows the human component of global warming, 

ΔTATM,HUMAN, from the EM-GC. A linear fit and quadratic fit are shown to illustrate that ΔTATM,HUMAN is 

almost nearly linear from 1975-2014, supporting the approximation of ΔTATM,HUMAN as a linear function from 185 

1975-2014 for the REG calculation. 

 

Section 2.3 also states “Figure S13 and the supplement compare values of AAWR found using the 

REG method applied to EM-GC output with values of AAWR found using Eq. (9), as support for the validity 

of using the REG method to determine AAWR from CMIP6 output”. We applied the REG method to the 190 

EM-GC simulations to check the validity of the REG method. We regressed the modeled ΔT time series from 

the EM-GC for an AER RF2011 = −0.9 W m−2 simulation with SAOD and applied a 6 month lag. A linear 

function is used to represent the anthropogenic effect on temperature from 1975-2014. Fig. S13 shows the 

results of using the REG method on output of the EM-GC. 

 The value of AAWR from the EM-GC determined using the REG method is 0.188°C decade−1, 195 

compared to 0.167°C decade−1 using Eq. (9) (Fig. S13c and Fig. 1). There is a 0.021°C decade−1 difference 

between the two methods. This difference arises because the REG method, when applied to the EM-GC 

modeled ΔT time series, includes the contribution of AMOC in the value of AAWR (Fig. S13c). Figure 1 of 
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our paper illustrates that AMOC contributes about 0.025°C decade−1 to the rise in ΔT. If we include AMOC 

as a regressor variable to the REG method, we obtain a value of AAWR of 0.161°C decade−1 from the output 200 

of the EM-GC (Fig. S13g). 

 The close agreement of values of AAWR from the REG method once we account for AMOC and Eq. 

(9) supports the validity of the REG method to determine AAWR from CMIP6 output. We do not explicitly 

use AMOC as a regressor variable when applying the REG method to CMIP6 GCMs for two reasons. The 

first reason is that GCMs have been shown to underestimate key aspects of the Atlantic multidecadal 205 

oscillation and are unable to simulate the many oceanic and atmospheric footprints of AMOC (Kavvada et 

al., 2013). The second reason is that CMIP6 GCM historical runs do not use prescribed SSTs. If the CMIP6 

GCMs are representing AMOC, it is a random signal that is averaged out when we analyze the 50 GCMs in 

order to calculate AAWR. 

  210 

Section 2.3 also says “Analysis of AAWR for these 50 GCMs of LIN versus REG (see Fig. S14)…”. 

Figure S14 shows the similarity between the values of AAWR determined using the LIN and REG methods. 

The ratio between the values of AAWR determined utilizing LIN and REG is 1.009, indicating there is only 

about a 0.9% difference in the values of AAWR using the two methods. Figure S14 also shows the values of 

AAWR that are below the maximum value of AAWR determined by the EM-GC utilizing the HadCRUT5 215 

temperature record (blue) and the values that are above the maximum (red). Less than half of the GCMs 

result in values of AAWR less than the maximum value from the EM-GC and more than half of the GCMs 

result in values of AAWR greater than the maximum value from the EM-GC utilizing the HadCRUT5 GMST 

record.         

 220 

Section 2.4 states “For the estimate of climate sensitivity from the CMIP6 multi-model ensemble, 

we use the method described by Gregory et al. (2004) (See the supplement and Fig. S15 for more 

information)”. To use the Gregory method, near surface air temperature output from the Abrupt 4CO2 and 

piControl simulations, as well as net downward radiative flux output from the Abrupt 4CO2 simulation is 

used to calculate ECS. The near surface air temperature and net downward radiative flux was converted 225 

from monthly gridded output to annual global averages. We calculate the temperature change for the 

Abrupt 4CO2 simulation by subtracting the piControl near surface air temperature (Chen et al., 2019) (Fig. 

S15). This computed temperature anomaly is then regressed against the net downward radiative flux, with 

the x-intercept yielding the response of ΔT to a quadrupling of CO2. This response is then divided by two 

(Jones et al., 2019) to arrive at the effective climate sensitivity (Fig. S15).  230 
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Section 2.5 states “See Fig. S16 for unweighted ECS values and Section 3.2 states “See Fig S16 for 

results without aerosol weighting”. Figure S16 displays the values of ECS using the EM-GC and the CMIP6 

multi-model ensemble. The EM-GC box contains the 25th, 50th, and 75th percentiles, the whiskers denote the 

5th and 95th percentiles, and the stars represent the minimum and maximum values of ECS. The box labeled 235 

CMIP6 is unchanged from Fig. 7. The values of ECS are not treated with the aerosol weighting described in 

Sect. 2.5. This figure shows that most of the estimates of ECS found using the EM-GC are concentrated 

towards small values of ECS, due to the fact that the majority of the EM-GC model runs with good fits to the 

climate record (χ2
ATM, χ2

RECENT, and χ2
OCEAN) have weak aerosol cooling and low values of λΣ (Fig. 5b). We 

use the aerosol weighting method to assign the same weights for the IPCC 2013 “likely” range limits of AER 240 

RF2011 of −0.4 and −1.5 W m−2
 at the one sigma values of a Gaussian, and the −0.1 and −1.9 W m−2 are at the 

two sigma values of a Gaussian. Using the aerosol weighting method adjusts our estimates of ECS so that 

the calculated percentiles occur at higher values.  

 

 Section 3.2 in the Fig. 8 caption says, “See supplement for the confidence intervals plotted for each 245 

study”. All of the studies except Dessler et al. (2018), Rugenstein et al. (2020), IPCC 2013, and Zelinka et 

al. (2020) have the 5 to 95% confidence intervals shown. The 66% confidence intervals are shown for IPCC 

2013, and the minimum and maximum are shown for Dessler et al. (2020), Rugenstein et al. (2020) and 

Zelinka et al. (2020). 

 The Fig. 8 caption in Sect. 3.2 also refers to the supplement for information about which studies are 250 

estimating effective climate sensitivity or equilibrium climate sensitivity. We designate each study based on 

information found in their manuscripts if their analysis uses the Gregory et al. (2004) method or infers climate 

feedback from the historical climate record will persist until equilibrium. The use of either of these two 

factors results in our designation of effective climate sensitivity (Gregory et al., 2004; Sherwood et al., 2020; 

Tokarska et al., 2020a; Zelinka et al., 2020). Based on our examination of IPCC 2013, it seems their estimate 255 

is a combination of effective climate sensitivity and equilibrium climate sensitivity.  

 

 Section 3.3.4 states “see Fig. S21 and the supplement” and “see the supplement for more 

information”. Figure S21 shows the rise in ΔT from pre-industrial for SSP5-8.5 versus the cumulative 

emissions of CO2, in Gt C, since 1870. The colored lines denote the probability of reaching at least that 260 

temperature by the end of century. The large spread in projections of future ΔT is driven by the uncertainty 

in AER RF. The computed probabilities are based on the aerosol weighting method, so the uncertainty in 

AER RF is considered when determining the likelihood of achieving the Paris Agreement target of 1.5°C and 

upper limit of 2.0°C for the cumulative carbon emissions. 



9 

 

We use the uncertainty suggested by coupled atmospheric / carbon cycle models in how atmospheric 265 

CO2 will respond to the prescribed carbon emissions. Examination of Fig. 2 and Table 3 from Friedlingstein 

et al. (2014) and Fig. 9b from Murphy et al. (2014) led to our determination that the uncertainty in estimates 

of atmospheric CO2 from emissions driven runs of CMIP5 coupled atmospheric / carbon cycle models is 

about 10% (1σ). We include this 10% uncertainty in our determination of the carbon budgets for each 

probability of achieving the Paris Agreement target and upper limit shown in Table 2. 270 

 

Section 3.3.6 states “Figure S23 is identical to Fig. 14, except for the use of no delay between the RF 

perturbations and the response of climate feedback.”. Figure S23 shows the effect of time variant λ−1, 

assuming an instantaneous response between λ−1 and a change in radiative forcing for a simulation using a 

value of AER RF2011 = −0.9 W m−2. The instantaneous response causes the modeled ΔT to deviate more from 275 

the observed temperature than results found using the 32.5-year delay in the response (Fig. S23g, h versus 

Fig. 14g, h). The deviation between the modeled and observed ΔT does not allow for a large change in λ−1 

over time to still achieve the χ2
ATM ≤ 2 and χ2

RECENT ≤ 2 constraints. The deviation between modeled and 

observed ΔT in Fig. S23d resembles the behavior of some CMIP6 GCMs (see Fig. 9 and Tokarska et al. 

(2020b)).  280 

Section 3.3.6 also states “In Figs. 14 and S23 we also analyze a RF scenario termed SSP2-4.5ʹ that 

serves as a doubled CO2 scenario (dotted lines)”. In the SSP2-4.5ʹ simulation, only CO2 is allowed to change 

after the end of 2019. All other GHGs and aerosols are kept constant at their December 2019 values. This 

simulation allows us to examine the effect of time variant λ−1 on changes in ΔT due only to the future rise in 

CO2. In the SSP2-4.5 scenario, CH4, tropospheric O3, and ODSs decrease after 2019 leading to a future 285 

decline in RF, whereas N2O and tropospheric aerosols result in a future increase in RF. When all of these RF 

are kept constant in the SSP2-4.5ʹ scenario for the AER RF2011 = −0.9 W m−2 scaling assumption, the terms 

result in a near balance out to 2100. For the weaker aerosol cooling scenario (AER RF2011 = −0.4 W m−2), the 

value of RF due to tropospheric aerosols is not large enough to completely offset the other GHGs that are 

held constant. Consequently, the SSP2-4.5ʹ simulation (dotted line) results in slightly larger total RF and 290 

associated warming than the SSP2-4.5 scenario (solid line) shown in Fig. S24. For the stronger aerosol 

cooling scenario (AER RF2011 = −1.5 W m−2), the value of RF due to tropospheric aerosols is larger than the 

RF due to the other GHGs that are held constant, resulting in the SSP2-4.5ʹ having a slightly lower total RF 

and associated warming than the SSP2-4.5 scenario (Fig. S25).  
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The effect of the uncertainty in AER RF2011 on ECS found using time dependent climate feedback 295 

(ECSλ(t) in Main) is based on results shown in Figs. 14b, 24b, and 25c. If we apply the χ2
RECENT constraint 

equally to the −0.4, −0.9, and −1.5 W m−2 simulations, our new estimate of ECSλ(t) is 3.52°C (range of 2.71 

to 5.53°C) 
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 300 

Figure S1. GMST anomaly in 2100 relative to pre-industrial (ΔT2100) as a function of climate feedback parameter 

and AER RF2011 for two versions of the EM-GC trained with the HadCRUT4 ΔT record. (a) The change in ΔT2100 for 

SSP4-3.4 using the original formulation of Eq. (2) where QOCEAN is subtracted outside of the feedback multiplicative 

term. (b) The change in ΔT2100 for SSP4-3.4 using the updated formulation of Eq. (2) where QOCEAN is subtracted 

within the feedback multiplicative term similar to Bony et al. (2006) and Schwartz (2012). The EM-GC is able to fit 305 
higher values of λΣ at strong aerosol cooling (around −1.5 W m−2) for the new Eq. (2) compared to the original 

formulation in Canty et al. (2013) and Hope et al. (2017). The maximum value of future warming has increased due 

to the higher λΣ values.  
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Figure S2. ΔT2100 as a function of climate feedback parameter and tropospheric aerosol radiative forcing in 2011 using 310 
the EM-GC trained with the HadCRUT5 ΔT record for SSP4-3.4. (a) Training period of 1850-1989. The region outside 

of the AER RF2011 range provided by IPCC 2013 is shaded (grey). Colors denote the GMST change in year 2100 

relative to pre-industrial. The color bar is the same across all four panels for comparison. (b) Training period of 1850-

1999. (c) Training period of 1850-2009. (d) Training period of 1850-2019, which is the normal training period used in 

our analysis. 315 
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Figure S3. Observed and modeled GMST anomaly relative to 1850-1900 from 1945-2060 for four training periods. 

(a) Observations from HadCRUT5 (black), the EM-GC ΔT simulation for a training period of 1850-1989 (orange) of 

HadCRUT5, and the EM-GC projections for SSP4-3.4 out to 2060. Three EM-GC projections are shown in red: The 

best estimate of climate feedback for AER RF2011 = −0.9 W m−2, the lowest value of climate feedback that satisfies the 320 
χ2 constraints for AER RF2011 = −0.1 W m−2, and the highest value of climate feedback that satisfies the χ2 constraints 

(the value of AER RF2011 varies for each training period). The IPCC 2013 likely range of warming is denoted as the 

black trapezoid. (b) Training period of 1850-1999. (c) Training period of 1850-2009. (d) Training period of 1850-2019. 
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Figure S4. Annual GMST (ΔT) anomaly for seven data records relative to their individual baseline and the multi-325 

record mean. The multi-record mean does not include the data set that is being shown. The 1σ and 2σ uncertainties 

for each GMST record are shown, and the horizontal line for ΔT=0 spans the baseline used for the specific panel. (a) 

GISTEMP. (b) BEG. (c) HadCRUT4. (d) CW14. (e) HadCRUT5. (f) NOAAGT. (g) JMA. Since the JMA data 

provider does not provide an uncertainty time series, the HadCRUT4 uncertainty is used.  
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 330 
Figure S5. Annual GMST (ΔT) anomaly relative to several baseline periods for seven data records. The 1σ (shaded 

grey) and 2σ (dotted grey) HadCRUT4 uncertainties are plotted about the multi-model record mean (black). (a) 

Baseline of 1891-1920 plotted from 1850-2019. (b) Same as (a) using a baseline of 1961-1990. (c) Same as (a) except 

all of the ΔT records are forced to match the average ΔT anomaly over 2010-2019 given by HadCRUT5 that is relative 

to 1961-1990. (d) – (f) Same as (a) – (c) except plotted from 1940-2019. 335 
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Table S1. Percentage of annual values between 1940-2019 of the GMST record within the 1 sigma or 2 sigma 

HadCRUT4 uncertainties about the multi-record mean for each baseline period.  

Baseline: 1891-1920 1σ 2σ 

 NWITHIN NTOTAL % NWITHIN NTOTAL % 

HadCRUT4 77  80 96 80  80 100 

HadCRUT5 42  80 53 80  80 100 

CW14 80  80 100 80  80 100 

BEG 71  80 89 80  80 100 

GISTEMP 73  80 91 80  80 100 

NOAAGT 76  80 95 80  80 100 

JMA 29  80 36 54  80 68 

AVERAGE   80%   95% 

       

Baseline: 1961-1990       

HadCRUT4 80  80 100 80  80 100 

HadCRUT5 68  80 85 80  80 100 

CW14 80  80 100 80  80 100 

BEG 80  80 100 80  80 100 

GISTEMP 75  80 94 80  80 100 

NOAAGT 80  80 100 80  80 100 

JMA 27  80 34 48  80 60 

AVERAGE   88%   93% 

       

Match 2010-2019       

HadCRUT4 68  80 86 80  80 100 

HadCRUT5 47  80 59 76  80 95 

CW14 78  80 98 80  80 100 

BEG 77  80 96 80  80 100 

GISTEMP 47  80 59 79  80 99 

NOAAGT 73  80 61 80  80 100 

JMA 11  80 14 18  80 23 

AVERAGE   72%   88% 
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Figure S6. Radiative forcing of tropospheric ozone for the various SSPs analyzed in our study. The time series 

labeled SSP1-2.6, SSP2-4.5, SSP4-6.0, and SSP5-8.5 are from the corresponding RCP scenarios. We created the time 

series from SSP4-3.4 and SSP3-7.0 using linear combinations of the SSP1-2.6 and SSP5-8.5 time series. 

  345 
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Figure S7. Radiative forcing time series due to tropospheric aerosols. (a) The RF time series due to tropospheric 

aerosols for SSP1-2.6. The solid grey circle denotes the value of AER RF2011 given by the SSP database. The solid grey 

lined labeled the −1.0 W m−2 time series is the AER RF time series given by the SSP database for SSP1-2.6. We 350 
appended a historical AER RF time series from the RCP scenarios and created five additional AER RF time series as 

described in Sect. 2.2.4. (b) Anthropogenic aerosol radiative forcing time series for SSP4-3.4. 
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Figure S8. Measured (HadCRUT5) and modeled GMST anomaly (ΔT) relative to a pre-industrial (1850-1900) baseline 355 
for an AER RF2011 = −0.1 W m−2 and −1.5 W m−2. (a) Observed (black) and modeled (red) ΔT from 1850-2019. This 

panel also displays the values of λΣ and χ2
ATM (see text) for this best-fit simulation. (b) Contributions from total human 

activity. This panel also denotes the numerical value of the attributable anthropogenic warming rate from 1975-2014 

(black dashed) as well as the 2σ uncertainty in the slope. (c) Solar irradiance (light blue) and major volcanoes (purple). 

(d) Influences from ENSO on ΔT. (e) Contributions from AMOC to ΔT and to observed warming from 1975-2014. (f) 360 
Influences from PDO (blue) and IOD (pink) on ΔT. (g) Measured (black) and modeled (red) ocean heat content (OHC) 

as a function of time for the average of five data sets (see text), the value of χ2
OCEAN for this run, as well as the ocean 

heat uptake efficiency, κ, needed to provide the best-fit to the OHC record. The error bars (blue) denote the uncertainty 

in OHC used in this analysis (see Sect. 2.2.8). (h)-(n) Same as (a)-(g), except for AER RF2011 = −1.5 W m−2. 

  365 
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Figure S9. Ocean heat content time series. The five ocean heat content data records used in this analysis, normalized 

to the year 1986 because this year is in the middle of the average time series. The grey shaded region is the combined 

uncertainty estimate used in this analysis, centered around the average of the five data sets. The average of the ocean 370 
heat content records (1955 – 2017) is computed when there are three or more data sets available for a given year.  
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Figure S10. The ocean heat content records and uncertainty estimates analyzed in this study. (a) The average OHC 

record along with the standard deviation of the mean represented by the dotted black line, and the combined uncertainty 375 
of the 1σ standard deviation of the average of the five OHC records and the Cheng et al. (2017) estimates shown as the 

dashed black line. (b) Balmaseda OHC record with the standard deviation of the five ORSA ensemble members as the 

dotted line, and the combined uncertainty as the dashed line. (c) Levitus OHC record with the standard error as the 

native uncertainty, and the combined uncertainty. (d) Carton OHC record with the standard deviation of the mean of 

multiple ensemble members, and the combined uncertainty. (e) Cheng OHC record with the 1σ native uncertainty and 380 
the combined uncertainty. (f) Ishii OHC record with the combined uncertainty as the dashed line. 
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Figure S11. Measured (HadCRUT5) and modeled GMST anomaly (ΔT) relative to a pre-industrial (1850-1900) 

baseline without AMOC, PDO, and IOD. (a) Observed (black) and modeled (red) ΔT from 1850-2019. This panel also 385 
displays the values of λΣ and χ2

ATM (see text) for this best-fit simulation. (b) Contributions from total human activity. 

This panel also denotes the numerical value of the attributable anthropogenic warming rate from 1975-2014 (black 

dashed) as well as the 2σ uncertainty in the slope. The estimates of AAWR show similar results if AMOC is or is not 

included (see Fig. 1b). (c) Solar irradiance (light blue) and major volcanoes (purple). (d) Influences from ENSO on 

ΔT. (e-f) Contributions from AMOC, PDO, and IOD to ΔT are set to zero (g) Measured (black) and modeled (red) 390 
ocean heat content (OHC) as a function of time for the average of five data sets (see text), the value of χ2

OCEAN for this 

run, as well as the ocean heat uptake efficiency, κ, needed to provide the best-fit to the OHC record. The error bars 

(blue) denote the uncertainty in OHC used in this analysis (see Sect. 2.2.8). 

 

395 
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Figure S12. The change in GMST (ΔT) relative to 1961-1990 from the CMIP6 GCMs and the contribution from SAOD 

from 1975-2014. (a) ΔT from the 50 CMIP6 GCMs. (b) The residual in the change of GMST from the 50 CMIP6 

GCMs after subtracting the contribution of SAOD determined by the updated REG method. The median value of 

AAWR is written on this panel and plotted in red. (c) The human component of global warming, ΔTATM,HUMAN, from 

the EM-GC. A linear fit (black) and quadratic fit (red) are plotted on top to show that ΔTATM,HUMAN is almost exactly 400 
linear. (d) The contribution of SAOD in the 50 CMIP6 GCMs using a lag month calculated for each model. 
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Figure S13. The change in GMST (ΔT) relative to 1961-1990 from observations and modeled output. (a) ΔT from 

HadCRUT5 and EM-GC simulation. (b) The residual in ΔT from the EM-GC simulation after subtracting the 405 
contribution of SAOD determined by the REG method (grey) and ΔT due to humans from the REG method (orange). 

(c) ΔT due to humans from the REG method (orange) and from the EM-GC (blue). The values of AAWR determined 

using the REG method and Eq. (9) are shown. (d) The contribution of SAOD to ΔT. (e) Same as (a). (f) Same as (b) 

but also subtracting the contribution of AMOC determined by the REG method. (g) Same as (c) but using AMOC as a 

regressor. (h) Same as (d) also showing the contribution of AMOC to ΔT found using the REG method. 410 
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Figure S14. Values of AAWR for 50 CMIP6 GCMs using the LIN and REG methods. The solid black line is the 1:1 

line and the vertical and horizontal dashed lines are the maximum value of AAWR determined using the EM-GC and 

the HadCRUT temperature record. The CMIP6 GCMs that have values of AAWR less than the maximum value from 

the EM-GC are blue, and the CMIP6 GCMs that have values of AAWR greater than the maximum value from the EM-415 
GC are red. The slope, 1σ standard deviation, and R2 of the values of AAWR from the CMIP6 GCMs are shown. 
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Table S2. Values of AAWR calculated using the EM-GC as a function of start and end year. The value of AAWR 

from 1975-2014 used in the main manuscript is shown in red. Each model run uses the best estimate of AER RF2011 

(−0.9 W m−2), the average of five OHC records, and the HadCRUT5 GMST record. The impact on varying the start 420 
and end year on AAWR is slight, except when a short record is used (i.e., 1984-2004, a 21-year span). A two-decade 

time span is not long enough to calculate an accurate estimate of AAWR. The value of AAWR is more sensitive to the 

choice of OHC or temperature record used than the chosen time span.  

Start Year 

End 

Year 

AAWR 

(°C decade−1) 
1970 1973 1975 1979 1982 1984 

2004 
0.181 ± 

0.007 

0.180 ± 

0.009 

0.180 ± 

0.010 

0.169 ± 

0.011 

0.159 ± 

0.013 

0.149 ± 

0.012 

2006 
0.177 ± 

0.008 

0.175 ± 

0.009 

0.174 ± 

0.010 

0.163 ± 

0.011 

0.153 ± 

0.012 

0.143 ± 

0.011 

2008 
0.173 ± 

0.007 

0.171 ± 

0.008 

0.169 ± 

0.009 

0.159 ± 

0.010 

0.150 ± 

0.010 

0.141 ± 

0.009 

2010 
0.172 ± 

0.007 

0.169 ± 

0.008 

0.167 ± 

0.008 

0.158 ± 

0.008 

0.150 ± 

0.009 

0.143 ± 

0.008 

2012 
0.171 ± 

0.006 

0.168 ± 

0.007 

0.167 ± 

0.008 

0.158 ± 

0.008 

0.152 ± 

0.008 

0.145 ± 

0.007 

2014 
0.171 ± 

0.005 

0.168 ± 

0.006 

0.167 ± 

0.007 

0.160 ± 

0.007 

0.154 ± 

0.007 

0.149 ± 

0.007 

2016 
0.171 ± 

0.005 

0.169 ± 

0.006 

0.168 ± 

0.006 

0.161 ± 

0.006 

0.157 ± 

0.007 

0.153 ± 

0.007 

2018 
0.171 ± 

0.005 

0.170 ± 

0.005 

0.169 ± 

0.006 

0.163 ± 

0.006 

0.159 ± 

0.006 

0.156 ± 

0.006 
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Table S3. Average values of AAWR calculated from the CMIP6 multi-model results using the regression method as a 425 
function of start and end year. The uncertainty corresponds to the 1σ standard deviation of AAWR found from the 50 

GCMs. The value of AAWR from 1975-2014 used in the main manuscript is shown in red. The values of AAWR from 

the CMIP6 multi-model ensemble is more sensitive to the choice of start and end year than the EM-GC due to the small 

number of models. We use the same start and end year, 1975-2014, for the determination of AAWR for both the EM-

GC and the CMIP6 multi-model ensemble for consistency. 430 

Start Year 

End Year 

AAWR (°C decade−1) 1970 1973 1975 1979 1982 1984 

2004 0.185 0.196 0.200 0.208 0.224 0.230 

2006 0.192 0.203 0.207 0.216 0.232 0.238 

2008 0.196 0.207 0.211 0.220 0.234 0.241 

2010 0.200 0.209 0.214 0.222 0.236 0.241 

2012 0.204 0.213 0.218 0.226 0.239 0.244 

2014 0.208 0.217 0.222 0.230 0.242 0.247 
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Figure S15. Steps for the calculation of ECS using the Gregory et al. (2004) method, using GISS-E2-1-H (Kelley et 

al., 2020) as an example. (a) The change in Abrupt 4×CO2 GMST (variable: tas) from the piControl experiment for 435 
150 years. (b) Abrupt 4×CO2 net downward radiative flux (variable: rtmt) versus the Abrupt 4×CO2 GMST change 

from the piControl experiment for 150 years. The x-intercept of the orthogonal linear least squares fit of the GCM 

output shown in panel (b), divided by two yields the effective climate sensitivity, which in this case is 3.09°C. 
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Table S4. Values of AAWR from 1975-2014 for the 50 CMIP6 multi-model Historical simulations available 440 
at time of the analysis (April 2020) for both the REG and LIN methods. The asterisk symbol (*) indicates there 

is only one run used to compute the value of AAWR for that GCM. No asterisk indicates the AAWR value 

shown in the table is the average of the values of AAWR for all runs of that model. The average ratio of LIN 

to REG for all 50 models is 1.009 ± 0.015, shown at the bottom of the table and in Fig. S14. The correlation 

coefficient (r2) of 0.995 is also shown. We conclude our determination of AAWR from the CMIP6 multi-model 445 
ensemble is accurate to ±1%, which is much smaller than the difference between the CMIP6 multi-model 

ensemble values of AAWR and those found using the EM-GC framework. 

Model 
AAWR, REG 

(°C decade−1) 

AAWR, LIN 

(°C decade−1) 
Model 

AAWR, REG 

(°C decade−1) 

AAWR, LIN 

(°C decade−1) 

ACCESS-CM2 0.211 0.216 GFDL-CM4* 0.243 0.250 

ACCESS-ESM1-5 0.238 0.246 GFDL-ESM4 0.203 0.224 

AWI-CM-1-1-MR 0.215 0.220 GISS-E2-1-G 0.194 0.198 

BCC-CSM2-MR 0.217 0.228 GISS-E2-1-G-CC 0.204 0.213 

BCC-ESM1 0.241 0.249 GISS-E2-1-H 0.237 0.244 

CAMS-CSM1-0 0.131 0.138 
HadGEM3-GC31-

LL 
0.283 0.292 

CanESM5 0.354 0.361 
HadGEM3-GC31-

MM 
0.227 0.234 

CanESM5-CanOE 0.323 0.334 INM-CM4-8* 0.173 0.181 

CAS-ESM2-0 0.196 0.204 INM-CM5-0 0.146 0.156 

CESM2 0.240 0.243 IPSL-CM6A-LR 0.230 0.236 

CESM2-FV2 0.221 0.224 KACE-1-0-G 0.254 0.260 

CESM2-WACCM 0.273 0.291 MCM-UA-1-0 0.225 0.231 

CESM2-WACCM-FV2 0.231 0.235 MIROC6 0.157 0.168 

CIESM 0.245 0.251 MIROC-ES2L 0.163 0.167 

CNRM-CM6-1 0.202 0.196 
MPI-ESM1-2-

HAM 
0.180 0.186 

CNRM-CM6-1-HR* 0.172 0.178 MPI-ESM1-2-HR 0.195 0.203 

CNRM-ESM2-1 0.170 0.172 MPI-ESM1-2-LR 0.192 0.197 

E3SM-1-0 0.267 0.278 MRI-ESM2-0 0.203 0.210 

E3SM-1-1* 0.283 0.285 NESM3 0.242 0.253 

E3SM-1-1-ECA* 0.275 0.274 NorCPM1 0.180 0.185 

EC-Earth3* 0.299 0.310 NorESM2-LM 0.167 0.182 

EC-Earth3-Veg* 0.214 0.223 NorESM2-MM* 0.151 0.154 

FGOALS-f3-L 0.218 0.226 SAM0-UNICON* 0.245 0.250 

FGOALS-g3 0.176 0.191 TaiESM1* 0.273 0.283 

FIO-ESM-2-0 0.229 0.237 UKESM1-0-LL 0.299 0.312 

Ratio = 1.009 ± 0.015  R2 = 0.995   
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 450 

Figure S16. Values of ECS found using the EM-GC and the CMIP6 multi-model ensemble without the aerosol 

weighting method. Values of ECS utilizing the EM-GC are calculated using seven temperature data sets and five 

ocean heat content records (as indicated). The box represents the 25th, 50th, and 75th percentiles of the values of ECS 

and the whiskers denote the 5th and 95th percentiles for the different OHC records and each temperature record 

without using the aerosol weighting method (unweighted). The stars indicate the minimum and maximum values of 455 
ECS. The circles are the values of ECS associated with the best estimate of AER RF2011 of −0.9 W m−2. The box 

labeled CMIP6 is the 25th, 50th, and 75th percentiles of the values of ECS from the CMIP6 multi-model ensemble, the 

whiskers indicate the 5th and 95th percentiles, and the stars represent the minimum and maximum values of ECS from 

the CMIP6 multi-model ensemble. 

 460 
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Table S5. Effective climate sensitivity (ECS) from 28 CMIP6 GCMs. We can only calculate ECS for GCMs that 

provide Abrupt 4×CO2 near surface air temperature (output variable: tas), net downward radiative flux (output 

variable: rtmt), and piControl near surface air temperature (output variable: tas) to the CMIP6 archive at time of the 

analysis (April 2020). All estimates are for one model run except for CanESM5, which is the average of two runs.  465 

Model ECS (K) 

ACCESS-CM2 4.93 

ACCESS-ESM1-5 3.63 

BCC-CSM2-MR 3.16 

BCC-ESM1 3.74 

CanESM5 5.70 

CESM2 5.32 

CESM2-FV2 5.06 

CESM2-WACCM 4.73 

CESM2-WACCM-FV2 4.56 

E3SM-1-0 5.28 

EC-Earth3-Veg 4.34 

GFDL-CM4 3.78 

GFDL-ESM4 2.61 

GISS-E2-1-G 2.71 

GISS-E2-2-G 2.25 

GISS-E2-1-H 3.09 

HadGEM3-GC31-LL 5.65 

INM-CM4-8 2.32 

INM-CM5-0 2.39 

IPSL-CM6A-LR 4.97 

MCM-UA-1-0 3.68 

MIROC6 2.84 

MIROC-ES2L 2.83 

NorESM2-LM 2.19 

NorESM2-MM 2.15 

SAM0-UNICON 3.53 

TaiESM1 4.33 

UKESM1-0-LL 5.40 
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Figure S17. Values of ECS versus AAWR for the CMIP6 multi-model ensemble. The EM-GC estimates of AAWR 

and ECS based on training to the HadCRUT5 GMST record are plotted as a box and whisker. The box shows the 

average 25th, 50th, and 75th percentiles for the five OHC records shown for HadCRUT5 in Fig. 6 and Fig. 7. The 

whiskers represent the average 5th and 95th percentiles. The stars denote the average minimum and maximum values 470 

of AAWR or ECS. The eight CMIP6 GCMs that obtain values of AAWR and ECS that are both within the minimum 

and maximum estimates provided by the EM-GC are identified on the figure. Values of AAWR explain about 78% of 

the variance in ECS among the CMIP6 GCMs. 
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 475 

 

Figure S18. GMST anomaly in 2100 from pre-industrial (ΔT2100) as a function of climate feedback parameter and 

AER RF2011 found using the EM-GC trained with ΔT from HadCRUT5. (a) ΔT2100 for SSP4-6.0. The region outside 

of the tropospheric aerosol radiative forcing rage provided by IPCC 2013 (Myhre et al., 2013) is shaded grey. Colors 

denote the change in ΔT2100. (b) ΔT2100 for SSP3-7.0. (c) ΔT2100 for SSP5-8.5.  480 
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Figure S19. Probabilistic forecasts of future projections of ΔT using the EM-GC trained with ΔT from HadCRUT5 for 

the SSP4-6.0, SSP3-7.0, and SSP5-8.5 scenarios. (a) Future projections of ΔT for SSP4-6.0. Observations (orange) are 

from HadCRUT5. The IPCC 2013 likely range of warming (black) is from Figure 11.25b of chapter 11 of the IPCC 485 
2013 report. The Paris Agreement target and upper limit (yellow) are shown for comparison to projections of ΔT using 

the EM-GC. The CMIP6 minimum, multi-model mean, and maximum values of the rise in ΔT are shown to compare 

to projections from the EM-GC. Colors denote the probability of reaching at least that temperature by the end of the 

century and are computed using the aerosol weighting method (see Sect. 2.5). (b) Future projections of ΔT for SSP3-

7.0. (c) Future projections of ΔT for SSP5-8.5. 490 
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Figure S20. Probability density functions (PDF) for the increase in ΔT2100 using the EM-GC and the CMIP6 multi-

model ensemble. (a) PDF for EM-GC (blue) results trained with ΔT from HadCRUT5 and CMIP6 multi-model results 

(red) for SSP4-6.0. The left-hand y-axis is for EM-GC probabilities and the righthand y-axis is for GCM probabilities. 495 
(b) PDF for SSP3-7.0. (c) PDF for SSP5-8.5. 
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Table S6. Probabilities of achieving the Paris Agreement target and upper limit for the various SSP scenarios based 

on the EM-GC using the HadCRUT4 or HadCRUT5 GMST data set and the CMIP6 multi-model ensemble. The 

probabilities using the EM-GC are computed using the aerosol weighting method. The probabilities using the CMIP6 500 
GCMs  are computed by calculating how many of the models for that scenario are below the temperature limits 

compared to the total number of models. 

 Probability of Staying at or Below 

1.5°C 

 Probability of Staying at or Below 

2.0°C 

 HadCRUT4 HadCRUT5 CMIP6  HadCRUT4 HadCRUT5 CMIP6 

SSP1-1.9 84% 81% 50%  99% 98% 80% 

SSP1-2.6 64% 53% 18%  90% 86% 47% 

SSP4-3.4 35% 19% 0%  74% 64% 17% 

SSP2-4.5 9% 0% 0%  52% 33% 3% 

SSP4-6.0 0% 0% 0%  26% 8% 0% 

SSP3-7.0 0% 0% 0%  1% 0% 0% 

SSP5-8.5 0% 0% 0%  0% 0% 0% 
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Figure S21. Transient climate response to cumulative CO2 emissions for SSP5-8.5 using the EM-GC trained with the 

HadCRUT5 ΔT record. Simulations of the rise in ΔT versus cumulative CO2 emissions in units of Gt C. The orange 505 
line is observations of ΔT from HadCRUT5 plotted against cumulative carbon emissions from the Global Carbon 

Budget project (Friedlingstein et al., 2019). The dotted and dashed lines denote the Paris Agreement target and upper 

limit, respectively. The EM-GC projections represent the probability that the future value of ΔT will rise to the indicated 

level, considering only acceptable fits to the climate record. The probabilities were determined using the aerosol 

weighting method. The light grey, dark grey, and black curves denote the 95, 66, and 50% probabilities of either the 510 
Paris target (intersection of dotted horizontal lines) or upper limit (intersection of dashed lines with curves) being 

achieved. 

  



38 

 

 

Figure S22. Blended methane mixing ratios. The dotted lines are linear combinations of the time series of methane 515 
abundances using SSP1-2.6 and SSP3-7.0 to span the range of values of future methane. The solid lines are the SSP1-

2.6 and SSP3-7.0 methane mixing ratio time series. 
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Figure S23. Change in GMST (ΔT) from 1850-2019 for observations from HadCRUT5 (black) and 1850-2100 for 

modeled (red) using SSP2-4.5 and a value of AER RF2011 = −0.9 W m−2 and the residual between modeled and 520 

observations using an instantaneous time variant λ−1. The solid line denotes a simulation for the original SSP2-4.5 

scenario and the dashed line indicates the SSP2-4.5ʹ simulation (see Sect. 3.3.6). (a) ΔT assuming a constant value of 

λ−1. (b) ΔT allowing λ−1 to increase by 50%. (c) ΔT allowing λ−1 to vary while the value of χ2
RECENT is kept below 2. 

(d) ΔT allowing λ−1 to vary while the value of χ2
ATM is kept below 2. (e) Residual between modeled and observed ΔT 

from 1850-2019 for constant λ−1. (f) Same as (e) but for increasing λ−1 by 50%. (g) Same as (f) but for varying λ−1 525 

while the value of χ2
RECENT is kept below 2. (h) same as (g) but for varying λ−1 while the value of χ2

ATM is kept below 

2. 
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Figure S24. Change in GMST (ΔT) from 1850-2019 for observations from HadCRUT5 (black) and 1850-2100 for 530 
modeled (red) using SSP2-4.5 and a value of AER RF2011 = −0.4 W m−2 and the residual between modeled and 

observations incorporating a 32.5-year delay between λ−1 and a change in RF. The solid line denotes a simulation for 

the original SSP2-4.5 scenario and the dashed line indicates the SSP2-4.5ʹ simulation (see Sect. 3.3.6). (a) ΔT assuming 

a constant value of λ−1. (b) ΔT allowing λ−1 to increase by 50%. (c) ΔT allowing λ−1 to vary while the value of χ2
RECENT 

is kept below 2. (d) ΔT allowing λ−1 to vary while the value of χ2
ATM is kept below 2. (e) Residual between modeled 535 

and observed ΔT from 1850-2019 for constant λ−1. (f) Same as (e) but for increasing λ−1 by 50%. (g) Same as (f) but 

for varying λ−1 while the value of χ2
RECENT is kept below 2. (h) same as (g) but for varying λ−1 while the value of χ2

ATM 

is kept below 2. 
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 540 

Figure S25. Change in GMST (ΔT) from 1850-2019 for observations from HadCRUT5 (black) and 1850-2100 for 

modeled (red) using SSP2-4.5 and a value of AER RF2011 = −1.5 W m−2 and the residual between modeled and 

observations incorporating a 32.5-year delay between λ−1 and a change in RF. The solid line denotes a simulation for 

the original SSP2-4.5 scenario and the dashed line indicates the SSP2-4.5ʹ simulation (see Sect. 3.3.6). (a) ΔT assuming 

a constant value of λ−1. (b) ΔT allowing λ−1 to increase by 50%. (c) ΔT allowing λ−1 to vary while the value of χ2
RECENT 545 

is kept below 2. (d) ΔT allowing λ−1 to vary while the value of χ2
ATM is kept below 2. (e) Residual between modeled 

and observed ΔT from 1850-2019 for constant λ−1. (f) Same as (e) but for increasing λ−1 by 50%. (g) Same as (f) but 

for varying λ−1 while the value of χ2
RECENT is kept below 2. (h) same as (g) but for varying λ−1 while the value of χ2

ATM 

is kept below 2. 

 550 
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Table S7. Details of the CMIP6 GCMs used in this study. 

Institution Model Model Output 

AS-RCEC TaiESM1 No reference provided 

AWI AWI-CM-1-1-MR (Semmler et al., 2018a, 2018b, 2018c, 2019a, 2019b) 

BCC 

BCC-CSM2-MR 
(Wu et al., 2018a, 2018b, 2018c; Xin et al., 2019a, 2019b, 

2019c, 2019d) 

BCC-ESM1 (Zhang et al., 2018a, 2018b, 2019) 

CAMS CAMS-CSM1-0 (Rong, 2019a, 2019b, 2019c, 2019d, 2019e, 2019f) 

CAS 

CAS-ESM2-0 (Chai, 2019) 

FGOALS-f3-L (YU, 2019a, 2019b, 2019c, 2019d, 2019e) 

FGOALS-g3 (Li, 2019a, 2019b, 2019c, 2019d, 2019e) 

CCCma 

CanESM5 
(Swart et al., 2019f, 2019g, 2019h, 2019i, 2019j, 2019k, 2019l, 

2019m, 2019n, 2019o) 

CanESM5-CanOE (Swart et al., 2019a, 2019b, 2019c, 2019d, 2019e) 

CNRM-CERFACS 

CNRM-CM6-1 (Voldoire, 2018, 2019c, 2019d, 2019e, 2019f) 

CNRM-CM6-1-HR (Voldoire, 2019a, 2019b, 2020a, 2020b) 

CNRM-ESM2-1 
(Seferian, 2018; Voldoire, 2019g, 2019h, 2019i, 2019j, 2019k, 

2019l) 

CSIRO ACCESS-ESM1-5 
(Ziehn et al., 2019a, 2019b, 2019c, 2019d, 2019e, 2019f, 

2019g) 

CSIRO-ARCCSS ACCESS-CM2 (Dix et al., 2019a, 2019b, 2019c, 2019d, 2019e, 2019f, 2019g) 

E3SM-Project 

E3SM-1-0 (Bader et al., 2018, 2019a, 2019b) 

E3SM-1-1-ECA (Bader et al., 2020) 

E3SM-Project RUBISCO E3SM-1-1 (Bader et al., 2019c) 

EC-Earth-Consortium 

EC-Earth3 
(EC-Earth Consortium (EC-Earth), 2019i, 2019j, 2019k, 

2019l, 2019m) 

EC-Earth3-Veg 
(EC-Earth Consortium (EC-Earth), 2019a, 2019b, 2019c, 

2019d, 2019e, 2019f, 2019g, 2019h) 
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FIO-QLNM FIO-ESM-2-0 (Song et al., 2019a, 2019b, 2019c, 2019d) 

HAMMOZ-Consortium MPI-ESM1-2-HAM (Neubauer et al., 2019) 

INM 

INM-CM4-8 
(Volodin et al., 2019a, 2019b, 2019c, 2019d, 2019e, 2019f, 

2019g) 

INM-CM5-0 
(Volodin et al., 2019m, 2019h, 2019n, 2019i, 2019j, 2019k, 

2019l) 

IPSL IPSL-CM6A-LR 
(Boucher et al., 2018a, 2018b, 2018c, 2019a, 2019b, 2019c, 

2019d, 2019e, 2019f, 2019g) 

MIROC 

MIROC6 
(Shiogama et al., 2019a, 2019b, 2019c, 2019d, 2019e, 2019f, 

2019g; Tatebe and Watanabe, 2018a, 2018b, 2018c) 

MIROC-ES2L 
(Hajima et al., 2019; Tachiiri et al., 2019a, 2019b, 2019c, 

2019d, 2019e) 

MOHC HadGEM3-GC31-MM (Ridley et al., 2019c) 

MOHC NERC HadGEM3-GC31-LL (Good, 2019, 2020a, 2020b; Ridley et al., 2018, 2019a, 2019b) 

MOHC, NERC, NIMS-KMA, 

NIWA 
UKESM1-0-LL 

(Byun, 2020; Good et al., 2019a, 2019b, 2019c, 2019d, 2019e, 

2019f; Tang et al., 2019a, 2019b, 2019c) 

MPI-M AWI MPI-ESM1-2-LR (Wieners et al., 2019a, 2019b, 2019c, 2019d, 2019e) 

MPI-M DWD DKRZ MPI-ESM1-2-HR 
(Jungclaus et al., 2019; Schupfner et al., 2019a, 2019b, 2019c, 

2019d; Steger et al., 2019) 

MRI MRI-ESM2-0 
(Yukimoto et al., 2019a, 2019b, 2019c, 2019d, 2019e, 2019f, 

2019g, 2019h) 

NASA-GISS 

GISS-E2-1-G 
(NASA Goddard Institute for Space Studies (NASA/GISS), 

2018a, 2018b, 2018c, 2020a, 2020b, 2020c, 2020d) 

GISS-E2-1-G-CC No reference provided 

GISS-E2-2-G 
(NASA Goddard Institute for Space Studies (NASA/GISS), 

2019a) 

GISS-E2-1-H 
(NASA Goddard Institute for Space Studies (NASA/GISS), 

2018d, 2019b, 2019c) 

NCAR CESM2-WACCM-FV2 (Danabasoglu, 2019d, 2019e, 2020a) 
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CESM2 
(Danabasoglu, 2019c, 2019d, 2019e, 2019f, 2019g, 2019h; 

Danabasoglu et al., 2019) 

CESM2-FV2 (Danabasoglu, 2019b, 2019c, 2020b) 

CESM2-WACCM 
(Danabasoglu, 2019f, 2019g, 2019h, 2019a, 2019i, 2019j, 

2019k) 

NCC 

NorCPM1 (Bethke et al., 2019a, 2019b, 2019c) 

NorESM2-LM 
(Seland et al., 2019a, 2019b, 2019c, 2019d, 2019e, 2019f, 

2019g) 

NorESM2-MM 
(Bentsen et al., 2019a, 2019b, 2019c, 2019d, 2019e, 2019f, 

2019g) 

NIMS-KMA KACE-1-0-G (Byun et al., 2019a, 2019b, 2019c, 2019d, 2019e) 

NOAA-GFDL 

GFDL-CM4 (Guo et al., 2018a, 2018b, 2018c, 2018d, 2018e) 

GFDL-ESM4 
(John et al., 2018a, 2018b, 2018c, 2018d, 2018e; Krasting et 

al., 2018a, 2018b, 2018c) 

NUIST NESM3 (Cao, 2019a, 2019b, 2019c; Cao and Wang, 2019) 

SNU SAM0-UNICON (Park and Shin, 2019a, 2019b, 2019c) 

THU CIESM (Huang, 2019a, 2019b, 2020a, 2020b) 

UA MCM-UA-1-0 (Stouffer, 2019a, 2019b, 2019c, 2019d, 2019e, 2019f, 2019g) 

 

 

 555 

 

 

 

 

 560 
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