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INTRODUCTION

Black carbon and other absorbing aerosols can absorb solar radiation and with that cause a local warming.
This reduces the amount of solar radiation that reaches the Earth’s surface and causes a positive radiative
forcing at the top-of-the-atmosphere. The local warming associated with black carbon can change the sta-
bility of the atmosphere and with that either enhance or suppress convection. Menon et al. (2002) suggested
that the black carbon aerosols in China and India could have contributed to the increased summer floods in
south China as well as to the increased drought in North China in recent decades.

Black carbon aerosols also lead to a reduced relative humidity, which can cause a cloud to evaporate. This
effect is called semi-direct aerosol effect (Ackerman et al., 2000). The magnitude and the sign of the semi-
direct effect depend on the altitude of the black carbon aerosols relative to the cloud and on the cloud type
(Koch and Del Genio, 2010).

Black carbon aerosols never occur in isolation, but are always mixed with organic substances. These organic
aerosols may scatter solar radiation, which offsets part of the warming associated with black carbon. In
addition these mixed particles act as centers for cloud formation, so-called cloud condensation nuclei (CCN)
and may also act as ice nuclei (IN). For a constant cloud water content, an increase in CCN leads to an
increase in the cloud albedo and with that causes a cooling (Twomey effect). An increase in IN would
counteract this cooling because more IN would cause supercooled liquid clouds to freeze more readily.
Then the ice crystals would grow at the expense of cloud droplets because of the difference in water vapor
pressure over liquid water and ice (glaciation effect; (Lohmann, 2002)). This would cause the cloud to
precipitate, to reduce the total cloud cover and to absorb more solar radiation. This glaciation effect is,
however, rather uncertain as a coating of black carbon aerosols may inhibit or reduce their ability to act as
IN (de-activation effect; (Hoose et al., 008b; Storelvmo et al., 2008)), which would work in the opposite
direction. If the glaciation or de-activation effect dominates is not known yet.

The effect of realistic black and organic carbon mitigation scenarios has been investigated by Chen et al.
(2010). The authors reduced the primary emissions of black and organic carbon mass and number emissions
from either only fossil fuel combustion or from all primary carbonaceous sources (fossil fuel, domestic fuel,
and biomass burning). The direct effect causes a cooling of about 0.1 W m−2 in both scenarios. This cooling
is, however, compensated by the reduction of the number of CCN. Depending on the scenario, this causes
the clouds to reflect 0.13 to 0.31 W m−2 less radiation back to space. Thus, the net effect of these realistic
combined black/organic carbon scenarios is a positive forcing of 0.1-0.2 W m−2.

Koch et al. (2011) analyzed the effect of reducing black and organic carbon from biofuels on liquid clouds
in a multi-model comparison. They found that this led to a positive cloud radiative response of 0.11 W m−2

which is comparable in size but of opposite sign to the respective direct effect. Reducing diesel soot (black
and organic carbon) leads to even smaller radiative effects.

A summary of the radiative forcing of different aerosols and aerosol precursors in the year 2005 as compared
to 1750 is shown in Figure 1. It shows that anthropogenic black carbon caused a positive radiative forcing of
0.34 W m−2 in 2005 as compared to pre-industrial times whereas organic carbon caused a negative forcing
of 0.19 W m−2. In addition the cloud albedo effect to which black and organic carbon also contribute has
caused a negative forcing of 0.7 W m−2.

In conclusion, the net radiative effect of realistic reductions of black and organic carbon on climate is small.



Fig. 1. Components of the radiative forcing for emissions of aerosols and aerosol precursors and other changes. Values
represent radiative forcing in 2005 due to emissions and changes since 1750. Modified from Forster et al. (2007)

Partly, this is because black carbon is always found in combination with organic carbon which scatters solar
radiation. In addition internally mixed black and organic carbon particles act as cloud condensation nuclei,
a reduction of which causes the clouds to become darker, i.e. to reflect less solar radiation back to space.
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Schematic of aerosol and cloud processes

Figure from IPCC AR5
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Aerosol radiative forcing

Fig. 2.21 (IPCC, 2007)
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Effects of absorbing aerosols (AA) on cloud cover

Koch and DelGenio, ACP, 2010
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Aerosols and floods in South East Asia

Figure: Observed aerosol optical depth in South East Asia in the 1990s and

simulated JJA vertical velocity anomaly [Menon et al., Science, 2002]
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JJA precip response to absorbing (exp A) and scattering aerosols (exp B)

Menon et al., Science, 2002
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BC mitigation: direct + indirect effect
2 scenarios:

I 50% reduction of primary BC/OC mass and number emissions from

fossil fuel combustion (termed HF),

I 50% reduction of primary BC/OC mass and number emissions from

all primary carbonaceous sources (fossil fuel, domestic biofuel, and

biomass burning) (termed HC).

Global annual mean change in the top-of-the-atmosphere (TOA)

radiation:

Direct Effect Indirect Effect Net Effect [W m−2]

HF -0.07 +0.13 +0.06

HC -0.12 +0.31 +0.19

I.e. reducing BC leads to a warming!

Chen et al., GRL, 2010
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Koch et al., ACP, 2011
Ulrike Lohmann (IACETH) BC climate effects ETH Zurich, June 29, 2011 8 / 18



Intro Semi-direct aerosol effect BC effects on liquid clouds BC effects on ice clouds Conclusions

Global annual mean effect [W m−2]:

Simulation Net

Fossil fuel - reference -0.1

Diesel - reference -0.01

Biofuel - reference +0.06

Pre-industrial - reference +1.18
Koch et al., ACP, 2011
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Radiative effects of BC

Koch et al., ACP, 2011
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Cloud albedo effect GCM

Cloud albedo effect GCM+sat

Cloud albedo effect sat only

Albedo+lifetime effects GCM+sat

Albedo+lifetime+semi+dir effects GCMs

Albedo+lifetime+semi+dir eff. GCM+sat 

Effects on stratiform+convective clouds

Effects on liquid+mixed-phase clouds

Effects on cirrus clouds

Linear regression, albedo effect

Linear regression, Total AIE

Inverse estimate, AIE

Inverse estimates, AIE+dir

Published estimates of the aerosol indirect effect
Anthropogenic changes in net radiation at the TOA

Cloud albedo effect: -0.9 W m−2; (Updated from Lohmann et al., ACP, 2010)
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Heterogeneous freezing

Figure courtesy of Corinna Hoose
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Compilation of freezing data on soot

Figure courtesy of Corinna Hoose
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Compilation of all freezing data (imm./dep.)

organicsorganics

soot

dust

bio-
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Figure courtesy of Corinna Hoose
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Zurich Ice Nucleation Chamber

Stetzer et al., AST, 2007; Chou et al., ACP, 2011
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Correlation of IN with Sahara dust and BC

Chou et al., ACP, 2011
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Is black carbon a good IN?

Lohmann, GRL, 2002
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Conclusions

I The radiative effect of BC on climate is small

I The effect of BC on clouds counteracts its direct radiative effect

I If BC is important as an ice nucleus is still an open question
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