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SCIENCE FOR SOCIETY Incomplete combustion of fossil fuels, biofuels, and biomass leads to emissions of
black carbon (BC). BC adversely impacts air quality and contributes to climate change. The climate effect of
BC has been debated for decades and remains much more uncertain than that of greenhouse gases. This is
due to its inhomogeneous distribution in the atmosphere; uncertainties in how strongly it absorbs sunlight;
and its complex influence on temperature, water vapor, and clouds.

We use observational constraints and four climate models to uncover a factor of three difference in surface
temperature response to BC-induced warming. This, combined with recent satellite-based information, high-
lights the need for a community effort to evaluate climate models against a broader set of observations in
order to reduce the uncertainty associated with the climate impact of BC.

SUMMARY

Anthropogenic emissions of black carbon (BC) aerosols are generally thought to warm the climate. However,
the magnitude of this warming remains highly uncertain due to limited knowledge of BC sources; optical
properties; and atmospheric processes such as transport, removal, and cloud interactions. Here, we assess
and constrain estimates of the historical warming influence of BC using recent observations and emission
inventories. Based on simulations from four climate models, we show that the current global mean surface
temperature change from anthropogenic BC due to aerosol-radiation interaction spans a factor of three—
from +0.02 + 0.02 K to +0.06 + 0.05 K. Rapid atmospheric adjustments reduce the instantaneous radiative
forcing by nearly 50% (multi-model mean), substantially lowering the net warming. Yet, recent satellite con-
straints suggest a stronger effect, highlighting the need for a more comprehensive reassessment of BC’s
climate influence.

INTRODUCTION can both scatter and absorb incoming solar radiation.’~* Anthro-

pogenic BC emissions are generally thought to exert a positive
Atmospheric black carbon (BC) aerosols, emitted from incom-  net radiative forcing and were assessed by the Intergovern-
plete combustion of fossil fuel, biofuel, and biomass burning, mental Panel on Climate Change (IPCC) 6" Assessment Report
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Key uncertainties in determining the BC climate effect

BC emissions (E): m

Figure 1. lllustration of BC impact on climate

BC vertical profile (V): \
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BC optical properties(O): 7C.’§./

BC column absorption(C): i

Schematic illustration of the instantaneous change in top-of-the-atmosphere radiative fluxes, rapid adjustments, and feedback processes. Yellow arrows are for
shortwave radiation and red for longwave radiation. The thinnest lines (one for shortwave and one for longwave) are perturbations to the radiation budget by BC.

(ARB) to be currently (year 2019) responsible for 0.07°C of global
annual mean surface warming.”

This estimate is, however, highly uncertain, and has varied
strongly in recent assessments due to a range of factors that
are challenging both to observe and to represent in global climate
models. These include the efficiency of the direct interaction of
BC with sunlight, notably how strongly it absorbs radiation and
transfers the energy to the surrounding air; the change of BC con-
centrations with altitude, which affects its warming because ab-
sorption is more efficient above a high albedo surface such as a
cloud’; the transport, aging, and removal mechanisms of BC
aerosols; and the overall amount of anthropogenic BC emissions.
Further, although the energy absorption by BC occurs almost
entirely in the solar spectrum, the resulting atmospheric heating
triggers responses with impacts also on thermal infrared radia-
tion.® These so-called rapid adjustments (RAs) include changes
in atmospheric temperature,”:® in water vapor concentration,”:®
and to cloud formation and properties.®'® RAs are initiated within
hours after a BC particle is emitted'' and have recently been
shown to be critical in determining the total influence of absorbing
aerosols on the atmospheric energy budget.®'?'*

In the current study, we present a set of climate model simu-
lations, and arange of scaling exercises, to quantify the influence
of these key uncertainties on estimates of the climate influences
of BC emissions. First, however, we illustrate and discuss the
current understanding of the progress from the emission of a
BC particle, through to its influence on surface temperatures,
and where the key uncertainties come in (see Figure 1).
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The first important factor is the absolute volume of emissions,
which varies among available datasets.’*'® Observations indi-
cate a reduction of global BC emissions in recent years, with a
current best estimate of around 4.9 Tg yr''."” Recent modeling
exercises, such as Coupled Model Intercomparison Project
Phase 6 (CMIP6),'® have generally used higher emissions than
previous multi-model exercises,'® leading to challenges in
comparing modeling studies over time. Naturally, misrepresent-
ing the level of emissions will influence the estimate of the
climate effect of BC. In addition, the so-called representative-
ness error, where measurements of the BC concentrations close
to an emission site are taken to be representative of a large,
coarse climate model grid box when tuning climate models,
has been shown to result in a positive bias.*°

Next, we need to know how far, and how high up, BC particles
are transported after emission. In recent modeling studies, the
concentration of BC in the middle and upper tropospheres is
typically lower than in the previous generation of global aerosol
models.”'?® This has been related to the lifetime of BC, which
is, in turn, primarily related to how models age the particles after
emission and how effectively the particles are removed by pre-
cipitation. Comparisons with observations indicate that the
CMIP5 generation of global models overestimated the concen-
trations of BC in the upper troposphere, likely leading to elevated
radiative forcing due to the increased forcing efficiency with
altitude.?*

We also need to know the absorptive properties of BC, which
are typically quantified by the mass absorption coefficient
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Table 1. BC experiments, their temperature response, and description.

Experiments Global mean AT

Description of constraint/scaling

In addition to the emission scaling (E), BC profiles are vertically (V) constrained prior to simulation

by reducing models’ BC lifetime to better match observed BC profiles. Constraining the

In addition to the EV constraint, responses are further scaled to satellite data of column

(C) absorption by BC. This scaling is vertically uniform and thus only constitutes an

BC-E 0.05 + 0.02 Scaled to account for updated emission inventories.
BC-EVO 0.02 + 0.02
optical properties (O) by scaling MAC.
BC-EVOC 0.06 + 0.05
increased magnitude of BC-EVO responses.
IPCC AR6 0.07 Central estimate from the latest IPCC report.

Temperature change numbers are averages over all four models. As all experiments as based on BC x 10 simulations (see Methods), all responses are
scaled so that they represent responses to a BC concentration increase corresponding to the increase from preindustrial until present day. Further, all
responses are scaled to account for updated knowledge of the typical optical properties of BC. See Methods and Figure 1.

(MAC). The MAC magnitude is crucial for the BC radiative ef-
fect'® and has been measured to be, on average, around 7.5 +
1.2 m? g~ (at 550 nm) for freshly generated particles.® MAC is,
however, enhanced when BC particles age and are coated by
non-BC aerosols. The efficiency of non-BC aerosols in
enhancing the absorption of BC is debated,?* " but most recent
observations, taking low-volatility organics into account, indi-
cate an aged MAC of around 10 m? g™ (at 550 nm).2” However,
the aging enhancement factor depends on the morphology
assumption on the BC core,”® and the average enhancement
over time and space is uncertain.? Table S1 shows a range of
measurements of MAC, illustrating a substantial range, likely
due to regional differences and different measurements tech-
niques.*® Meanwhile, global models have shown a tendency to
underestimate the MAC by about 25%-50%>" compared with
regional measurements.*’

In all, the emissions, geographical distribution, vertical profile,
and MAC broadly determine the instantaneous forcing (IRF) of
BC aerosols (left panel in Figure 1). This is, however, where the
RAs come in, altering the net influence of BC on the energy bal-
ance. For instance, based on idealized experiments with CMIP5
generation models, Smith et al.® showed RAs to be strongly
negative for BC, with cloud changes as one of the main contrib-
utors. Whether the cloud response enhances or counteracts the
direct influence on the radiation budget, however, differs be-
tween various studies.'®*? The sign of the BC influence on
clouds is mainly dependent on whether BC is located above or
below clouds,**™*° whereas the strength of the impact depends
on atmospheric conditions and cloud properties.>* Available es-
timates of BC-induced cloud changes come from models with
spatial resolutions ranging from hundreds of kilometers (global
scale models) to tens of meters (large eddy simulations)®?-3%-%
and are partly based on satellite retrievals.®”*®

After RAs, the remaining net influence of BC on the global
energy balance is termed the effective radiative forcing
(ERF)."9*°° ERF has been found to be more directly related to
subsequent surface temperature change than IRF. For BC,
ERF is typically found to be markedly lower than IRF due to the
RAs (see results below); this insight is one reason the estimated
relative importance of BC in anthropogenic climate change was
markedly lower in the IPCC ARG (0.07 C, based on an ERF esti-
mate) than in the AR5 (which used IRF estimates but did not give
a temperature estimate for BC separately).

In this study, we use a set of recent modeling studies, com-
bined with observational constraints, to provide a revised es-
timate for the influence of current anthropogenic BC emissions
on global annual mean surface temperature. Our main aim is
to illustrate the individual and combined importance of a set
of three uncertainties: the level of emissions, the vertical pro-
file of BC in the atmosphere, and the total amount of short-
wave absorption stemming from the MAC of aged BC. We
also discuss how our revised estimates compare to previous
and more recent estimates from the IPCC. Our results are
based on four climate models with BC responses that are
initially typical of the previous CMIP5 generation of global
models. Some of these simulations are already thoroughly
documented in previous studies.®*"*! Here, we scale these
results to match recent emission estimates and then compare
the responses to new simulations, where the vertical profile of
BC has been constrained by observations in the upper tropo-
sphere as well as recent constraints based on satellite data of
column absorption by BC (see Methods). Our best estimates
of ERF and surface temperature change of BC from aerosol-
radiation interactions are both lower than those arrived at in
IPCC AR6, and we conclude by discussing the reasons for,
and implications of, this result.

RESULTS

The model experiments used in this paper, and the scalings to
observational constraints, are summarized in Table 1 and
described in full in Methods. Briefly, we have three sets. BC-E
denotes simulations from four models (ECHAM-HAM-M7,
GISS-E2, NCAR-CESM-CAM4, and NorESM1) where BC con-
centrations (or, in one case, emissions) have been increased
by 10x. These have previously been analyzed as part of the Pre-
cipitation Driver Response Model Intercomparison Project
(PDRMIP).®" Relative to the PDRMIP 10 model mean, two of
our current models showed high sensitivity to BC emissions
and two showed weak sensitivity (see further discussion in the
Supplement). Here, in BC-E, we have scaled these results to
reflect the most updated emission inventories of anthropogenic
BC (4.9 Tg yr''; CEDS v2024.04.01).""

Next, in BC-EVO, we have performed additional 10x BC ex-
periments with the same models but where the vertical profile
(V) of BC has been tuned to match updated knowledge on
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abundancies in the upper vs. lower troposphere.>"?? This is
done by either prescribing a BC concentration distribution from
a model with tuned BC removal or by tuning the removal in the
model itself (ECHAM); see Methods. In addition, we have scaled
the simulations to match observations of optical properties (O) of
BC, specifically the MAC, as the observed value of 10 m? g is
higher than the multi-model mean of this study (7.3 m? g~' +
10% at 550 nm).

Finally, in BC-EVOC, we have applied a scaling to make the
column average (C) absorbing aerosol optical depth (AAOD)
match the recent satellite-based constraint by Chen et al.*?
Taken together, these three experiments represent a stepwise
constraining of model results to match the current best estimates
of the three key uncertainties in the quantification of the surface
temperature impacts of BC emissions.

Figure 2 shows the IRF, RA, and ERF from all experiments,
calculated as a combination of direct model output, double radi-
ation calls, and application of radiative kernels, following Myhre
et al., Smith et al., and Soden et al.®>**** The global annual mean
temperature change is also shown, quantified from fully coupled
climate model simulations, as a mean over the years 51-100 af-
ter the 10x BC perturbation is applied.

In BC-E, we find a surface temperature change for current
anthropogenic BC emissions of 0.05 (+0.02) °C, where the stan-
dard deviation is taken across the four models. We note that this
gives the same relative standard deviation as using the full set of
10 PDRMIP models that performed the BCx10 experiment

BC-EVO

Jia

Figure 3. Temperature change due to BC

BC vertical and optically constrain (BC-EVO) - BC column constrain (BC-EVOC)

AT=0.02°C
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Figure 2. Forcing and temperature change

due to BC
0.2 Calculated global mean values from the three
experiments, BC-E, BC-EVO, and BC-EVOC,
showing instantaneous radiative forcing (IRF),
rapid adjustments (RAs), effective radiative forcing
(ERF), and surface temperature change (dT).
Surface temperature change has a y axis on the
right-hand side. Uncertainty ranges are taken as
one standard deviation among the four climate

o
=

o
o
Temperature [K]

~01 models. All three experiments are scaled to cur-
rent BC inventories, see further description in
Table 1.

dT

(see Table S2). This temperature influence is lower than the
0.07°C assessed by IPCC AR6° but consistent within errors;
we discuss this further below.

In BC-EVO, where the vertical profile and optical parameters
are constrained, we find a markedly lower temperature influence
of 0.02 (x0.02) °C. This is mainly due to the lower BC total abun-
dance in the upper troposphere, where its absorption is particu-
larly efficient.*>™*" For example, Sand et al.*® demonstrate, using
two climate models, that IRF of BC is 2-3 times stronger in the
upper troposphere compared with the lowest 2 kilometers of
the atmosphere. We note that the IRF of 0.33 Wm™ in BC-
EVOC is 50% higher than BC-E and is identical to the estimate
in Chen et al.,*? even though we take into account the lower
recent BC emissions over the last decade, as opposed to
Chen et al.*?

Finally, in BC-EVOC, we find a warming influence from BC of
0.06 (+0.05) °C. The strong increase here is because the satel-
lite-derived constraint on BC AAOD from Chen et al.*? is mark-
edly higher than what is simulated by most models.

In Figure 3, we show the geographical distributions of the
multi-model mean surface temperature change, displaying a
strongly inhomogeneous pattern. Reflecting the proximity to
the BC emission sources, the warming is much stronger in the
Northern Hemisphere than the Southern Hemisphere—and
stronger over continents than over oceans. However, many
of the regions that have a high abundance of BC, such as
Southeast Asia, show a very modest warming, or even a

BC-EVOC

0.2

AT=0.06 °C

0.1

0.0

Surface temperature change [°C]

Multi-model annual mean surface temperature change for the BC-E, BC-EVO, and BC-EVOC experiments. The change is relative to model PDRMIP reference

simulation.*°
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Figure 4. Global mean vertical profile and BC-induced changes
Atmospheric vertical profiles of changes in BC concentration, temperature, cloud fraction, and relative and specific humidity for the two experiments, BC-E and

BC-EVO, from the fsst simulations. The model diversity is shown by the shading given as one standard deviation among the models.

cooling, suggesting the presence of compensating effects. The
geographical pattern of warming is similar in BC-E and BC-
EVO, even though the vertical and horizontal BC distributions
are quite different. Note that BC-EVOC has an identical warm-
ing pattern to BC-EVO, as it only includes an additional
column absorption scaling that enhances the magnitude of
the response.

In Figure 4, we show the atmospheric vertical profiles of
change in BC concentration (for individual models in
Figure S1), temperature, cloud fraction, and relative and specific
humidity. (BC-EVOC is omitted as it has the same profile as BC-
EVO.) The profiles are markedly different in the upper tropo-
sphere for all models, where the unconstrained BC-E simulation
shows strong changes whereas BC-EVO has almost none. In the
lower troposphere, temperature changes and cloud changes are
relatively similar for the two simulations. The cloud fraction
changes largely follow the relative humidity profile. Specific hu-
midity changes are positive throughout the troposphere, with
much stronger increases in BC-E than in BC-EVO. The model di-
versity (shown as one standard deviation) is larger for BC-E than
BC-EVO but varies vertically and is generally low for cloud
changes. No particular model dominates the model spread,
except for temperature changes around 100 hPa in BC-E, where
NCAR-CESM1-CAM4 has a much larger temperature increase
than the three other models (Figure S2).

BC typically reduces cloud cover in altitudes where it is pre-
sent while increasing cloud cover at lower heights. This dynamic
leads to a strong negative adjustment when BC is in the upper
troposphere, characterized by a reduction in high clouds and
an increase in middle and lower clouds.*® In the BC-E experi-
ment, the RA due to clouds is similar in magnitude to the sum
of the other RA terms. For the BC-EVO and BC-EVOC experi-
ments the RA of clouds is 40% of the total RA in a multi-model
mean. Earlier studies have focused primarily on BC RA due to
clouds,® but our results illustrate the importance of including
all RA terms. We note, however, that the cloud RA has a strong
inter-model standard deviation and is even positive in one of
the models. The models used for the IPCC AR6 assessment

also showed a large range in cloud adjustment, spanning
strongly negative to slightly positive values.*®

We find that the total RAs are negative in all three experiments.
Recall that although the IRF quantifies the radiative impact only,
the ERF incorporates the RAs and is thus sensitive to the magni-
tude of these adjustments. The negative RA of BC involves
changes in (land) surface, tropospheric, and stratospheric tem-
peratures caused by the atmospheric heating by BC, which in-
creases the longwave radiation to space (Planck feedback).
See further discussion in Smith et al.® on the impact on longwave
radiation and how this differs among climate drivers. Water va-
por change is a positive RA resulting from increased atmo-
spheric temperatures. For BC-E the RA contributes to lowering
the ERF by 50% relative to the IRF. For BC-EVO and BC-
EVOC, the RA causes a 43% reduction from IRF to ERF (see
Supplementary Note S1 and Figure S3 for split into longwave
and shortwave contributions). In addition to the atmospheric
RA terms, the prescribed sea-surface temperature simulations
used to quantify ERF show small land surface temperature and
albedo changes. We also note that Figure 2 shows a particularly
strong change in the cloud RA between the BC-E and BC-EVOC
experiments, indicating that cloud changes in the middle and up-
per troposphere are especially important.

Recently, the IPCC ARG provided an updated estimate of the
present-day climate warming due to BC emissions®® of 0.07°C.
This estimate was based on simulations, with a change in BC
emission representative of a change between preindustrial and
current conditions and simulated for 30 years. In the simulations,
the CEDS v2016.07.16 (CMIP6 release) were used for year 2014,
and these emissions are more than 50% higher compared with
CEDS v2024.04.01 for year 2022. However, Forster et al.”’
showed that effective radiative forcings weaker than 0.1 Wm
involve large uncertainties in 30-year simulations because the
signal is weak compared with natural variability. For several of
the models involved in Thornhill et al.,°° the ERF was weak and
thus uncertainties in the ERF of BC are substantial.

In this study, we have chosen to base our analyses on strong
10-fold increases in BC, which we have thereafter scaled to
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BCx5 BCx10

lllustration of linearity of BC perturbations in simulations using CESM2-CAM4 with original (BC-E) profiles. Bars show the mean normalized shortwave (SW),
longwave (LW), and net ERF for 200-year simulations with industrial era BC (BC x 1) and 100-year simulations with twice the industrial era BC (BCx2), five times
the industrial era BC (BCx5), and ten times the industrial era BC (BCx10), respectively. Circles show consecutive 15-year mean values, with lines connecting
individual 15-year SW and LW values with the corresponding ERF value. Whiskers on ERF bars indicate +/— one standard deviation.

match the preindustrial to present-day increase in BC. We
believe this method is more reliable for relatively short simula-
tions of small perturbations and have performed an additional
set of sensitivity simulations to illustrate this point. Figure 5
shows ERF of simulations, using one of the models, with indus-
trial era BC (BCx1), industrial era BC multiplied by two (BCx2),
five (BCx5), and ten (BCx10). The ERFs are normalized by the
BC industrial era BC abundance to investigate the linearity of
BC perturbation. The simulations were run for 100 years with
fixed sea-surface temperatures for BCx2, BCx5, and BCx10
and for 200 years for BCx 1. The bars indicate the mean over
the full simulations, whereas the circles indicate all of the
consecutive 15-year period included in the full simulations. The
normalized mean full ERFs are very similar in the BCx2, BCx5,
and BCx 10, but the spread of the circles indicates reduced vari-
ability as the perturbation becomes stronger. In the BCx 1 simu-
lation, the 15-year means vary widely, ranging from negative to
positive values. The forcing perturbation in BCx1 is weak
compared with the internal variability, and very long simulations
are required to get a representative ERF. Overall, the figure
shows that the ERF exerted by BC is linear in concentration,
up to ten times the change over the industrial era. This supports
findings in Hodnebrog et al.*® and validates our methodology of
performing strong perturbations that are later scaled to match
present-day levels. Consequently, we find that the AR6 estimate
of historical era BC-induced warming may have had marked un-
certainty and is fully consistent with the range of lower estimates
we present here.

DISCUSSION

We have shown that estimates of climate impacts of BC vary
strongly in the literature and that uncertainties in the climate ef-
fect of BC are particularly associated with emissions, atmo-
spheric residence time (and thus the resulting vertical distribu-
tion), and optical properties such as absorption.*'%:>?

6 Cell Reports Sustainability 2, 100428, September 26, 2025

BC emission data have previously been assessed to have a
factor of two uncertainty.>®> We have mentioned the transition
between emissions typically used in previous multi-model as-
sessments (v2016.07.16 BC emissions CEDS'®) compared
with the most recent version of the CEDS data (v2024.04.01)
used in newer studies. Although the most recent CEDS data
have 8% higher emissions than older generations of multi-
model studies, the previous CEDS version is 66% higher,
partly because of higher emissions in 2,000 and partly as a
result of an increase in BC emissions since 2,000. The lower
discrepancy for the most recent CEDS version is mainly
caused by a revisiting of emission before 2014 and a
continued reduction after 2014. Although all our estimates
are scaled to current emissions from CEDS, Zhao et al.
(2024)>* show that an earlier version of CEDS and other bot-
tom-up emission inventories most likely underestimate BC
emissions over China compared with a top-down approach.
However, there are several limitations associated with the
top-down approach, and more research is needed to robustly
conclude that Chinese BC emissions are underestimated. In
our analyses we scale the results to match the most recent
CEDS emission. To illustrate the importance of that scaling,
we show in Table S3 responses in ERF, IRF, and RAs for
both versions 2024.04.01 and 2016-07.16.

We have also shown ERF due to BC over the industrial era to
be lower than IRF (the direct BC aerosol effect) by around 50% in
the multi-model mean. ERF has previously been found to be the
most representative way to compare the surface temperature
change from a perturbation to the Earth’s energy budget for
different climate drivers, including BC.*° The total RA due to
BC is strongly negative, and recent findings® underline the
importance of atmospheric temperature increase and a negative
cloud RA. Despite some model diversity in the IRF and in the
magnitude of the cloud RA, we have found that, overall, the RA
and ERF are consistent among four climate models, as are
the underlying physical processes of vertical changes in
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atmospheric temperature, water vapor, and clouds. This consis-
tency includes simulations from three climate models using con-
centration fields of BC, and one model used emissions to derive
the BC atmospheric concentration.

Note that the temperature change from the fully coupled
climate model simulations is taken as a mean over the years
51-100. This means that our temperature response estimates
are likely overstated compared with the current temperature
change due to present-day anthropogenic BC because the
model has had many decades to respond to the current levels,
including a component from the deep ocean, unlike the real
world. Therefore, we consider this an upper-bound from the
four models. A lower bound, found by using a 5-year mean
around year 20, is about 20% weaker than our upper-bound
(see supplementary text for further discussion).

In conclusion, we find that there is a need for further work to
provide an up-to-date estimate of the influence of anthropogenic
BC emissions on global surface temperature over the historical
era. Such efforts should ensure consistent treatment of emis-
sions, and adherence to observational constraints of the vertical
profile of BC in the atmosphere, its optical properties, and the to-
tal amount of absorption by BC in current satellite estimates.

METHODS

Concepts

IRF—instantaneous radiative forcing

The immediate energy imbalance at the top-of-atmosphere
(TOA) caused by direct interactions between changed atmo-
spheric BC burden and radiation, positive for increased energy
input to the earth system.

RA—rapid adjustments

The short-term adjustments of atmospheric properties to the IRF
that are not due to responses to surface temperature changes.
ERF—effective radiative forcing

The TOA radiative energy perturbation is due to the combination
of IRF and the RAs. Thus, the TOA perturbation after RAs have
taken place is positive for the increased energy input to the earth
system.

Climate response

Any changes in climate variables in response to ERF, including
the deep oceans. Ideally, a full climate response to an imposed
ERF is the difference between climate states in long-term equi-
librium, with and without the imposed ERF. The high inertia of
the deep oceans hampers such estimates in practice. Instead,
a Transient Climate Response is estimated after a given time
for partial adjustment; in this case, we use 100-year-long
coupled simulations.

Models

This study uses a subset of 4 PDRMIP models out of 10 Precip-
itation Driver Response Model Intercomparison Project
(PDRMIP) models.”® We use simulations from the four global
climate models ECHAM-HAM-M7, GISS-E2-R, NCAR-CESM-
CAM4, and NorESM1. In PDRMIP, atmosphere-land simulations
with prescribed sea-surface temperatures (AMIP-type) and fully
atmosphere-land-ocean-coupled (CMIP-type) simulations are
applied for a large set of climate drivers and a reference simula-
tion representing current climate conditions. The models include
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the atmospheric effect of absorption and scattering of BC but do
not include any aerosol-cloud interactions and BC effect on
snow and ice (with the exception of NorESM1, which includes
the BC effect on snow and ice). For a further description of the
PDRMIP models see Myhre et al.*®

Simulations

The anthropogenic BC is scaled to its atmospheric change dur-
ing the industrial era. Prescribed concentration fields are im-
ported in three of the models (GISS, NCAR-CESM-CAM4, and
NorESM1), which are thus run concentration driven without feed-
back between climate variables and BC concentrations. The
fourth model (ECHAM) calculates BC concentrations from emis-
sions and thus allows feedback between BC and atmospheric
variables. Both 15-year-long AMIP-type (fixed sea-surface tem-
perature) and 100-year-long CMIP-type simulations are per-
formed (see also Supplementary Note S2).

Each model produces a standard set of climate response ex-
periments (BC-E) based on importing BC data from the BCx10
(BC concentrations/emissions multiplied by 10) core set of
PDRMIP simulations, see Figure S4 for ERF and Figure S5 for
surface temperature change. Imported concentration fields in
BC-E are multi-model mean fields from AeroCom.*? A new set
of simulations (BC-EVO) are performed by importing (in GISS,
NCAR-CESM-CAM4, and NorESM1) or producing (in ECHAM)
lifetime-adjusted BCx10 data to constrain the concentration
profile to observations. We use a single model field for imported
BC concentrations in the BC-EVO experiment.“® The BC over-
abundance in the upper troposphere is reduced by increasing
the wet removal of BC, which results in a shorter lifetime. Various
sensitivity simulations are performed in Hodnebrog et al.*® to
achieve a realistic agreement with the aircraft measurements.
In this study, the PERTBC simulation in Hodnebrog et al.** is
adopted, but emissions are as in the standard case in Hodne-
brog et al.*® The vertical profiles for BC STD and BC-EVO are
shown in Figure S1. The lifetime of BC in BC-EVO for the models
GISS, NCAR-CESM-CAM4, and NorESM1 is 3.9 days™
compared with 7.4 days in BC-E.*" In the emission-driven simu-
lations in ECHAM-HAM the wet removal tendencies of BC are
scaled by a factor of 2, resulting in a change in the lifetime
from 7.4 days (in BC-E) to 3.7 days (in BC-EVO). In BC-EVOC,
we further scale the BC-EVO simulation with the ratio of absorp-
tion aerosol optical depth based on satellite data’® of 0.0044
(550 nm) to 0.0017 (550 nm) in BC-EVO.

In the BC-E PDRMIP experiment, the four selected models
have a mean ERF within 1% of the mean of the 10 PDRMIP
models, whereas the number is 25% lower for surface air tem-
perature change.

Results after constraining to the observed MAC

and emission data

All results are scaled to best match current BC emission esti-
mates using the Community Emission Data System (CEDS)
version 2024.04.01."” The CMIP6 BC emission in CEDS (version
2016.07.16) is 66% larger (from 4.6 to 7.6 Tg yr~ ') than the emis-
sions used in AeroCom dataset (BC STD experiment) due to a
strong increase in recent years and overall improved estimation
of BC sources.'® However, the most recent version of the CEDS
data (version 2024.04.01) has only 8% (from 4.6 to 4.9 Tg yr ")
higher emissions than used in previous multi-model studies.
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This is mainly caused by a revisiting of emissions before 2014
and a continued reduction after 2014. In all Figures and numbers,
the most recent CEDS data are used. In the Table S3, we report
results from BC emissions of 4.9 and 7.6 Tg yr—'. The concentra-
tion field applied in the BC-EVO experiment is derived from the
EU project ECLIPSE emission dataset,”>"°° with a total BC emis-
sionof 7.1 Tgyr ' (5.5and 1.6 Tgyr ", respectively, from anthro-
pogenic and natural sources).

Observations of MACs vary strongly,**° see Table S1. Models
have typically lower MAC values than observations. The
mean MAC among the four models applied in this study is
7.3 m? g~ ' + 10% (550 nm). We scale this value to 10 m? g~
(550 nm), which we find to be a representative value from the
selected values in Table S1.

The scaling of the results by emissions and MAC is done on all
post-processed GCM output. All results in this study thus repre-
sent a change in BC from preindustrial to present-day emissions
of 4.9 Tg yr . Scaling of the mass absorption coefficient of
10 m? g~ (550 nm) is done for BC-EVO and BC-EVOC. The
scaling is applied to the multi-model mean numbers.
Calculations of ERF and RAs
ERF and surface temperature changes are directly derived
output from the PDRMIP models, respectively, from fixed sea-
surface temperature simulations (AMIP-type) and fully coupled
simulations (CMIP-type). Results from fixed sea-surface temper-
ature simulations are taken as mean of years 6-15 and results
from coupled simulations as mean of years 51-100.*" Radiative
kernel simulations** are applied for quantifications of the individ-
ual RA terms using a mean of 5 different radiative kernels.®**
Three of the models have implemented double radiation calls
for quantification of IRF, whereas for NorESM1, IRF is taken as
the difference between ERF and RA. When IRF is directly quan-
tified, the residuals in the kernel simulations are discussed in the
text. Similarly, BC IRF almost exclusively influences the SW radi-
ation; therefore, the residual can be derived from LW ERF and
kernel calculations, see Supplementary Note S3 and Figure S6.
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Materials availability

The PDRMIP data are available through the World Data Center for Climate
(WDCC) https://www.dkrz.de/up/systems/wdcc  with  https://doi.org/10.
26050/WDCC/PDRMIP_2012-2021.

Data and code availability
® The PDRMIP data are available through the World Data Center for
Climate (WDCC) https://www.dkrz.de/up/systems/wdcc with https://
doi.org/10.26050/WDCC/PDRMIP_2012-2021. A code to read and
make a summary of PDRMIP data is available at GitHub: https://
github.com/ciceroOslo/PDRMIP_summary_codes
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Supplementary:

Supplementary Table S1: A selected set of measured mass absorption coefficients (MAC) given at 550
nm and original provided wavelength. Conversion of MAC to 550 nm is performed assuming absorption
Angstrgm exponent to be 1. If no value is given for original wavelength the measurements is taken at
550 nm. Regions of measurements are given along with references for measurements.

Location MAC [m?g?] (550) | MAC [m?g!] at Reference
reported wavelength
Large set of data 75+12and Bond and Bergstrom *
11 m?gtat 550 nm
for fresh and aged
BC particles
Urban 6.8-8.7 Hitzenberger et al. 2
Mexico City 8.7-8.9 5.5 5.6 (870)! Doran et al. ®
Mexico 13.1 10.9 (660) Subramanian et al. *
High altitude 8.6 7.5 (630) Cozicetal.®
(winter) 12.7 11 (630)
High altitude
(summer)
Denver 9.7 10 (532)? Knox et al. ©
Different sites in 7.4-17.3 Between 6 and Ram and Sarin ’
India 14 (at 678 nm)
Urban (Barcelona) 10.7 9.2 (637) Reche et al. ®
Traffic (Bern) 11.9 10.3 (637)
Industrial (Huelva) 114 9.8 (637)
Urban (Paris) 13.8 8.6 (880) Laborde et al. °
Shenzhen (China) 6.3 6.5+ 0.5 (532) Lanetal.
South Texas 7.8 8.1 (532) Levyetal ™
Arctic 5.7 around 6 (522 nm) Yttri et al. *
Rural North China 12.3 10 (678 nm) Cuietal. ®
Aspvreten (SE) 9.8 8.51 (637) Zanatta et al. 14
Birkenes (NO 9.1 7.86 (637)
Finokalia (GR) 143 12.4 (637)
Harwell (GB) 15.6 13.5 (637)
Ispra (IT) 11.1 9.61 (637)
Melpitz (DE) 10.7 9.23 (637)
Montseny (ES) 10.3 8.92 (637)
Puy de Dome (FR) 20.0 17.3 (637)
Vavihill (SE) 75 6.47(637)
Fresno, Italy 7.4 7.9+15(532) Presler-Jur et al. ®
. 13.3 8.3 (880) as an average
Northwest China 0f 7.4,5.7,8.1and 12.1 | Zhang et al. 26
Milan, Italy 9.9 10.2 (532) Forello et al.
China 11.4 11.8 (532) Ma et al. 8
Bangladesh 52+17 42+1.4 Nair et al. 1°
Maldives 87+181t09.7+x23| 7.1+15t07.9+19

1 See correction of the publication.
2 See value provided in Ma et al. (2020).
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Supplementary Figure S1: Atmospheric vertical profile of black carbon, for the 2 BC
experiments BC-E and BC-EVO. The standard vertical profile is shown in purple and vertical
constrained in orange. Note the strong reduction in BC concentration at higher altitudes in
the troposphere in the observationally constrained profiles. Some of the lines are overlayed
in the concentration driven models.
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Supplementary Figure S2: Like Figure 4 but showing the results from each of the four models.
Atmospheric vertical profiles of changes in temperature, cloud fraction, relative humidity, and
specific humidity for the two experiments BC-E and BC-EVO.



Supplementary Note S1: In Figure S1, we decompose IRF, rapid adjustments and ERF into
shortwave (SW) and longwave (LW) radiation components (only shown for BC-E and BC-EVO).
The SW and LW ERF are direct output from the model simulations, whereas IRF and rapid
adjustment terms are derived using the same approach as in Figure 1 (see Methods). The IRF
is almost solely a result of BC interacting with SW radiation. Note, however, that two of the
four models have a very weak LW IRF effect in the simulations. The total rapid adjustment
mainly affects the LW radiation. Looking into the radiative distribution of the individual rapid
adjustment terms (not shown), the temperature rapid adjustment terms impact LW radiation
only, and water vapor and clouds also mostly impact the LW radiation. LW rapid adjustment
from clouds and water vapor are up to half of the total LW rapid adjustment in magnitude but
their rapid adjustment terms are of opposite sign. Similarly, SW rapid adjustments for clouds
are negative and those for water vapor are positive. Because of these compensating terms,
the total SW rapid adjustment varies in sign across the models. The net radiation changes
behind the rapid adjustment in Figure 1 are very different for the two experiments, and it can
be seen in Fig. S1 that this originates from differences in LW radiation. Supplementary Figure
S2 shows the residuals in the rapid adjustment calculations. Residuals can be derived due to
the availability of double-radiation calls and because BC induced changes in LW radiation are
almost entirely due to rapid adjustments. The residuals are particularly small for net (LW +
SW) rapid adjustment. As uncertainties in the kernel simulations of temperature and water
vapor changes are relatively small 2, this further indicates that residuals in the cloud rapid
adjustment calculations are small.

PDRMIP scaled to current BC emissions (CEDS)
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Supplementary Figure S3: Global mean instantaneous radiative forcing (IRF), rapid
adjustments (RA), effective radiative forcing (ERF) divided into longwave (LW) and shortwave
(SW) radiation from the two experiments BC-E (full bars) and BC-EVO (bars with lines). Net
values (SW + LW) are shown in Figure 2.



Supplementary Note S2: We have provided results from the fully coupled climate models from year
51-100 but also gave an estimate for year 20 (mean of year 18-22). The rationale for looking at year 20
is that a zero layer model provides a good fit to the historical record (e.g., Gregory and Forster *“Held
et al. 2?). In step change experiments the upper-layer has approximately come into equilibrium at about
year 20, while the deep-ocean can still be approximated as dT ~ 0 (in a two-layer ocean model,

representing the mixed-layer and deep-ocean). This is further described in Section 3 of Gregory et al.
23
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Supplementary Figure S4: ERF for PDRMIP BC experiment for 9 PDRMIP models shown in Stjern et
al. 2* and models mean for emission driven and concentration driven models. All models are scaled to
the same emissions as for the concentration driven models and given for BCx10.
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Supplementary Figure S5: Surface temperature change for the PDRMIP BC experiment for 9 PDRMIP
models shown in Stjern et al. ?*, and model means for emission driven and concentration driven

models. All models are scaled to the same emissions as for the concentration driven models and given
for BCx10.



Supplementary Table S2: Global and annual mean effective radiative forcing (ERF), ERF normalized
by absorption aerosol optical depth (AAOD), ERF normalized by burden, and temperature change for
PDRMIP BC experiment for 9 PDRMIP models 2. The ECHAM-HAM results are performed for this
study. Results are provided for emission driven and concentration driven models. All models are
scaled to the same emissions as for the concentration driven models. Note that all results are for
10xBC and there is no scaling by mass absorption coefficient.

Emission-
- Norm scaled
ERF Normalized !

_2 > ERF temp,

(W11 ERFIWMET - g change
K]
CanESM2 [E] 1.54 NA 350 0.78
CESM-CAMS [E] 0.41 49 490 0.17
HadGEM2-ES [E] 291 153 490 151
MIROC-SPRINTARS [E] 0.65 81 330 0.11
GISS-E2-R 1.26 112 640 0.39
CESM-CAM4 0.78 59 430 0.35
HadGEM3 0.68 70 380 0.70
IPSL-CM5A 0.82 76 440 0.75
NorESM1 1.43 100 750 0.67
ECHAM-HAM 0.73 58 NA 0.24

Supplementary Table $3: Multi-model global and annual mean instantaneous radiative forcing (IRF),
effective radiative forcing (ERF), rapid adjustment, surface temperature for the BC-E and BC-EVO
experiments. Numbers in parentheses are one standard deviation from the four models in this study.
Results are shown for CEDS emission versions from 2024 and 2016 (applied in CMIP6).

CEDS Emissions v2024

BC-E BC-EVO

IRF 0.22 (0.01) 0.13 (0.02)
ERF 0.11 (0.04) 0.07 (0.05)
Rapid adjustments -0.11 (0.03) -0.06 (0.03)
Surface temperature change 0.05 (0.02) 0.02 (0.02)
CEDS Emissions v2016

IRF 0.35 (0.02) 0.20 (0.03)
ERF 0.17 (0.06) 0.11 (0.06)
Rapid adjustments -0.16 (0.06) -0.08 (0.05)
Surface temperature change 0.07 (0.03) 0.04 (0.03)




Supplementary Note S3: Since the rapid adjustments are derived using kernel techniques it is
important to assess the uncertainties in the calculations. In particular, the residuals provide
information on the clouds rapid adjustments, where uncertainties are larger than for the other
contributors according to Smith et al. ?°. The residual between direct model output and
calculations using radiative kernels are shown in Figure S2 for model mean and individual
models, and for SW, LW and Net. Since SW and LW residuals are of opposite sign, the net
residuals are weakest, indicating that uncertainties are small in the rapid adjustment
calculations shown in Figure 1. Residuals are stronger in magnitude in absolute and relative
terms in BC-E compared to the BC-EVO experiment. The residuals are well within the model
range for the total rapid adjustment shown in Figure 1 in the main manuscript. Maximum
model range in the residual is 0.03 W m™2 for LW rapid adjustments. Residuals are possible to
qguantify for all four models for LW radiation using ERF, but for SW radiation this is available
only for the three models which performed double radiation calls.
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Supplementary Figure S6: Global mean residuals between direct climate model results and
radiative kernel calculations of rapid adjustments, divided into longwave (LW), shortwave
(SW) and Net radiation from the two experiments BC-E (full bars) and BC-EVO (bars with lines).
Individual models are shown as black dots. Three models have double radiation calls allowing
derivation of residual for SW and Net. Residual between radiative kernel calculations and
climate model results of rapid adjustment is derived from LW ERF since LW IRF is either zero
or derived by double radiative calls.
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