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Observational constraints reduce 1 

estimates of the global mean climate 2 

relevance of black carbon  3 
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 24 

How emissions of black carbon (BC) aerosols affect the climate is still uncertain, due to 25 

incomplete knowledge of its sources, optical properties and atmospheric processes such as 26 

transport, removal and impact on clouds. Here we constrain simulations from four climate 27 

models with observations of atmospheric BC concentrations and absorption efficiency, and the 28 

most recent emission inventories, to show that the current global mean surface temperature 29 

change from anthropogenic BC emissions is likely to be weak at +0.03 ±0.02K. Atmospheric 30 

rapid adjustment processes are found to reduce the top of atmosphere radiative imbalance 31 

relative to instantaneous radiative forcing (direct aerosol effect) by almost 50% as a multi-32 

model mean. Furthermore, constraining the models to reproduce observational estimates of 33 

the atmospheric vertical profile reduces BC effective radiative forcing to 0.08 W m-2, a value 34 

more than 50% lower than in unconstrained simulations. Our results imply a need to revisit 35 

commonly used climate metrics such as the global warming potential of BC. This value (for a 36 

100-year time horizon) reduces from 680 when neglecting rapid adjustments and using an 37 

unconstrained BC profile to our best estimate of 160 ±120.  38 

 39 
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Atmospheric black carbon (BC) aerosols, emitted from incomplete combustion of fossil fuel, 40 

biofuel and biomass burning, can absorb incoming solar radiation 1-3, and is generally thought 41 

to exert a positive net radiative forcing due to the direct interaction with sunlight. BC 42 

shortwave absorption efficiency is highly dependent on the underlying albedo, and is 43 

particularly strong over bright surfaces and above clouds 1. Estimates of the direct aerosol 44 

effect of BC differ for a variety of reasons related to emissions, absorptive properties, 45 

atmospheric abundance, interpretation of observations, and host climate models 2,4. The 46 

atmospheric warming from BC alters clouds 5,6, but whether this enhances or counteracts the 47 

direct influence on the radiation budget differs between various studies 7,8. The sign of the BC 48 

influence on clouds is mainly dependent on whether BC is located above or below clouds 9-11, 49 

while the strength of the impact depends on atmospheric conditions and cloud properties 11. 50 

Available estimates of the BC induced cloud changes are mainly from models with spatial 51 

resolutions ranging from hundreds of kilometers (global scale models) to tens of meters (large 52 

eddy simulations) 7,10,12, and are partly based on satellite retrievals 13,14. While most model 53 

studies assessing the temperature response from BC have been single-model simulations, two 54 

multi-model studies exist 15,16. The direct absorption occurs almost entirely in the solar 55 

spectrum but the consequences of the resulting atmospheric heating (e.g., in form of cloud 56 

changes) also influences the thermal infrared radiation 17. BC is to a large extent co-emitted 57 

with scattering aerosols, where the global overall aerosol cooling effect is stronger in 58 

magnitude than the heating from BC 8,18. 59 

Underestimation of absorption by BC in global models compared to observations has been 60 

extensively discussed 2. The cause is associated with uncertainties in measurements 19 and in 61 

model simulations of other aerosol types contributing to absorption, such as dust and 62 

absorbing organic aerosols. Nevertheless, a crucial factor for the BC absorption is the mass 63 

absorption coefficient, which is likely underestimated by about 25-50% in global climate 64 

models 15 compared to regional measurements 20. Furthermore, emissions of BC vary among 65 

available datasets 21 and a recent data set indicates higher emissions 22 than used in previous 66 

multi-model exercises 8. Recent years, however, have seen a reduction of the BC emission 67 

globally 23. Observations show that the concentration of BC in state-of-the-art global models 68 

is smaller in the middle and upper troposphere than in the previous generation of global 69 

aerosol models 24-26. It has also been shown that not accounting for the representativeness 70 

error of observed BC concentrations or optical depths in constrained simulations could result 71 

in an important positive bias in the forcing estimate 27. Overall, recent observational 72 

constraints strongly indicate that the previous generation of global models on one hand 73 

underestimate the climate effect of BC due to low mass absorption coefficient values and 74 

emissions inventories, and on the other hand overestimate it by simulating too high BC 75 

concentrations in the upper troposphere 28.   76 

Effective radiative forcing (ERF), the top-of-atmosphere radiative perturbation due to the 77 

instantaneous radiative perturbation (IRF) after subsequent rapid adjustments (short-term 78 

atmospheric changes which are independent of surface temperature change) has been 79 
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evaluated to be the most appropriate way to compare various climate drivers in terms of their 80 

surface temperature change 8,29,30. BC IRF is a measure of the direct aerosol effect. See Fig 1a 81 

for an illustration of IRF, rapid adjustment, ERF and surface temperature change. A radiative 82 

imbalance at the top of the atmosphere, quantified by the ERF, causes the climate system to 83 

seek a new balance by increasing the global surface temperature, modified by climate 84 

feedbacks. A positive value for ERF implies a net gain of energy throughout the climate system. 85 

The full equilibrium climate response to an ERF is the difference between two equilibria with 86 

and without the imposed ERF. 87 

The importance of rapid adjustment for the total influence on the atmospheric energy budget 88 

varies strongly among climate drivers, being highly important for absorbing components such 89 

as BC 31-33. Smith, et al. 31 showed rapid adjustments to be strongly negative for BC, with cloud 90 

changes as one of the main contributors. In this study we provide results from four climate 91 

models with BC responses typical for the previous generation of global models. Several of 92 

these are models already thoroughly analyzed in previous studies 15,31,34. We then compare 93 

these results to new simulations where the vertical profile of BC has been constrained by 94 

observations in the upper troposphere (see Methods). Additionally, we constrain the models 95 

by observations of the mass absorption coefficient, and by using the most updated BC 96 

emission data (see Methods). The scaling of the results by emissions and mass absorption 97 

coefficient are applied since the original climate model simulations were performed without 98 

the most recent progress in improved scientific knowledge of BC.  Supplementary Table 1 99 

shows a range of measurement of mass absorption coefficient. The representative observed 100 

value of 10 m2 g-1 is higher than the multi-model mean of 7.3 m2 g-1. The main focus in this 101 

study is on the radiative impact of BC, and on processes leading to ERF and surface 102 

temperature changes due to BC. ERF is calculated from prescribed sea surface temperature 103 

simulations and surface temperature changes from fully coupled atmosphere-ocean 104 

simulations (see Methods).  105 

The models and the experiment simulations are described in Methods. Three of the models 106 

employ imported atmospheric BC concentrations calculated elsewhere (concentration-driven 107 

simulations) whilst the fourth calculates BC from emissions (emission-driven simulations). In 108 

the previously analyzed multi-model BC experiment within Precipitation Driver Response 109 

Model Intercomparison Project (PDRMIP), four of the models were emission-driven out of 110 

nine models 15. Two of the emissions-driven models had larger BC change and two of the 111 

models had weaker BC change. Altogether the model means of emission-driven and 112 

concentration driven models gave similar global and annual mean ERF and surface 113 

temperature change (see further discussion in the Supplementary). 114 

Figure 1 shows IRF, rapid adjustment, ERF and surface temperature change for experiments 115 

with unconstrained BC (BC STD) and vertically constrained BC (BC VC) by observations. All 116 

numbers are scaled to current emissions from Community Emission Data Set (CEDS v2021) 23 117 

and to constraints from observations of the mass absorption coefficient (see Methods). See 118 

Methods for how IRF, rapid adjustment and ERF are calculated as a combination of direct 119 



 

4 

 

model output, double radiation calls and application of radiative kernels, following Myhre et 120 

al. (2018), Smith et al. (2018), and Soden et al. (2008) 31,35,36. For the simulations with vertically 121 

constrained profile (VC) the surface temperature change is 0.03 (±0.02) K, compared to 0.07 122 

(±0.03) K in STD. The results are given with one standard deviation from the four models, 123 

which give the same relative standard deviation as using the 10 PDRMIP models performing 124 

the BC experiment (see Table S2). The IRF is much stronger in STD than VC due to a higher BC 125 

total abundance in the upper troposphere where its absorption is particularly efficient 37-39. 126 

However, the rapid adjustments are also stronger in STD, producing a compensating effect 127 

that makes the ERF and temperature response the in two experiments more comparable. All 128 

rapid adjustment terms are stronger in STD than in VC, with the strongest difference 129 

originating from cloud responses. The negative rapid adjustment involves changes in (land) 130 

surface, tropospheric and stratospheric temperatures caused by the atmospheric heating by 131 

BC, which increases the longwave radiation to space (Planck feedback). See further discussion 132 

in Smith, et al. 31 on the impact on longwave radiation and how this differs among climate 133 

drivers. Water vapor change is a positive rapid adjustment resulting from increased 134 

atmospheric temperatures. Earlier studies have focused strongly on BC rapid adjustment due 135 

to clouds 7, but our results illustrate the importance of including all rapid adjustment terms. 136 

In the STD experiment the rapid adjustment due to clouds is similar in magnitude to the sum 137 

of the other rapid adjustment terms. For the VC experiment the rapid adjustment of clouds is 138 

40% of the total rapid adjustment in a multi-model mean. However, the cloud rapid 139 

adjustment has a strong inter-model standard deviation, and is even positive in one of the 140 

models. The ERF is 0.17 (±0.08) [0.16 to 0.32] W m-2 and 0.08 (±0.05) W m-2 for BC STD and BC 141 

VC, respectively. For BC STD the rapid adjustment contributes to an ERF that is 50% smaller 142 

than the IRF of 0.34 W m-2. For VC the rapid adjustment causes a 43% reduction from an IRF 143 

of 0.14 W m-2. In addition to the atmospheric rapid adjustment terms, the prescribed sea-144 

surface temperature simulations used to quantify ERF show small land surface temperature 145 

and albedo changes.  146 

Geographical distributions of the multi-model mean surface temperature change are shown 147 

in Figure 2, displaying a strongly inhomogeneous pattern. The warming is much stronger over 148 

continents than over oceans. However, many of the regions that have a high abundance of 149 

BC, such as Southeast Asia, show a very modest warming or even cooling. The geographical 150 

pattern of warming is similar in STD and VC. The temperature change from the fully coupled 151 

climate model simulations is taken as a mean over the years 50-100 and will likely overstate 152 

the current temperature change due to present-day anthropogenic BC, since the model has 153 

had many decades to respond to the current levels, including a component from the deep 154 

ocean, unlike the real world.  Therefore, we consider this an upper-bound from the 4 models. 155 

A lower bound found by using a 5-year mean around year 20 is about 20% weaker than our 156 

upper-bound (see supplementary text for further discussion). 157 

In Figure 3, we decompose IRF, rapid adjustment and ERF into shortwave (SW) and longwave 158 

(LW) radiation components. The SW and LW ERF are direct output from the model simulations, 159 
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whereas IRF and rapid adjustment terms are derived using the same approach as in Figure 1 160 

(see Methods). The IRF is almost solely a result of BC interacting with SW radiation. Note, 161 

however, that two of the four models have a very weak LW IRF effect in the simulations. The 162 

total rapid adjustment mainly affects the LW radiation. Looking into the radiative distribution 163 

of the individual rapid adjustment terms (not shown), the temperature rapid adjustment 164 

terms impact LW radiation only, and water vapor and clouds also mostly impact the LW 165 

radiation. LW rapid adjustment from clouds and water vapor are up to half of the total LW 166 

rapid adjustment in magnitude but their rapid adjustment terms are of opposite sign. 167 

Similarly, SW rapid adjustments for clouds are negative and those for water vapor are positive. 168 

Because of these compensating terms, the total SW rapid adjustment varies in sign across the 169 

models. The net radiation changes behind the rapid adjustment in Figure 1 are very different 170 

for the two experiments, and it can be seen in Fig. 3 that this originates from differences in 171 

LW radiation. Supplementary Figure S1 shows the residuals in the rapid adjustment 172 

calculations. Residuals can be derived due to the availability of double-radiation calls and 173 

because BC induced changes in LW radiation are almost entirely due to rapid adjustments. 174 

The residuals are particularly small for net (LW + SW) rapid adjustment. As uncertainties in the 175 

kernel simulations of temperature and water vapor changes are relatively small 31, this further 176 

indicates that residuals in the cloud rapid adjustment calculations are small.  177 

Atmospheric vertical profiles of change in temperature, cloud fraction, relative humidity and 178 

specific humidity are shown in Figure 4 for the two experiments. The profiles from the BC STD 179 

and BC VC simulations are very different in the upper troposphere for all models, where the 180 

BC STD simulation shows strong changes while BC VC has almost none. In the lower 181 

troposphere, temperature changes and clouds changes are relatively similar for the two 182 

simulations. The cloud fraction changes follow largely the relative humidity profile. Figure 1 183 

shows a particularly large change in the cloud rapid adjustment between the BC STD and BC 184 

VC experiments, indicating that cloud changes in the middle and upper troposphere are 185 

especially important. Specific humidity changes are positive throughout the troposphere with 186 

much stronger increases in BC STD than in BC VC. The model diversity (shown as one standard 187 

deviation) is larger for BC STD than BC VC but varies vertically. The model diversity is generally 188 

low for cloud changes. Results for the individual models are shown in Supplementary Figure 189 

S2. No particular model is dominating the model spread, except for temperature changes 190 

around 100 hPa in BC STD where NCAR-CESM1-CAM4 has a much larger temperature increase 191 

than the three other models.  192 

In this study we have shown ERF due to BC over the industrial era to be lower than IRF (the 193 

direct BC aerosol effect) by around 50% in the multi-model mean. ERF has previously been 194 

found to be the most representative way to compare the surface temperature change from a 195 

perturbation to the Earth’s energy budget for different climate drivers, including BC 29. The 196 

total rapid adjustment due to BC is strongly negative, and recent findings 31 underline the 197 

importance of atmospheric temperature increase and negative cloud rapid adjustment. Here 198 

we have found that values of IRF, rapid adjustment and ERF are consistent among four climate 199 
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models, as are the underlying physical processes of vertical changes in atmospheric 200 

temperature, water vapor, and clouds. This consistency includes simulations from three 201 

climate models using concentration fields of BC and one model used emissions to derive the 202 

BC atmospheric concentration. Uncertainties in the climate effect of BC are particularly 203 

associated to emissions, atmospheric residence time and optical properties 2,8,40. These 204 

include emission height, particle size, and internal versus external mixing. Regarding particle 205 

size and mixing properties the uncertainty is at emission and through processes in the 206 

atmosphere. The version 2016 BC emissions from Community Emission Data Set (CEDS) 22 are 207 

66% higher than used in previous multi-model studies or assessments, partly because of 208 

higher emissions in 2000 and partly as a result of increase in BC emission since 2000. However, 209 

the most recent version of the CEDS data (version 2021) are only 17% higher than emissions 210 

from previous multi-model studies. This is mainly caused by a revisiting of emission before 211 

2014 and a continued reduction after 2014. Results for versions 2021 and 2016 are shown in 212 

Table S3. BC emission data have been assessed earlier to a factor of two uncertainty 41. The 213 

abundance of BC in the upper troposphere is too large compared to observations in the 214 

previous generation of global aerosol models 24,25. In this study, results are shown both for 215 

models representative of the previous generation of models, and models which provide much 216 

better agreement with observations in the upper troposphere. The magnitude of the mass 217 

absorption coefficient is crucial for the BC radiative effect 8 and has been measured in average 218 

to be around 7.5 ± 1.2 m2 g-1 (at 550 nm) for freshly generated particles 2. The enhancement 219 

of the mass absorption coefficient when BC is coated by non-BC aerosols is uncertain, but 220 

several observations indicate an overall mass absorption coefficient of around 10 m2 g-1 (at 221 

550 nm) 20. See supplementary Table S1, which shows a large range in observed mass 222 

absorption coefficient values, likely due to regional differences and different measurements 223 

techniques 20. The mean BC mass absorption coefficient in the four climate models in this 224 

study is 7.3 m2 g-1 ± 10% (550nm). Although these numbers are based on column integrated 225 

absorption optical depths in the models, unlike the observationally based values, they are 226 

most likely on the lower side compared to observations (see Supplementary Table 1), which 227 

is the reason behind the scaling applied for the absorption properties here.  228 

BC has been suggested as an efficient target for climate change mitigation 42,43 and is therefore 229 

of relevance for policy discussions. In such discussions, simplified metrics are generally used 230 

to quantify the contributions to climate change of emissions of different climate drivers. 231 

Global Warming Potential (GWP), which quantifies the radiative forcing over time relative to 232 

that from CO2 emissions, is the most applied metric, embedded in the United Nations 233 

Framework Convention on Climate Change (UNFCCC). GWP values however depend on the 234 

chosen time horizon 44, with the most common choice being 100 years. Here we find that the 235 

GWP100 changes from a value of 680 using IRF (direct aerosol effect) from previous generation 236 

climate models, to 160 (±120) for ERF for BC constrained (through its vertical profile) by 237 

observations. The uncertainty is estimated from uncertainty in ERF and emissions. A low GWP 238 

value is consistent with a low surface temperature change from anthropogenic induced BC in 239 

fully coupled climate simulations. In addition, anthropogenic emissions of BC are co-emitted 240 
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with scattering aerosols having a strong cooling. Applying ERF instead of IRF in GWP 241 

calculations is particularly important for BC, which imply a reduced GWP value compared to 242 

earlier scientific publications. 243 

 244 

Methods Concepts 245 

IRF - Instantaneous Radiative Forcing: The immediate energy imbalance at the top-of-246 

atmosphere (TOA) caused by direct interactions between changed atmospheric BC burden 247 

and radiation, positive for increased energy input to the earth system. 248 

RA - Rapid Adjustments: short-term adjustments of atmospheric properties to the IRF, which 249 

do not influence the ground surface temperature.  250 

ERF - Effective Radiative Forcing: The TOA radiative energy perturbation due to the 251 

combination of IRF and the Rapid Adjustments and thus the TOA perturbation after RA have 252 

taken place, positive for increased energy input to the earth system.  253 

Climate Response: Any changes in climate variables in response to ERF, including the deep 254 

oceans. Ideally, a full climate response to an imposed ERF is the difference between climate 255 

states in long-term equilibrium with and without the imposed ERF. The high inertia of the deep 256 

oceans hampers such estimates in practice. Instead, a Transient Climate Response is estimated 257 

after a given time for partial adjustment; in this case we use 100 years long coupled 258 

simulations.  259 

Models: This study uses a subset of 4 PDRMIP models out of 10 Precipitation Driver Response 260 

Model Intercomparison Project (PDRMIP) models 45. We use simulations from the four global 261 

climate models ECHAM-HAM-M7, GISS, NCAR-CESM-CAM4 and NorESM1. In PDRMIP, 262 

atmosphere-land simulations with prescribed sea surface temperatures (AMIP-type) and fully 263 

atmosphere-land-ocean coupled (CMIP-type) simulations are applied for a large set of climate 264 

drivers, and a reference simulation representing current climate conditions. For a further 265 

description of the PDRMIP models see Myhre, et al. 45. 266 

Simulations: The BC climate driver is scaled to its atmospheric change during the industrial 267 

era. Prescribed concentration fields are imported in three of the models (GISS, NCAR-CESM-268 

CAM4 and NorESM1) which thus are run concentration-driven without feedback between 269 

climate variables and BC-concentrations. The fourth model (ECHAM) calculates BC-270 

concentrations from emissions, and thus allows feedbacks between BC and atmospheric 271 

variables. Both 15 yearlong AMIP-type and 100 year long CMIP-type simulations are 272 

performed. 273 

Each model produces a standard set of climate response experiments (BC STD) based on 274 

importing BC-data from the BCx10 (BC-concentrations/emissions multiplied with 10) core set 275 

of PDRMIP simulations. Imported concentration fields in BC STD are multi-model mean fields 276 

from AeroCom 40. A new set of simulations (BC VC) are performed by importing (in GISS, NCAR-277 
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CESM-CAM4 and NorESM1) or producing (in ECHAM) lifetime-adjusted BCx10-data to 278 

constrain the concentration profile to observations. We use a single model field for imported 279 

BC-concentrations in the BC VC experiment 37. The BC over abundance in the upper 280 

troposphere is reduced by increasing the wet removal of BC, which results in a shorter lifetime. 281 

Various sensitivity simulations are performed in Hodnebrog, et al. 37 to achieve a realistic 282 

agreement to the aircraft measurements. The lifetime of BC in the BC VC for the models GISS, 283 

NCAR-CESM-CAM4 and NorESM1 is 3.9 days 37 compared to 7.4 days in BC STD 15. In the 284 

emission-driven simulations in ECHAM-HAM the wet removal tendencies of BC are scaled by 285 

a factor of 2 resulting in a change in the lifetime from 7.4 days (in BC STD) to 3.7 days (in BC 286 

VC).  287 

In the BC STD PDRMIP experiment the four selected models have a mean ERF within 1% of the 288 

mean of the 10 PDRMIP models, whereas the number is 25% for surface air temperature 289 

change. 290 

Constraining to observed mass absorption coefficient and emission data: All results are scaled 291 

to best match current BC emission estimates using Community Emission Data set (CEDS) 292 

version 2021 23. The previously published BC emission in CEDS (version 2016) is 66% larger 293 

(from 4.6 to 7.6 Tg yr-1) than the emissions used in AeroCom data set (BC STD experiment) due 294 

to strong increase in recent years and overall improved estimation of BC sources 22. However, 295 

the most recent version of the CEDS data (version 2021) has only a 17% (from 4.6 to 5.4 Tg yr-296 

1) higher emissions than used in previous multi-model studies. This is mainly caused by a 297 

revisiting of emission before 2014 and a continued reduction after 2014. In all Figures and 298 

numbers, the most recent CEDS data are used. In the Supplementary Table S3, we report 299 

results from BC emissions of 5.4 and 7.6 Tg yr-1. The concentration field applied in the BC VC 300 

experiment is derived from the EU-project ECLIPSE emission data set 46,47, with a total BC 301 

emission of 7.1 Tg yr-1 (5.5 and 1.6 Tg yr-1, respectively from anthropogenic and natural 302 

sources) 303 

Observations of mass absorption coefficients vary strongly 2,20, see Supplementary Table 1. 304 

Models have typically lower mass absorption coefficient values than observations. The mean 305 

mass absorption coefficient among the four models applied in this study is 7.3 m2 g-1 ± 10% 306 

(550 nm). We scale this value to 10 m2 g-1 (550nm), which we find as a representative value 307 

from the selected values in Supplementary Table 1.  308 

The scaling of the results by emissions and mass absorption coefficient are done on all post-309 

processed GCM output. All results in this study thus represent a change in BC from pre-310 

industrial to present by emissions of 5.4 Tg yr-1 and mass absorption coefficient of 10 m2 g-1 311 

(550nm). For the BC STD simulation this corresponds to a scaling by 1.6/10 of the original 312 

results (10 due to the setup of 10xBC, 1.37 for mass absorption coefficient and 1.17 for the 313 

emissions). The scaling is applied to the multi-model mean numbers. 314 

Calculations of ERF and rapid adjustments: ERF and surface temperature changes are directly 315 

derived output from the PDRMIP models, respectively from fixed sea surface temperature 316 



 

9 

 

simulations (AMIP-type) and fully coupled simulations (CMIP-type). Results from fixed sea 317 

surface temperature simulations are taken as mean of years 6-15 and results from coupled 318 

simulations as mean of year 51-100 34. Radiative kernel simulations 36 are applied for 319 

quantifications of the individual rapid adjustments terms using a mean of 5 different radiative 320 

kernels 31,35. Three of the models have implemented double radiation calls for quantification 321 

of IRF, whereas for NorESM1 IRF is taken as the difference between ERF and rapid adjustment. 322 

When IRF is directly quantified, the residuals in the kernel simulations are discussed in the 323 

text. Similarly, BC IRF almost exclusively influences the SW radiation; therefore, the residual 324 

can be derived from LW ERF and kernel calculations.  325 

GWP calculations: Following the definition of Global Warming Potential (GWP) 48 it is obtained 326 

by time integration of forcing due to 1 kg pulse emission of BC (absolute GWP - AGWP) divided 327 

by AGWP for CO2. AGWP for BC can be calculated as the forcing divided by the emissions, due 328 

to the short lifetime of BC forcing mechanisms 2. We use the AGWP for CO2 value from IPCC 329 

AR5 44, which is 9.17 10-14 W m-2 yr (kg CO2)-1 for a 100-year time horizon.    330 
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 342 

  343 

 344 

Figure 1: (a) Schematic illustration of the instantaneous change in top of the atmosphere 345 

radiative fluxes, rapid adjustments, and feedback processes. Yellow arrows are for shortwave 346 

radiation and red for longwave radiation. The thinnest lines (one for shortwave and one for 347 

longwave) are perturbations to the radiation budget by BC. (b) Calculated global mean values 348 

from the two experiments BC STD and BC VC, showing instantaneous radiative forcing (IRF), 349 

rapid adjustments (RA), effective radiative forcing (ERF) and surface temperature change. 350 

Uncertainty ranges are taken as one standard deviation among the four climate models. 351 

  352 

  353 
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 354 

Figure 2: Multi-model annual mean surface temperature change for the BC STD and BC VC 355 

experiments.  356 

 357 

 358 

 359 

 360 

 361 

Figure 3: Global mean instantaneous radiative forcing (IRF), rapid adjustments (RA), effective 362 

radiative forcing (ERF) divided into longwave (LW) and shortwave (SW) radiation from the two 363 

experiments STD (full bars) and BC VC (bars with lines). Net values (SW + LW) are shown in 364 

Figure 1. 365 

 366 
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 367 

Figure 4: Atmospheric vertical profiles of changes in temperature, cloud fraction, relative 368 

humidity, and specific humidity for the two experiments BC STD and BC VC.   369 
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