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ABSTRACT
The aerosol–cloud interactions due to black carbon (BC) aerosols, as well as the implied climate responses, are examined
using an aerosol module in the coupled atmosphere–ocean general circulation model MPI-ESM. BC is simulated to
enhance cloud droplet number concentration (CDNC) by 10–15% in the BC emission source regions, especially in
the Tropics and mid-latitudes. Higher CDNC and reduced auto-conversion from cloud water to rain water explains the
increased cloud water path over the tropical regions (30◦S–30◦N) in the model. In the global mean, the cloud water–
as well as precipitation changes are negligibly small. The global-mean effective radiative forcing due to aerosol–cloud
interactions for BC is estimated at −0.13 ± 0.1 W m−2, which is attributable to the increase in CDNC burden and
(regionally) cloud water in the model. Global mean temperature and rainfall response were found to be −0.16 ± 0.04 K
and −0.004 ± 0.004 mm day−1, respectively, with significantly larger regional changes mainly in the downwind regions
from BC sources.

Keywords: aerosol indirect forcing, clouds and aerosols, black carbon, aerosols and particles

1. Introduction

Black carbon (BC), the light-absorbing portion of carbonaceous
aerosols, affects clouds in several ways:

• through indirect effects, i.e. by serving as cloud condensa-
tion nuclei (CCN) once coated with hygroscopic material,
and as ice nucleating particles, and subsequently altering
cloud albedo (Twomey, 1974; Hendricks et al., 2011; Koch
et al., 2011);

• through the semi-direct effect and cloud absorption effects
(Ackerman et al., 2000; Jacobson, 2012; Bond et al., 2013)
by which the absorption of sunlight by the aerosol locally
heats the atmosphere, which may lead, depending on the
relative altitude of the aerosol layer with respect to the
clouds, to an increase or decrease in cloud cover and cloud
water content;

• through a feedback of clouds to the surface cooling induced
by BC (Liepert et al., 2004) or through the dynamics and
precipitation changes induced by BC absorption of solar
radiation (Ming et al., 2010).

Although aerosol cloud indirect effects have been extensively
studied, only few studies isolate the cloud effects of BC aerosols

∗Corresponding author. e-mail: johannes.quaas@uni-leipzig.de

alone (Koch et al., 2011). By providing a surface upon which
other compounds may condense, BC may be coated by hygro-
scopic compounds and as such become an efficient condensation
nucleus. The BC indirect radiative effects have previously been
found to exert a negative forcing (Kristjánsson, 2002; Hansen
et al., 2005), discernible mainly over the most prominent BC
emission source regions. BC could have a substantial influence
on the clouds due to its large contribution to aerosol number
concentration even at low mass owing to the small average size
(Andrews et al., 2010; Bond et al., 2013). BC has more complex
effects on precipitation, which are dependent on the vertical
structure and the source regions (Andrews et al., 2010).

Considerable uncertainty surrounds the estimates of the mag-
nitude of the global total (direct + indirect) aerosol radiative forc-
ing for which recent estimates range from −0.9 to −1.4 W m−2

(Boucher et al., 2013; Cherian et al., 2014; Zelinka et al., 2014).
Its large uncertainty range stems from the complexity and poor
understanding of the aerosol–cloud–radiation processes involved
(Boucher et al., 2013).The effect of BC is yet more uncertain than
the effect of other aerosol compounds because of the intricate
cloud response induced by the strong absorption of sunlight
(Andrews et al., 2010; Bond et al., 2013; Boucher et al., 2013;
Baker et al., 2015). This is particularly important in the context of
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2 R. CHERIAN ET AL.

recent suggestions that reducing anthropogenic BC emissions
might be effective to mitigate anthropogenic climate change
(Shindell et al., 2012; Stohl et al., 2015), since the warming effect
by aerosol absorption of sunlight might be balanced to a consid-
erable degree by a cooling effect of BC through cloud interac-
tions (Koch et al., 2011). Previous studies estimated a negative
global mean BC indirect forcing of −0.1 W m−2 (Kristjánsson,
2002; Koch et al., 2011). However, positive BC indirect radia-
tive effects were also found especially over remote oceanic and
coastal regions because of the reduced aerosol hygroscopicity
over these regions (Kristjánsson, 2002; Bond et al., 2013). BC
indirect effects were also found to be responsible for the reduc-
tion of the cloud reflection over the North East Indian region
in a recent study by Panicker et al. (2016). The purpose of this
study is to assess the indirect radiative effects of BC aerosols,
and their implications for climate.

As in-situ and satellite measurements do not provide sufficient
information about BC loading and absorption and their influence
on clouds, the only tools that currently allow to estimate the
effects on global climate change are climate models. In this study,
we examine the climate responses of BC indirect radiative effects
using sensitivity studies with a coupled aerosol-climate model.
Using coupled models allows the ocean circulation to respond
to the atmospheric changes resulting from the BC indirect ra-
diative effects. We first examine the model-simulated response
in CDNC, cloud water and cloud cover. We further explore the
response on temperature and precipitation globally.

Section 2 describes the model description, simulation set-up
and methodology used in this study. The climate responses on
clouds, net radiation, surface temperature and precipitation are
discussed in Section 3, followed by the conclusions in Section 4.

2. Simulation set-up and methodology

Climate simulations have been performed using the Max Planck
Institute for Meteorology (MPI-M) Earth System model (MPI-
ESM Giorgetta et al., 2013) with interactive aerosols (HAM2).
The MPI-ESM-HAM2 consists of the atmospheric general cir-
culation model (GCM), the ECHAM6.1 GCM (Stevens et al.,
2013), coupled to the oceanic GCM MPIOM (Jungclaus et al.,
2013). The atmosphere model ECHAM6.1 was run at a hor-
izontal resolution of T63 (about 1.8◦ × 1.8◦) and a vertical
resolution of 47 levels (extending from the surface to 0.01 hPa).
The interactive aerosol module HAM2 (Stier et al., 2005; Zhang
et al., 2012) was used.

The aerosol module considers five species (sulphate, sea salt,
mineral dust, organic carbon (OC) and BC) in seven log-normal
modes with prescribed standard deviations, three of which con-
tain hydrophobic (Aitken (BC and OC), Accumulation (min-
eral dust) and Coarse (mineral dust)) and four of which con-
tain hygroscopic (Nucleation (sulphate), Aitken (BC, OC and
sulphate), Accumulation (all five species) and Coarse (all five
species)) aerosols. The model takes into account natural and

anthropogenic emissions of aerosols and aerosol precursor gases,
with the emissions of sea salt and mineral dust computed inter-
actively (Zhang et al., 2012). Sinks are due to dry deposition
and wet scavenging. A simplified chemical scheme is used for
the sulphur cycle with reactive gases prescribed (Feichter et al.,
1996). The micro-physical core M7 accounts for nucleation,
condensation of gases onto existing particles, and coagulation
of particles so that in each mode, internally-mixed particles are
considered (Vignati et al., 2004). As such, BC is in general one
constituent only of an internally mixed particle. Previous studies
evaluating BC as simulated by general circulation models found
that ECHAM-HAM performs similarly as other models (Koch
et al., 2009), with often an underestimation of BC compared to
the available observations. More recently, it has been found that
the geographical distribution of BC is too smooth compared to
aircraft observations (Kipling et al., 2013), and that ECHAM-
HAM transports too little BC to the Arctic region (Eckhardt
et al., 2015). Quennehen et al. (2016) reported that − similar
to the results of other global models − ECHAM-HAM tends to
underestimate BC especially near strong source regions.

In HAM2, the stratiform cloud parameterization is extended
to a two-moment micro-physical scheme (Lohmann et al., 2007).
In this scheme, aerosols serve as cloud condensation nuclei for
liquid-water clouds. The nucleation of ice crystals is parame-
terized independently from the ice nucleating properties of the
aerosol since the implemented heterogeneous nucleation path-
ways (Lohmann et al., 2007) are considered too uncertain. In
consequence, two effects of aerosols on clouds are parameter-
ized: Aerosols may serve as CCN and enhance CDNC (Lin and
Leaitch, 1997), by which at constant liquid water path cloud
albedo is enhanced (Twomey, 1974); and the auto-conversion
rate of cloud water to rain is dependent on the cloud droplet
number concentration as proposed by Khairoutdinov and Kogan
(2000), by which a cloud lifetime effect (Albrecht, 1989) is
implemented that leads to enhanced cloud liquid water path and
cloud cover in a more polluted atmosphere.

Two identical simulations are carried out for quantifying the
climate response from BC aerosol–cloud interaction effects, one
control simulation with fully interactive BC and one sensitivity
simulation with no micro-physical impact of BC on clouds (see
below). The control and sensitivity simulations were run for
50 years, starting from a pre-industrial equilibrium simulation,
in order to separate a robust signal from inter-annual variabil-
ity. In both experiments, present-day anthropogenic emissions
from the Evaluating the CLimate and Air Quality ImPacts of
Short-livEd Pollutants (ECLIPSE) emission data-sets V4.0a are
used (Klimont et al., 2013). These emissions, representative for
the year 2005, are kept constant throughout the simulations.
The concentrations of long-lived greenhouse gases are also kept
fixed, at pre-industrial (1850) levels. In the sensitivity simulation
(no BC aerosol indirect effect (NOBCAIE)), CCN concentration,
as computed interactively in the model, is re-scaled by a mass
fraction of the specific mass of all aerosol except for BC. In the
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BLACK CARBON INDIRECT RADIATIVE EFFECTS 3

model, aerosol activation is parameterized according to Lin and
Leaitch (1997):

Qnucl = max
[ 1

�t

(
0.1

( Nw

w + αN

)1.27 − Nold

)
, 0

]
(1)

where N is the number concentration of the aerosol particles, w
is the vertical velocity, �t is the time step, Nold is the CDNC
from the previous time step and α = 0.023 cm4 s−1. For the BC
indirect forcing simulation N is scaled by using the following
formula:

Nwithout BC = N

[
1.0 − BC soluble mode mass

Total soluble mode mass

]
(2)

Considering internally mixed particles, this is a simplified
description of suppressing the indirect effect by BC aerosols.
However, if allowing for internal mixing, and if the indirect
effect is to be separated from the direct and especially semi-
direct effects of BC, this is the only feasible approach. It is
expected that this perturbation to the model affects the param-
eterized microphysical processes (notably auto-conversion of
cloud-to precipitation water), but the resulting radiative effects
also cool the surface, which can induce changes in evaporation,
available humidity, convective motion and horizontal circulation
patterns. The results shown below are averaged over the 50-year
period. In addition, one more additional sensitivity simulation is
carried out by removing all anthropogenic BC emissions (named
‘NOBC’run) to identify the climate responses resulted from total
BC effects. The NOBC run has been described and analysed
previously also by Baker et al. (2015). Two additional 10-year
simulations (one control and one NOBCAIE) with pre-scribed
climatological sea surface temperatures (SST) are carried out
to estimate the effective radiative forcing (W m−2) from BC
aerosol–cloud interactions.

3. Results and discussion

3.1. BC emission and column burden

Figure 1a shows the global spatial distribution of the BC emis-
sions for the year 2005 used for the present study (Klimont et al.,
2013). The largest anthropogenic BC emissions are over India,
China and African regions. High BC emissions occur in India,
China, parts of Africa and south America and the eastern USA,
resulting largely from fossil fuel and biomass emissions. Total
(fossil fuel + biomass + shipping + aircraft) global BC emission
are 7.58 Tg yr−1, with a significant fraction stemming from
fossil fuel emissions (5.34 Tg yr−1). This includes all current
emission sources (Klimont et al., 2013), and the global total
emission is slightly higher than the value used in previous studies
(Koch et al., 2009).

Fig. 1. Spatial distribution of (a) BC emissions (g m−2 yr−1) in 2005
and multi-year (50-year) mean (b) BC column burden (mg m−2).

The model-simulated multi-year mean spatial distribution of
the BC column burden is presented in Fig. 1b, which shows
significant peaks in India, China, Africa and South America. In
general, the model-simulated BC burden shows a large diversity
that tends to decrease rather rapidly away from source regions.
However, non-negligible amounts of BC are transported up to
several 1000 km away from the main sources also over the ocean,
where their effect on clouds may become particularly strong
compared to the source regions.

3.2. Cloud and radiation response from pre-scribed SST
runs

In order to understand BC indirect effects on radiation, we car-
ried out 10-year pre-scribed SST simulations for CTL and NOB-
CAIE conditions. A substantial CDNC increase is simulated
over parts of South Asia, Africa and Europe (Fig. S1). In the
upper troposphere (not shown), and in parts of the polar re-
gions, removal of BC aerosols from cloud activation results in
smaller CDNC in the NOBCAIE run (Fig. S1). The BC effec-
tive radiative forcing due to the aerosol–cloud interactions is
estimated as the difference on net radiation (short-wave + long-
wave) flux at the top-of-the-atmosphere (TOA) between the two
simulations. The parameterized effect of BC on net radiation
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4 R. CHERIAN ET AL.

Table 1. Global-mean values of different variables from the perturbation runs (NOBCAIE and NOBC), estimated as the difference between the
CTL and perturbation simulations. ‘CDNC’ denotes the cloud droplet number concentration.

Coupled run case Fixed SST case

Variable CTL CTL-NOBCAIE CTL-NOBC CTL CTL-NOBCAIE

CDNC (1010 m−2) 5.176 0.0955 0.0223 4.76 0.03798
Cloud water (mg m−2) 0.107 −0.0011 0.0001 0.0917 −0.0002
Cloud cover (%) 64.655 −0.0727 −0.0499 62.125 −0.0104
Net all-sky radiation at TOA (W m−2) −1.118 −0.1311 0.04 −1.036 −0.13
Temperature (K) 287.14 −0.159 0.03 287.625 −0.03
Precipitation (mm day−1) 2.895 −0.0035 −0.0036 3.056 0.0015
Stratiform Precipitation (mm day−1) 1.178 −0.0052 0.0017 1.184 −0.0005
Convective Precipitation (mm day−1) 1.717 0.0017 −0.0053 1.872 0.002

(aerosol–radiation interactions, formerly called ‘direct-effect’)
is the same in both NOBCAIE and CTL simulations, so only
the aerosol–cloud interactions are considered here. This yields
a global mean BC indirect effect of −0.13 ± 0.1 W m−2 at the
TOA (Table 1). Statistically significant radiation changes at the
90% confidence interval are found over parts of Africa, South-
East Asia and Europe (Fig. S2). The TOA short-wave radiation
changes were found to be relatively large (negative), albeit still
noisy, over major BC source regions such as Europe, Asia and
North America (Fig. S2). A positive BC forcing due to aerosol–
cloud interactions, in turn, is simulated over the remote oceanic
regions in the Northern Hemisphere (Fig. S2).

A substantial cooling effect (global mean BC indirect effect
of −0.13W m−2) is found, which mostly stems from regions
in which large CDNC change are simulated (Figs. S1 and S2)
whereas in other regions, only a very noisy signal is simulated.
In the model, the reduction in net radiation coincides in its
geographical distribution with the increase in CDNC burden
due to additional BC CCN, over these regions (Fig. S1). This
indicates that the radiation response is explained by the simulated
changes in CDNC, which in turn affects the albedo (cloud albedo
effect) and cloud cover or cloud water path (cloud life-time
effect). In summary, a combination of cloud life-time and cloud
albedo effects lead to the radiation response in the model.

3.3. Cloud and temperature responses from coupled runs

Before studying the BC indirect effect on precipitation, it is
important to look at how the clouds are changing due to the
NOBCAIE of the ocean-coupled model sensitivity runs. Annual
zonal mean plots of CDNC, cloud water and cloud cover are
analysed as a function of altitude (Figs. 2 and 3). By design
of experiments, CDNC is larger in the CTL compared to the
NOBCAIE simulation in the Northern Hemisphere (in particular
in the low- to mid-latitudes 0–60◦N). Noticeable CDNC changes
(10–20%) are also simulated over Southern Hemisphere mid-
latitude and polar regions. In the upper troposphere (not shown),

and in parts of polar regions (Fig. 3), smaller droplet concentra-
tions are likely the result of cloud feedbacks to the perturbation.

Cloud water is found to be mostly larger (by 2–10% in the
tropics (30◦S-30◦N)) in the NOBCAIE run compared to the
CTL run, coincident with larger droplet number concentrations
in these regions (Fig. 3). However, patterns do not follow very
clearly the CDNC change patterns (Fig. 2). Cloud water is found
to be increased in the Tropics in both Southern and Northern
Hemisphere. Cloud cover changes tend to coincide with CDNC
changes (Fig. 3c and d), with a slightly higher similarity patterns
in CTL run in the boundary layer than in NOBCAIE run (Fig. 3)
over the tropical region (30◦S–30◦N). In the CTL run, the inclu-
sion of the indirect effect due to BC aerosols leads to a higher
CDNC than in the NOBCAIE run (Fig. 4a), and subsequently to a
reduction of the auto-conversion from cloud water to rain water.
This explains the cloud water increase (Fig. 3c) in the simulation
over the tropical region (30◦S–30◦N), although only a small
effect on cloud water is found in the global mean (Table 1).
Only an impact of BC on indirect effect liquid-cloud properties is
implemented, not their potential role as ice nucleating particles.

The temperature response is small (within ±0.5 K) every-
where, except in the Northern Hemisphere (NH) polar regions
(Fig. 4b). The cooling is located over the NH mid-latitude indus-
trial regions (namely, Northern India, North-East China, Europe
and North-Eastern United States) and the biomass-burning re-
gion in South Africa, all of which are under the influence of
heavy BC aerosol burden. The global mean temperature change
was found to be −0.16 ± 0.04 K (Table 1). The model shows an
overall cooling response in the Northern Hemisphere. NH cools
to a greater extent than SH partly owing to the higher aerosol
burden in the CTL run. The comparatively small high-altitude
BC concentrations in the model may influence the
resulting temperature response (Baker et al., 2015). The reduc-
tion in high altitude BC is expected to contribute to reducing
Arctic forcing due to reduction in BC deposition on
snow as well as in absorption of sunlight over bright surfaces
(Koch et al., 2011).
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BLACK CARBON INDIRECT RADIATIVE EFFECTS 5

Fig. 2. Zonal mean of the CDNC (106 cm−3) from (a) the CTL-coupled model simulation and (b) the percentage responses from the NOBCAIE
run (1-NOBCAIE/CTL).

Fig. 3. Zonal mean of the cloud water and the cloud cover from the CTL simulation (a), (b) and percentage changes (c) and (d) from the NOBCAIE
run (1-NOBCAIE/CTL).

3.4. Precipitation response

Figure 4d shows the response of annual-mean precipitation due
to BC indirect forcing. The global mean precipitation response

due to BC indirect radiative effect is simulated at −0.004 ±
0.004 mm day−1 (Table 1). The error indicates the 95% confi-
dence interval on the error in the mean (2σ/

√
n), based on 50
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6 R. CHERIAN ET AL.

Fig. 4. Spatial distribution of changes (CTL-NOBCAIE) in (a) CDNC burden (1010 m−2) , (b) surface temperature (K), (c) vertically integrated
cloud water (10−2 mg m−2) and (d) total (convective + stratiform) rainfall (mm day−1) from the coupled model simulations. Black dots indicate the
grid points where the change is statistically significant at the 95% confidence level.

-0.2

-0.1

0

0.1

0.2

-0.02

-0.01

0

0.01

0.02

-1
)

Fig. 5. Global mean annual average changes in (a) surface
temperature (K), and (b) rainfall (mm day−1) from the coupled model
simulations. Error bars indicate the 95% confidence interval on the error
in the mean.

annual means and it reflects the uncertainty of the mean due
to the internal variability in the model. Small rainfall increase
is simulated mostly over the mid-latitudes and tropical regions

(45◦S–45◦N). Consistent with the negative effective forcing
and reduced temperature, the overall effect is a reduction in
precipitation (Table 1). The overall reduction in precipitation
is also driven by the Arctic response, where the CDNC and
cloud water is decreased (Fig. 4). The decrease in CDNC in the
Arctic is linked to decreases in sea-ice (not shown) and collocated
increases in TOA SW flux (Fig. S2). The precipitation response
in general correlates with cloud water changes in most of the
regions (Fig. 4).

A similarly small global mean precipitation response
(−0.004 mm day−1, Figs. S3 and 5) was found in previously
published simulations in which anthropogenic BC emissions
(NOBC run) were reduced to zero (Baker et al., 2015), i.e.
without either aerosol–radiation and aerosol–cloud interactions
by anthropogenic BC (see also Table 1). Smaller positive precipi-
tation responses are found over mid-latitude and tropical regions
in both NOBC and NOBCAIE experiments. The precipitation re-
sponse from the NOBC run (CTL-NOBC) is found to be negative
over the Indian regions (Fig. S3). These negative precipitation
changes in the model are driven by circulation changes (Fig.
S4). The negative precipitation changes correlate well (corre-
lation coefficient for the spatio-temporal distribution (monthly
mean values) is r = 0.6 to 0.7, not shown) with temperature
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BLACK CARBON INDIRECT RADIATIVE EFFECTS 7

Fig. 6. South-west monsoon season (JJAS) mean changes (CTL-NOBCAIE) in (a) CDNC burden (1010 m−2), (b) surface temperature (K),
(c) vertically integrated cloud water (10−2 mg m−2) and (d) total (convective + stratiform) rainfall (mm day−1) over the South Asia region. Black
dots indicate the grid points where the change is statistically significant at the 95% confidence level.

changes in the model. A smaller positive global temperature
change was found in the NOBC run assessed earlier by Baker
et al. (2015) and briefly reported here (CTL-NOBC), while a
negative temperature change resulted from NOBCAIE run
(Fig. 5). This is due to different radiation and cloud changes
in both experiments. In summary, consistent precipitation re-
sponses resulted from both NOBC and NOBCAIE sensitivity
experiments in the model.

The Indian region stands out as one of the most sensitive
regions in terms of precipitation response (Fig. 4d). Figure 6
shows the responses on CDNC, cloud water, surface temperature
and precipitation in this area for the Indian summer monsoon
period (June to September). A significant rainfall decreasing

trend is simulated over most parts of the Indian region, mainly
over western Ghats (Fig. 6d). This drying coincides with cloud
water decreases and is also reflected in the annual mean. Meehl
et al. (2008) showed that the BC aerosols may be responsible for
the observed trends of decreasing precipitation during summer
monsoon season over parts of India, Bangladesh and Burma. The
present study also shows a decrease of precipitation in Central
and Southern India, Bangladesh and the north of the Bay of
Bengal, which is similar to their results (Fig. 6d). Meehl et al.
(2008) showed a decrease in surface air temperature in areas of
North-Western India, the Bay of Bengal, and the Arabian Sea
regions. The current study also shows a decline in surface air
temperature in these areas (Fig. 6b).
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In the model, the precipitation response is mainly from the
changes in large-scale/stratiform, rather than convective precip-
itation (Table 1). This is because the two-moment microphysical
scheme is parameterized only for stratiform clouds in the model.
The inclusion of the BC aerosol indirect effect in the CTL run
means that compared to NOBCAIE, cloud water and cloud cover
is higher (Fig. 3c and d). The resulting surface cooling leads
to a decrease in the column water vapour (not shown), and
subsequently to smaller rainfall in the CTL run. However, the
impacts of BC indirect effects on precipitation could be useful
for explaining the changes in monsoon precipitation, especially
in the Indian region. The changes in radiation and precipitation
indicate that BC indirect effect has a noticeable influence on
regional climate responses.

Further analysis is carried out to differentiate the rainfall
response resulting from the increased CDNC (i.e. due to BC
indirect radiative effects ) and from the SST feedbacks and
consequential changes in circulation patterns. We do this here by
analysing the fixed-SST simulations (only radiative effects and
rapid adjustments) and the coupled-ocean simulations (allowing
also for SST feedbacks). The total rainfall response is calculated
as the difference between CTL and NOBCAIE runs:

�RAINTOTAL = RAINCTL − RAINNOBCAIE (3)

This includes rainfall response both due to BC indirect effects
and due to induced SST-and, subsequently, circulation feed-
backs. The precipitation difference between fixed SST runs can
be considered due to BC indirect effects alone as follows:

�RAINBC = RAINFSST−CTL − RAINFSST−NOBCAIE (4)

Under a linear response assumption, the SST feedbacks
(�RAINSST) can be expressed as ‘�RAINTOTAL minus
�RAINBC’:

�RAINSST = �RAINTOTAL − �RAINBC (5)

The analysis of climate response for �RAINTOTAL,

�RAINBC and �RAINSST is shown in Fig. S4. The positive
rainfall response in �RAINTOTAL is similar to �RAINBC (i.e.
due to BC indirect effects induced CDNC changes) and the
negative precipitation response in �RAINTOTAL is similar to
�RAINSST. The decreased rainfall response was not seen in
the fixed SST run because of no circulation changes via SST
feedbacks involved. Consequently, there is only a negligible
water vapour response in the fixed SST run. This implies that the
BC aerosol-induced SST change has generally caused a greater
rainfall response (could be positive or negative) among various
regions than the sole aerosol effect does.

4. Conclusions

In this study, the climate responses from the BC indirect effect
are examined using an ocean-coupled aerosol climate model
(MPI-ESM). To assess the BC indirect effect, the CCN number
concentration in the sensitivity simulation has been reduced by
scaling the mass fraction of hygroscopic BC. A possible effect
of BC serving as ice nucleating particles is not implemented,
and as such, the effects are simulated mostly for liquid-water
clouds. The BC aerosols have a noticeable impact (10%) on
CDNC, up to nearly 20% in polluted BC source regions. Cloud
water shows only a negligible change in the global mean. The
CDNC and cloud water changes geographically (statistically
significant regions (45◦S–45◦N)) coincide well with the changes
in radiation and precipitation. This implies that BC aerosols have
a noticeable regional influence on clouds and radiation due to
cloud feedbacks to the perturbation in the model.

The global-mean BC indirect effective radiative forcing was
found to be −0.13 W m−2.Avery small, and insignificant, global
mean precipitation (−0.004 ± 0.004 mm day−1) response was
simulated because of opposite regional responses.

The key messages from the present study are as follows:

• Anew framework by modifying the cloud activation scheme
is used for estimating the climate responses resulted from
BC indirect radiative forcing. The radiation, temperature
and circulation changes are included.

• The stronger BC climate responses from indirect forcing is
exerted over downwind region of BC sources along with
the polluted BC source regions. This will be useful for
making mitigation policies on transport and anthropogenic
emission sectors of BC aerosols.

• Future BC mitigation policies would affect CDNC and
cloud distributions, that may substantially influence the
global cloud radiative forcing from warm clouds.
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