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Abstract Black carbon aerosols absorb solar radiation
and decrease planetary albedo, and thus can contribute to
climate warming. In this paper, the dependence of equi-
librium climate response on the altitude of black carbon is
explored using an atmospheric general circulation model
coupled to a mixed layer ocean model. The simulations
model aerosol direct and semi-direct effects, but not indi-
rect effects. Aerosol concentrations are prescribed and not
interactive. It is shown that climate response of black
carbon is highly dependent on the altitude of the aerosol.
As the altitude of black carbon increases, surface temper-
atures decrease; black carbon near the surface causes sur-
face warming, whereas black carbon near the tropopause
and in the stratosphere causes surface cooling. This cooling
occurs despite increasing planetary absorption of sunlight
(i.e. decreasing planetary albedo). We find that the trend in
surface air temperature response versus the altitude of
black carbon is consistent with our calculations of radiative
forcing after the troposphere, stratosphere, and land surface
have undergone rapid adjustment, calculated as “regres-
sed” radiative forcing. The variation in climate response
from black carbon at different altitudes occurs largely from
different fast climate responses; temperature dependent
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feedbacks are not statistically distinguishable. Impacts of
black carbon at various altitudes on the hydrological cycle
are also discussed; black carbon in the lowest atmospheric
layer increases precipitation despite reductions in solar
radiation reaching the surface, whereas black carbon at
higher altitudes decreases precipitation.
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1 Introduction

Atmospheric aerosols alter Earth’s energy balance by
scattering and absorbing solar radiation (Seinfeld and
Pandis 1998). The effect of aerosols on longwave and
shortwave radiation at the top of the atmosphere depends
on the relative amount of scattering and absorbing they
perform; any combination of scattering and/or absorbing
(the sum of which is extinction) leads to a reduction of
downward solar radiation at the surface. Non-absorbing
aerosols, such as sulfates, reflect incoming solar radiation
and thus cool the Earth surface. In contrast, absorbing
aerosols including black carbon absorb solar radiation and
thus can warm the planet. Black carbon aerosols are now
believed to be among the most important anthropogenic
global warming agents (IPCC 2007; Ramanathan and
Carmichael 2008).

Radiative forcing is a concept that has been introduced
as a convenient way to compare climate change from dif-
ferent forcing agents under the assumption that radiative
forcing is a good predictor of surface temperature response
(IPCC 1990). There are different definitions and methods
of calculating radiative forcing (Hansen et al. 1997) that
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have been proposed to maximize the predictability and
comparability of equilibrium climate response by different
forcing agents. These different methods calculate change in
planetary energy balance at different atmospheric levels
(i.e. usually either at the tropopause, top of the atmosphere,
or surface) and at different times. The most commonly
used definitions of radiative forcing (Hansen et al. 1997,
2005) aim to calculate planetary energy balance (1)
immediately after introducing the forcing agent, usually
termed “instantaneous radiative forcing,” (2) after the
stratosphere has adjusted to the forcing agent (on the order
of months), termed “adjusted radiative forcing,” or (3)
after the troposphere, stratosphere, and land surface has
undergone “rapid adjustment” to the forcing agent. The
aforementioned rapid adjustment includes “fast responses”
of the climate system that occur before significant changes
in global- and annual-mean surface temperature (Gregory
et al. 2004; Bala et al. 2009). The two most common ways
of calculating radiative forcing after rapid adjustment of
the climate system are to (1) quantify the difference in top
of atmosphere radiative imbalance between two multi-year
simulations (one with the imposed forcing agent and one
without) with fixed sea surface temperatures, often termed
either “fixed-SST forcing” (e.g. Hansen et al. 1997) or
“radiative flux perturbation” (e.g. Haywood et al. 2009;
Lohmann et al. 2010), and (2) determine the y-intercept of
a linear regression of global annual averages of radiative
imbalance at the top of atmosphere versus change in sur-
face temperature, first presented by Gregory et al. (2004).
To our knowledge this second approach has never been
given a definitive name other than “forcing”, so we refer to
it in this paper as “regressed radiative forcing.” Note that a
potentially better approach than (1) is to fix both sea sur-
face and land surface temperatures (Shine et al. 2003),
though this is more difficult in practice. (There is no unique
partitioning of changes of Earth’s radiation budget into
“forcings” and “feedbacks”; the most sensible partitioning
depends on the goals of the specific analysis. Depending on
the purpose of the study, it may make more sense to treat,
for example, responses of the land biosphere as part of the
forcing or part of the feedback.)

Absorbing aerosols are amongst the most challenging of
forcing agents to determine a suitable definition of radia-
tive forcing for accurately predicting climate response.
Instantaneous and adjusted forcing have been shown to be
ineffective at predicting climate response in part because of
the significant cloud responses that these aerosols can
cause on fast time-scales (Hansen et al. 1997, 2005; Cook
and Highwood 2004). Both fixed-SST and regressed radi-
ative forcing include fast cloud responses (as well as
changes in temperature and water vapor profiles, and land
surface temperatures) and thus have been shown to more
accurately predict climate response (Hansen et al. 2005).
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The downfall of including atmospheric fast climate
responses in the calculation of radiative forcing is that
additional intermodel variation will be introduced, and thus
a metric that is desired to be largely model independent
becomes increasingly model dependent. By their very
nature, all methods of computing radiative forcing except
for the instantaneous forcing include some components of
climate response in the definition of forcing. In the case of
adjusted forcing, intermodel differences in stratospheric
adjustment are likely to be small; however, fixed-SST and
regressed radiative forcing depend in part on cloud
responses, and thus significant intermodel differences may
occur.

The climate effects of black carbon aerosols depend on
their altitude in the atmosphere (Hansen et al. 1997, 2005;
Haywood and Ramaswamy 1998; Ramanathan et al.
2001b; Seinfeld 2008). One of the first indications that this
may be the case came from modeling studies from the
1980s simulating the climate impact of a hypothetical
nuclear war (e.g. Turco et al. 1983; Covey et al. 1984; Cess
1985; Ramaswamy and Kiehl 1985). Though black carbon
is generally thought of as a global warming agent, these
studies suggested that large concentrations of absorbing
aerosols in the upper troposphere and stratosphere would
lead to surface temperature decreases. Hansen et al. (1997)
used the Wonderland model, which is an idealized general
circulation model (GCM) with idealized geography cov-
ering 120° of longitude, to show that the vertical distri-
bution of tropospheric absorbing aerosols is likely to affect
surface temperatures. This was shown using idealized
simulations that altered the optical depth of various
atmospheric layers in their model. Another study (Cook
and Highwood 2004) using the Reading Intermediate
General Circulation Model (IGCM) altered the optical
depths and single scattering albedos of the lower and mid-
troposphere separately to show the importance of cloud
changes from absorbing aerosols; cloud response was
shown to be different for absorbing aerosols in the lower
troposphere versus mid troposphere. A study by Penner
et al. (2003) using an enhanced version of the CRAN-
TOUR/CCM GCM with fixed sea surface temperatures and
prescribed aerosol emissions, and thus predicted aerosol
concentrations, showed that emitting a mixture of black
and organic carbon, referred to collectively as “soot”, at a
high altitude could cause negative fixed-SST radiative
forcing (which they refer to as “relaxed” forcing). Hansen
et al. (2005) used the GISS Model E GCM to investigate
the “efficacy” of various climate forcing agents, where
efficacy was defined as the global temperature response per
unit forcing for a given agent relative to that response to
CO; forcing. One of the many forcing agents investigated
was black carbon aerosols at different layers in the tropo-
sphere. It was found that instantaneous, adjusted, and fixed-
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SST radiative forcing, and changes in surface temperature,
were dependent on the altitude of black carbon in the tro-
posphere. A comparison to Penner et al. and Hansen et al.
(2005) can be found in the Sect. 4.

We build on the previous work by investigating the
dependence of regressed radiative forcing and equilibrium
climate response on the altitude of black carbon aerosols
using an atmospheric general circulation model with a
mixed layer ocean model. This was carried out using the
NCAR Community Atmosphere Model (CAM3.1) (Collins
et al. 2004) by performing six idealized simulations, each
of which added 1 Mt (10° ton) of black carbon aerosol
uniformly around the globe to a different horizontal model
layer in the atmosphere, ranging from the surface layer to
layers in the stratosphere. Aerosols were prescribed and not
interactive. We start by discussing regressed radiative
forcing and the fast response of the climate system using
the regression method of Gregory et al. (2004); here fast
response refers to changes in the atmosphere that occur
before longer time-scale changes in global and annual-
average temperature (Bala et al. 2009). A comparison of
regressed radiative forcing to fixed-SST radiative forcing is
made using the results of additional simulations with fixed-
SSTs. We then present results of climate response after the
climate reaches equilibrium. Hansen et al. (2005) presented
results of various measures of radiative forcing and surface
temperature change from black carbon aerosols in various
layers in the troposphere. We build on this study by
investigating additional altitudes higher in the troposphere
and in the stratosphere, and include an analysis of the
hydrological cycle, surface energy balance, and cloud
response; we also use a different GCM.

2 Methods
2.1 Simulations

In this study, each simulation added 1 Mt (10° ton) of
black carbon aerosol uniformly around the globe to a
different horizontal layer in the atmosphere, ranging from
the surface layer to layers in the stratosphere. This added
black carbon was additional to modern background aer-
osol concentrations (further discussed in the Sect. 2.4).
We used a configuration of the CAM3.1 model that rep-
resents the atmosphere with 26 layers in a sigma hybrid
vertical coordinate system. We added black carbon to
layers O (bottom layer), 3, 6, 13, 20, and 23 (two layers
below the top layer), corresponding approximately to
altitudes of 0 km (near-surface), 1, 4, 12, 20, and 29 km,
respectively. (The latter two layers are in the stratosphere,
and 12 km is in the upper troposphere at low latitudes and
in the lower stratosphere at high latitudes.) We refer to

each simulation using these nominal altitudes. We also
reference the 12 km simulation as being near the tropo-
pause. To facilitate attribution of changes in climate to
black carbon at various altitudes, careful control of aero-
sol altitude is important; thus, we prescribe time-invariant
concentrations for additional black carbon in each simu-
lation, rather than prescribing aerosol emissions. Our
approach was similar to that of Hansen et al. (2005), but
different than that of Penner et al. (2003) who investi-
gated the effect of increasing aerosol emissions at an
elevated altitude. Our simulations are idealized and are
intended to elucidate fundamental properties of the cli-
mate system; this study is not intended to realistically
represent current or future atmospheric aerosol distribu-
tions. Our analysis includes direct effects (i.e., radiation
scattering and absorption by aerosols) and semi-direct
effects (i.e., changes in climate due to the local heating
from black carbon). Indirect aerosol effects, in which
particles act as cloud condensation nuclei, are not con-
sidered here. We also do not include the direct impact of
black carbon on surface albedo (i.e. deposition of aerosols
on the Earth surface).

2.2 Calculation of regressed radiative forcing,
fixed-SST radiative forcing, fast climate response,
and equilibrium climate response

In this study we calculate regressed radiative forcing, fast
response of clouds, and equilibrium climate response. We
calculate regressed radiative forcing and the fast response
of clouds using the regression method of Gregory et al.
(2004), taking the y-intercept of regressions of the variables
of interest versus changes in surface air temperature.
Regressed radiative forcing uses this regression method
with the net radiative fluxes at the top of the atmosphere.
Annual means of the first 20 years of the simulations are
used in the regressions. To decrease uncertainty in the
regressions, we ran two additional 20-year simulations for
each case of increased black carbon, and thus for each case
the regressions were based on annual averages of the
ensemble mean. The equilibrium climate response is cal-
culated by averaging the climatically relevant variables
after a steady state is approached. The model approaches a
steady state within 30 years, and results for the last
70 years of each 100-year simulation are presented. The
slow climate response can be calculated as the slope of the
regressions (Gregory et al. 2004) or as the equilibrium
response minus the fast response (Bala et al. 2009). We
also performed additional simulations using prescribed
climatological SSTs to facilitate a comparison of regressed
radiative forcing to fixed-SST radiative forcing. Results
presented for the fixed-SST radiative forcing are averages
of the last 35 years of 40-year simulations.
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2.3 Model details

The CAM3.1 model used in this study has 2 x 2.5° (lon-
gitude x latitude) resolution, and is coupled to the Com-
munity Land Model (CLM3.0) (Oleson et al. 2004) with a
slab-ocean/thermodynamic sea ice model. Each simulation
was run with a prescribed CO, concentration of 780 ppm.
Results for each simulation are presented relative to results
from a control simulation with this same CO, concentra-
tion and modern background aerosol concentrations, dis-
cussed further in the next section.

2.4 Aerosols in CAM3.1

The CAM3.1 model represents five different aerosol types:
sea salt, soil dust (four different sizes), black and organic
carbon, and sulfate (Collins et al. 2004). An aerosol
assimilation system is used to produce present-day three-
dimensional monthly aerosol distributions of aerosol mass
(Collins et al. 2001, 2002). This system consists of an
assimilation of satellite retrievals of aerosol optical depth
from the NOAA Pathfinder II data set (Stowe et al. 1997),
and the Model for Atmospheric Chemistry and Transport
(MATCH) (Rasch et al. 1997), which uses the National
Centers for Environmental Prediction (NCEP) reanalysis
data (Kalnay et al. 1996). Each of our simulations added 1
Mt of black carbon to a different horizontal layer in the
atmosphere on top of these present-day aerosol distribu-
tions. For reference, annual emissions of black carbon have
been estimated to be ~8 Mt yeafl (Bond et al. 2004).
Thus, our addition of 1 Mt black carbon in each simulation
is on the order of 10% annual emissions, but several times
larger than the average global atmospheric loading of
~0.2 Mt found in the present day aerosol dataset used. We
use this large loading to ensure that our results are statis-
tically different than the control simulation.

CAM3.1 uses three intrinsic optical properties for each
aerosol type: specific extinction, single scattering albedo,
and asymmetry parameter (Collins et al. 2004). For car-
bonaceous aerosols, these optical properties come from the
optical properties of aerosols and clouds (OPAC) data set
(Hess et al. 1998). The optical properties for black carbon
in this study are identical to “soot” in OPAC and are
dependent on wavelength. CAM3.1 interpolates the
wavelength dependent optical properties from OPAC onto
a 20 cm ™' uniform wavenumber grid ranging from 49,980
to 260 cm™', and then averages them onto the 19-band
shortwave spectrum used in CAM3.1. For black carbon, the
single scattering albedo ranges from 0.004 to 0.314
(dimensionless), the specific extinction ranges from 0.88 to
235m g !, and the asymmetry parameter ranges from
0.05 to 0.53 (dimensionless), depending on wavelength.
Black carbon is assumed not to absorb longwave radiation.
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3 Results

Here, we analyze first the radiative forcing imposed by
black carbon addition in various model layers, and then
analyze the climate response to those radiative forcings.

3.1 Regressed radiative forcing and fast response
of clouds

Regressed radiative forcing and the fast response of cloud
variables is shown in Table 1 (see Figure S1 in Online
Resource 1 for the regressions). Addition of 1 Mt of black
carbon to the lowest atmospheric layer (~0 km) leads to a
regressed radiative forcing of 2.8 + 0.4 W m~2. Black
carbon added at higher layers in the lower and mid tropo-
sphere produces lower values of positive regressed radiative
forcing; black carbon added near the tropopause (~ 12 km)
and in the stratosphere causes negative regressed radiative
forcing. Regressed radiative forcings are caused by
increases in shortwave absorption from black carbon,
changes in shortwave reflection from changes in clouds
(especially low clouds), and changes in longwave radiation
to space from changes in clouds (especially high clouds)
and vertical profiles of temperature and water vapor. The
aforementioned changes in temperature, clouds, and water
vapor are those that occur on fast time-scales; they are
associated with the fast tropospheric response from our
black carbon additions, but not slow feedbacks that occur as
global- and annual-average temperature changes and the
climate system comes to equilibrium. Positive cloud forcing
(Table 1) contributes to the positive regressed radiative
forcing observed for additional near-surface (~ 0 km) black
carbon. On the other hand, negative cloud forcing decreases
the positive regressed radiative forcing for black carbon at
~1 and ~4 km. Large negative cloud forcing from black
carbon near the tropopause (~ 12 km) contributes to the
negative regressed radiative forcing in this simulation. For
black carbon added to the stratosphere, cloud forcing is
positive; negative regressed radiative forcing would be
more negative if it were not for this positive cloud forcing.
Note that these cloud changes are from thermodynamic
changes in the atmosphere, the so-called semi-direct effect
(Hansen et al. 1997; Johnson et al. 2004); indirect effects
are not modeled in this study. Now we discuss changes in
shortwave and longwave radiation separately.

3.1.1 Shortwave versus longwave regressed radiative
forcing

The regressed radiative forcing comes from changes in
both shortwave and longwave radiative fluxes, referred to
here separately as regressed shortwave and longwave
radiative forcing. All but one simulation has positive
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Table 1 Regressed radiative forcing, fixed-SST radiative forcing, cloud forcing, fast response of cloud fractions, and equilibrium changes in
surface air temperature and precipitation

Simulation (approximate 0 km 1 km 4 km 12 km 20 km 29 km
pp!
altitude with additional
black carbon)
Regressed radiative forcing and fast response of cloud variables®
Regressed radiative forcing 2.78 £ 0.36" 0.50 £ 0.26 0.06 £ 0.18 —0.50 £ 0.29 —0.65 + 0.40 —1.19 £ 0.33
(W m—2)b, c
Regressed shortwave 281 £042 0.98 + 0.30 0.12 £ 0.17 —0.21 £0.29 4.69 £ 0.35 5.50 £ 0.40
radiative forcing
(W m™)°
Regressed longwave —0.03 £ 0.19 —0.48 £ 0.19 —0.06 £ 0.12 —-0.29 £ 0.15 —534+£0.25 —6.69 £ 0.19
radiative forcing
(W m™)°
Shortwave cloud forcing 1.52 £ 0.48 —0.16 £ 0.29 —1.27 £0.17 —2.14 £ 0.28 243 £ 0.40 3.20 £ 0.42
(W m™2)*
Longwave cloud forcing —0.37£0.18 0.01 £0.17 0.27 £ 0.09 —1.53 £0.12 —1.24 £0.22 —0.53 £0.18
(W m™?
Total cloud forcing 1.14 £ 0.40 —0.15+0.25 —1.00 £ 0.17 —3.67 £0.28 1.18 £ 0.46 2.67 £0.35
(W m—Z)d, e
Low cloud fraction —0.015 £ 0.003 0.010 £ 0.002 0.030 £ 0.002 0.019 £ 0.002 0.000 £ 0.003  —0.007 % 0.002
Medium cloud fraction 0.001 £0.002 —0.002 £0.002 —0.008 £ 0.001 0.012 £ 0.001 0.002 £ 0.002 0.002 £ 0.002
High cloud fraction —0.004 £ 0.002 0.004 £ 0.002 0.008 £ 0.001 —0.018 £0.002 —0.014 £ 0.003 —0.006 + 0.002
Total cloud fraction —0.012 £ 0.003 0.009 % 0.002 0.022 £ 0.002 0.002 £ 0.002 —0.006 £ 0.002 —0.007 % 0.002
Fixed-SST radiative forcing‘r
Fixed-SST radiative 1.79 £ 045 0.82 £ 0.45 0.51 £ 041 —0.72 £ 0.39 —0.82 £ 0.38 —1.62 £ 0.36
forcing
(Wm™)
Fixed-SST shortwave 255+ 041 141 £ 041 0.44 £ 0.34 —0.58 £ 0.32 4.35 +£0.33 5.13 £0.31
radiative forcing
(W m™2)°
Fixed-SST longwave —0.77 £ 0.18 —0.59 £ 0.19 0.07 £ 0.23 —0.14 £ 0.22 —-5.17 £ 0.17 —6.74 £ 0.18
radiative forcing
(W m™)°
Surface air temperature (K) 0.38 £ 0.12 0.11 £0.12 0.07 £ 0.12 —0.02 £ 0.12 —0.02 £ 0.12 —0.07 £0.12
Equilibrium climate response®
Surface air temperature (K) 2.22 £ 0.07 0.62 £ 0.07 0.16 £ 0.07 —0.52 £ 0.07 —0.53 £ 0.07 —0.97 £ 0.07

Precipitation (% change)  4.10% *+ 0.11% —2.60% +0.11% —3.71% *0.11% —6.75% £ 0.11% —3.73% £ 0.11% —3.18% x 0.11%

Values for regressed radiative forcing, cloud forcing, and fast response were calculated using the regression method of Gregory et al. (2004) by
taking the y-intercept of regressions of the variables of interest versus changes in surface air temperature. Annual means of the first 20 years of
three ensemble members were used in the regressions. Fixed-SST radiative forcing was calculated as the change in mean radiative imbalance
(relative to the control) of simulations with fixed-SSTs

* All values are y-intercepts of regressions using the method of Gregory et al. (2004)

" Regressed radiative forcing is the sum of shortwave and longwave radiative forcing

¢ Fluxes are positive downward

Positive cloud forcings indicate that changes in clouds cause increased energy to be absorbed by the climate system, and vice versa
Sum of shortwave and longwave cloud forcing

All values represent the mean of the last 35 years of 40-year simulations with prescribed climatological SSTs

& All values represent the mean of the last 70 years of 100-year simulations using a slab ocean

" Uncertainty estimate is given by 95% confidence interval

regressed shortwave radiative forcing (Table 1); note that
the simulation with negative regressed shortwave radiative
forcing (~12 km) is not statistically different from zero.
All simulations have negative regressed longwave radiative

forcing. The relative magnitude of shortwave versus
longwave radiative forcing determines the sign of regres-
sed radiative forcing. In general, positive regressed short-
wave radiative forcing dominates for black carbon at low
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altitudes, and negative longwave radiative forcing domi-
nates for black carbon at high altitudes.

The addition of black carbon to the atmosphere causes
changes in the shortwave radiation absorbed by the planet.
The regressed shortwave radiative forcing comes both from
the sunlight absorption of black carbon and changes in
clouds (especially low clouds) that occur on fast time-
scales. These changes in clouds can occur from the heating
surrounding black carbon, and at locations away from the
black carbon due to changes in atmospheric stability, which
will be later discussed. In some cases the changes in clouds
can overwhelm the direct radiative effect of shortwave
absorption from black carbon. For example, in the simu-
lation that adds black carbon near the tropopause
(~12 km), shortwave forcing is only —0.2 W m™>
because the negative shortwave cloud forcing is large
enough to counter increases in shortwave absorption from
black carbon (Table 1). The general trend in the tropo-
sphere is that as altitude increases, regressed shortwave
radiative forcing decreases because of decreases in short-
wave cloud forcing. This decrease in shortwave cloud
forcing overwhelms the behavior that would cause
increases in “instantaneous forcing” in the troposphere [i.e.
that higher black carbon is less likely to be shaded by
above clouds and more likely to intercept upward radiation
that has been reflected by a lower altitude reflective cloud
(e.g. Haywood and Shine 1997; Satheesh 2002; Hansen
et al. 2005; Ming et al. 2005)]. The regressed shortwave
radiative forcing is largest for black carbon added to the
stratosphere. Positive shortwave cloud forcing contributes
to over half of the regressed shortwave radiative forcing.
Simulations with positive cloud forcing have correspond-
ing fast response decreases in low cloud fraction, and vice
versa (Table 1).

The addition of black carbon to the atmosphere causes
increases in the longwave radiation escaping to space on
fast timescales, and hence a negative regressed longwave
radiative forcing, in all simulations. However, values for
this forcing are small for black carbon added to the tro-
posphere. Increases in outgoing longwave radiation are
much larger for black carbon added to the stratosphere
(~6 W m~?). Changes in regressed longwave radiative
forcing can come from increases in temperature sur-
rounding black carbon (or more generally, changes in
vertical temperature profiles), changes in the vertical pro-
file of water vapor, and changes in clouds (especially high
clouds). Again, these fast-response changes in clouds can
come both from the heating surrounding black carbon and
also at other layers due to changes in atmospheric stability,
as will be further discussed in the next section. The fast
response of longwave cloud forcing, presumably mostly
due to the decrease in the high cloud fraction of 0.014 and
changes in cloud droplet size (not reported), accounts for
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~23% of negative regressed radiative forcing from black
carbon in the stratosphere at ~20 km (Table 1). Simula-
tions with positive longwave cloud forcing have corre-
sponding increases in high cloud fraction, and vice versa
(Table 1).

3.1.2 Comparison with fixed-SST radiative forcing

We re-ran the simulations with prescribed climatological
SSTs to facilitate comparison of regressed radiative forcing
and fixed-SST radiative forcing (Table 1). Mean values for
radiative forcing appear quite different for these two
methods. Note, however, that for the most part values are
not statistically distinguishable. The exception is for the
case of adding black carbon to the atmospheric surface
layer, which gives radiative forcings of 2.78 £ 0.36 and
1.79 + 0.45 W m™? using the regression method and
fixed-SST method, respectively. The difference stems from
the fact that the regression method suggests a negligible
longwave radiative forcing, whereas the fixed-SST method
suggests a significant negative longwave radiative forcing.

3.2 Climate response

Whereas up until now we have discussed regressed and
fixed-SST radiative forcing and fast responses of clouds,
we now discuss the climate response from black carbon
after the climate reaches equilibrium.

3.2.1 Surface air temperature

Changes in surface air temperature relative to the control
for each model simulation are shown in Fig. 1 and Table 1
(also see Table S1 in Online Resource 2 for numerical
values of other key climate variables). Addition of 1 Mt of
black carbon near the surface increases surface air tem-
perature by 2.22 + 0.07 K. Black carbon added at higher
layers in the lower and mid troposphere produces less
surface warming; black carbon added near the tropopause
(~12 km) and in the stratosphere decreases global mean
surface air temperature by up to 0.97 £ 0.07 K. Surface
temperature changes resulting from our horizontally uni-
form additions of black carbon are larger at the poles than
at the equator (Fig. 2), in patterns that are similar to those
observed for a doubling of atmospheric carbon dioxide
(IPCC 2007). Polar surface temperatures are amplified by
snow and sea ice feedbacks; equatorial surface tempera-
tures are buffered by large surface latent heat fluxes.

3.2.2 Climate feedback parameter and efficacy

The trend in changes of surface air temperature versus the
altitude of black carbon exhibits a high degree of correlation
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Fig. 1 Changes (relative to the control) for each simulation in global-
and annual-mean surface air temperature and precipitation. In each
simulation the concentration of black carbon is increased by 1 Mt at a
different horizontal layer in the atmosphere. Approximate altitudes of
layers with additional black carbon are indicated in the legend.

with regressed radiative forcing (Fig. 3). Simulations that
show increases in surface air temperature (from low altitude
black carbon) have associated positive regressed radiative
forcing, and simulations showing decreases in surface
temperature (from high altitude black carbon) have negative
regressed radiative forcing. The equilibrium climate feed-
back parameter for our simulations, estimated as the slope of
the best linear fits (constrained through the origin) of
regressed radiative forcing versus equilibrium changes in
surface air temperature (Ming et al. 2010), is 1.21 £
0.16 W m> K" (uncertainty estimate is 95% confidence
interval). This is indistinguishable from the feedback
parameter for doubling CO, of 1.21 + 0.41 Wm > K™'
using the same method in this model (Bala et al. 2009). The
efficacy for our black carbon simulations is calculated to be
1.00 £ 0.36 using values for regressed radiative forcing.
Because the same feedback parameter was found for black
carbon at various altitudes and for CO,, this suggests that
regressed radiative forcing, combined with an estimate of
climate sensitivity to regressed radiative forcing changes,
provides a consistent framework for predicting climate
response to a climate forcing.

The basic trends seen with the regressed radiative forcing
can also be observed for fixed-SST radiative forcing
(Fig. 3). However, the climate feedback parameter, esti-
mated as the slope of the best linear fits (constrained
through the origin) of fixed-SST radiative forcing versus
equilibrium changes in surface air temperature is
1.02 £ 0.45 W m > K. This contrasts with the feedback
parameter for doubling CO, of 1.61 + 0.11 W m > K™'
using the same fixed-SST method in this model (Bala et al.
2009). The efficacy for our black carbon simulations is

Precipitation

Uncertainty is given by the standard error computed from 70 annual
means using the Student ¢ test with 95% confidence interval. The
standard error is corrected for autocorrelation (Zwiers and von Storch
1995)

calculated to be 1.58 £ 0.70 using the values for fixed-SST
forcing. Because the 95% confidence interval in the
regression using fixed-SST radiative forcing (i.e. fixed-SST
forcing versus equilibrium surface temperature change) is
higher than that using regressed radiative forcing, and
because the values of climate feedback parameter for black
carbon and CO, are less consistent (i.e. the efficacy using
the regression method is unity, whereas for the fixed-SST
method it is 1.58), this suggests that fixed-SST radiative
forcing may be a less reliable predictor of equilibrium
temperature change. This is in agreement with Shine et al.
(2003) who show in their Table 1 that fixed-SST forcing is a
poor predictor of surface temperature change when varying
the single scattering albedo of a globally uniform lower
tropospheric aerosol layer. In contrast, Hansen et al. (2005)
show that the efficacy of forcing in their simulations that
increase black carbon in various horizontal layers is nearly
unity when calculated using fixed-SST radiative forcing.
Climate feedback parameter and efficacy can also be
calculated individually for each simulation (Table 2).
Because of the relatively large uncertainties reported (95%
CI), these results should be interpreted with caution. Effi-
cacy values are near unity for the 0, 20, and 29 km simu-
lations, calculated using the regression method of Gregory
et al. Efficacy is larger than unity for the 1, 4, and 12 km
simulations. Using the fixed-SST method for determining
climate feedback parameter (Bala et al. 2009), values for
efficacy are near unity for the 1, 12, and 20 km simula-
tions. However, values for efficacy of black carbon at
different altitudes (using both the regression and fixed-SST
methods) are not statistically distinguishable, and thus we
cannot conclude that efficacy values depend on the altitude
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Fig. 2 Maps of changes in surface air temperature for each simulation
(relative to the control). Each simulation increases black carbon
aerosol concentrations by 1 Mt at a different horizontal layer in the
atmosphere. The sigma hybrid pressure level and approximate
corresponding altitude with additional black carbon is indicated above
the figures. Hatches show areas where temperature changes do not
significantly differ from zero at the 95% confidence level using the
Student ¢ test, based on the standard error computed from 70 annual
means. The standard error is corrected for autocorrelation (Zwiers and
von Storch 1995)
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Fig. 3 Regressed radiative forcing and fixed-SST radiative forcing
versus equilibrium changes in surface air temperature for each
simulation. The slopes of each linear best fit (constrained through the
origin), which can be interpreted as the climate feedback parameter
for these simulations, are 1.21 + 0.16 and 1.02 £ 0.45 W m > K™,
using regressed and fixed-SST forcing, respectively. For reference,
the feedback parameter for doubling CO, in this model is 1.21 £ 0.41
and 1.61 + 0.11 W m™? K~' using regressed and fixed-SST radia-
tive forcing (Bala et al. 2009). Efficacy of black carbon forcing in the
simulations is calculated to be 1.00 & 0.36 and 1.58 £ 0.70 using
regressed radiative forcing and fixed-SST forcing, respectively.
Uncertainty in all reported values is 95% confidence interval

of black carbon. Further, the proximity of the individual
values to the regression line in Fig. 3 suggests that the
feedback parameter (using regressed radiative forcing) is
actually consistent among the simulations. Thus, the vari-
ation in climate response from black carbon at different
altitudes occurs largely from different fast climate
responses and not temperature dependent feedbacks.

3.2.3 Vertical temperature profile

Global mean vertical temperature profiles are shown in
Fig. 4a. The largest temperature changes occur at the layers
with additional black carbon due to diabatic heating, and
consequently the simulation with additional black carbon
near the surface (~0 km) increases surface temperatures
by the largest magnitude. As the altitude of additional
black carbon increases, the surface temperature monoton-
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Table 2 Climate feedback parameter and efficacy

Simulation (approximate altitude with

additional black carbon)

Climate feedback
parameter using

Climate feedback
parameter using fixed-

Efficacy using
regressed radiative

Efficacy using fixed-
SST forcing® ©

regressed radiative SST forcing forcing® ¢
forcing [(W m~2)/K]* [(W m2yK]°
Mean Uncertainty Mean Uncertainty Mean  Uncertainty Mean Uncertainty
(95% CI) (95% CI) (95% CI) (95% CI)
0 km 1.25 0.17 0.98 0.26 0.96 0.35 1.65 0.44
1 km 0.81 0.43 1.60 0.98 1.50 0.95 1.01 0.61
4 km 0.39 1.17 5.74 9.89 3.13 9.56 0.28 0.48
12 km 0.96 0.57 1.41 0.86 1.27 0.86 1.14 0.69
20 km 1.23 0.78 1.61 0.86 0.99 0.71 1.00 0.53
29 km 1.22 0.36 1.78 0.48 0.99 0.44 0.90 0.24

Each metric is calculated two ways: (1) using regressed radiative forcing (Gregory et al. 2004)* and (2) using fixed-SST forcing and Eq. (5) from
Bala et al. (2009)°. Results should be interpreted with caution because of the relatively high values of uncertainty (95% confidence interval). See

Fig. 3 for an alternative method of calculating a “bulk” climate feedback parameter for the simulations

 Estimated as the regressed radiative forcing (Table 1) divided by the equilibrium surface air temperature change (Table 1)

b Estimated uSing Eq (5) from Bala et al. (2009) AFﬁxcd—SST/(Achuilibrium — ATﬁXcdeST)v where AFﬁxcdeST is the fixed-SST forcing (Table 1),
and the AT terms are changes in surface air temperature from the simulations with slab ocean and fixed-SSTs (Table 1)

¢ Efficacy = Global temperature response per unit forcing for black carbon relative to that response to CO, forcing (Hansen et al. 2005)

4 Climate sensitivity for CO, used in the calculation is 0.83 £ 0.28 K/(W mfz), for a doubling of CO, (355-710 ppm) using the same model
(Bala et al. 2009). Values of climate sensitivity parameter for black carbon and CO, use the regression method of Gregory et al. (2004) (see

footnote (a), above)

¢ Climate sensitivity for CO, used in the calculation is 0.62 + 0.04 K/(W mfz), for a doubling of CO, (355-710 ppm) using the same model
(Bala et al. 2009). Values of climate sensitivity parameter for black carbon and CO, use the fixed-SST method (see footnote (b), above)

ically decreases. This behavior was also observed in Han-
sen et al. (1997) when adding arbitrary heating source
terms, which they call “ghost forcings,” to various model
layers. The ghost forcing created larger increases in surface
temperature when at low altitudes than high altitudes. The
simulated changes in vertical temperature profiles have
implications on the stability of the atmosphere. For black
carbon added in the surface layer, the vertical lapse rate is
steepened and thus vertical stability is decreased; in con-
trast, black carbon higher in the atmosphere causes heating
relative to the surface, making the lapse rate less steep,
with corresponding increases in atmospheric stability. The
stability changes affect convective transport and ultimately
surface relative humidity, evaporation, and precipitation, as
will be later discussed.

3.2.4 Vertical cloud profile

Equilibrium changes in the vertical distribution of cloud
fraction caused by additional black carbon are shown in
Fig. 4b. Localized heating from black carbon strongly
decreases cloud cover in the layer in which it is added, as
has been reported previously (Ackerman et al. 2000; Cook
and Highwood 2004), and affects cloud cover in other
layers (Fig. 4b). (Note that Ackerman et al. discuss spe-
cifically marine stratocumulus, while we discuss change in
global-mean cloud amount.) Cloud cover reductions at the

altitude of additional black carbon result from reductions in
relative humidity associated with local heating (Hansen
et al. 1997). Additional black carbon in the atmospheric
surface layer (~0 km) decreases low clouds (Fig. 5a),
which contributes to equilibrium surface warming. On the
other hand, black carbon at ~1 and ~4 km increases low
clouds, dampening surface warming; black carbon at ~ 12
and ~20 km also increases low clouds (Fig. 5a), but in
these cases contribute to surface cooling.

Changes in global annual mean low clouds are primarily
the result of fast response (i.e. the magnitude of the fast
response is similar to that of the equilibrium response). For
global annual mean high clouds, changes caused by aero-
sols high in the atmosphere are dominated by fast response,
whereas changes caused by aerosols low in the atmosphere
are dominated by slow response (see Figure S1 in Online
Resource 1).

High clouds in our study are increased by black carbon
from the surface layer to mid troposphere (Fig. 5a), con-
tributing to surface warming, whereas high clouds are
decreased by black carbon near the tropopause and in the
stratosphere, contributing to surface cooling. The increase
in high clouds from additional black carbon in the lower
and mid-troposphere is inconsistent with results reported in
Cook and Highwood (2004) for their simulations with
interactive surface temperatures. (Cook and Highwood
note that their results are mediated by surface temperature
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Fig. 4 Vertical profiles for changes (relative to the control) in
a temperature, and b cloud fraction for each simulation. These
profiles are calculated using area weighted global means for each
model layer. Each simulation increases black carbon aerosol concen-
trations by 1 Mt at a different horizontal layer in the atmosphere. The
black arrows show the layer with additional black carbon aerosol for

and are therefore likely model dependent.) Note that
inclusion of microphysical interactions between aerosols
and clouds (i.e. indirect effects) in our study would likely
alter the predicted effect of black carbon on the clouds in
the layer where the black carbon concentrations are
increased, which is further discussed in the Sect. 4.

3.2.5 Planetary energy budget

Addition of black carbon aerosols to the atmosphere
changes the planetary energy budget of the equilibrium
climate (Fig. 5b, c¢). Addition of black carbon aerosols at
all altitudes reduces downward shortwave radiation
reaching the surface (Fig. 5b), as has been previously
reported (e.g. Ramanathan et al. 2001a; Ramanathan and
Carmichael 2008). Even though a constant mass of black
carbon is added to the atmosphere in each simulation,
adding black carbon to different layers produces different
changes in planetary albedo because of different cloud and
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each simulation. Note that temperatures increase and clouds decrease
at the altitude with additional black carbon. Panels ¢ and d show
shortwave and longwave heating rates for each simulation; rather than
showing changes relative to the control, ¢ and d show actual values
from each simulation (including the control)

snow/sea ice responses that alter surface albedo (Fig. 5c).
Our simulations show that additional black carbon near the
tropopause (~ 12 km) can lead to slight increases in
planetary albedo due to the combination of increases in low
clouds (Fig. 5a) and increased surface albedo (Fig. 5c)
from increased snow and sea ice coverage.

Upward longwave radiation at the top of atmosphere
increases in all but one simulation and balances changes in
shortwave radiation as expected (Fig. 5b). Energy is more
easily radiated to space from high altitudes than low altitudes
(Hansen et al. 1997). This is important because black carbon
aerosols absorb energy in the form of shortwave radiation
and heat the surrounding atmosphere (Fig. 4c), causing
changes in the vertical temperature profile and correspond-
ing increases in longwave radiation at the altitude with
additional black carbon (Fig. 4d). Approximately half of the
increased longwave energy is emitted upward and half
downward. The increase in upward longwave radiation is
more efficiently lost to space when emitted at high altitudes
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(from black carbon at high altitudes) than from low altitudes
(from black carbon at low altitudes), because longwave
radiation emitted low in the atmosphere is likely to be
absorbed by greenhouse gases. This behavior was observed
previously in Hansen et al. (1997) when arbitrary heating
source terms (called “ghost forcings”) were added to dif-
ferent model layers; the energy was more efficiently lost to
space when added at higher layers. The increased efficiency
with which longwave radiation is lost to space at high alti-
tudes contributes to the observed surface cooling from black
carbon aerosols at high altitudes. This longwave effect is
only evident in simulations that allow atmospheric temper-
atures to adjust to black carbon aerosols. Thus, instantaneous
radiative forcing does not capture this effect.

J|ap000@

Surface Absorbed
Shortwave

Surface Albedo Planetary Albedo

3.2.6 Precipitation: fast versus slow response

Black carbon aerosols are thought to alter the hydrological
cycle (e.g. Ramanathan et al. 2001a) largely because of
changes in the surface energy budget. In our simulations,
black carbon at all altitudes decreases the incident energy
to the surface (Fig. 5c), which one might expect to reduce
the amount of energy available to drive evaporation and
thus lead to a decrease in precipitation. However, addition
of black carbon to the atmospheric surface layer (~0 km)
actually increases precipitation (Fig. 1). This likely occurs
because black carbon in the surface layer heats the surface,
steepening the vertical lapse rate and decreasing vertical
stability; this leads to increased convective transport, lower
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Fig. 6 Regressions of changes in precipitation versus changes in
surface air temperature (relative to the control) following the method
of Gregory et al. (2004). Annual means of the first 20 years of the
simulations are used in the regressions. To decrease uncertainty, we
ran a total of three 20-year simulations for each case of increased
black carbon, and thus for each case the regressions are based on
annual averages of the ensemble mean

relative humidity near the surface, increased evaporation
(Fig. 5b), and thus increased precipitation.

Black carbon higher in the atmosphere increases atmo-
spheric stability, contributing to decreases in precipitation
(Fig. 1). For addition of black carbon at ~1 and ~4 km,
the decreases in precipitation counters previous studies on
greenhouse gases that have shown increases in precipita-
tion with increases in surface air temperature at ~2 to
3% K! (Held and Soden 2006; Lambert and Webb 2008).
Separating the fast and slow responses using the regression
method of Gregory et al. (2004) provides further insight on
the impact of black carbon on precipitation. As shown in
Fig. 6, the slow response (interpreted as the slope of the
regression) is 2.7% K~!, which is consistent with the slow
response from doubling of CO, of 2.8% + 0.3 K™ cal-
culated using an ensemble of different slab-ocean GCMs
(Andrews et al. 2009). Differences in equilibrium changes
in precipitation stem from the varying fast responses (y-
intercept of the regressions) from black carbon at different
altitudes. In all simulations besides addition of black car-
bon in the lowest atmospheric layer and ~29 km, the
equilibrium climate response is dominated by the fast
response. It is worth noting again that aerosol indirect
effects are not modeled in this study and are thus not
contributing to changes in the hydrological cycle. Indirect
effects are generally thought to decrease the efficiency with
which precipitation is formed (Albrecht 1989).

4 Discussion

In this section we compare our results with those from
other studies and discuss potential limitations of our study.
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4.1 Comparison to other studies

Hansen et al. (2005) performed simulations using the GISS
Model E global climate model in which black carbon was
added to the lowest 8 model layers, where increases in
black carbon are represented by increases in optical depth.
Data presented in their Table 2 are shown graphically in
our Figure S2 in Online Resource 3. The altitudes of the
layers are not precisely known, but from Fig. 1 of Hansen
et al. (2005), we estimate that the 8th layer is at an
approximate altitude of 8 km (compared to our maximum
altitude of ~29 km). As in our study, they do not model
aerosol indirect effects. Results are qualitatively consistent
with our results: as the altitude of black carbon increases in
the troposphere, increases in surface temperature are
smaller. Hansen et al. (2005) do not observe a change in
sign of surface temperature response as we observe for
black carbon near the tropopause and in the stratosphere
(Fig. 1); this could be because they add black carbon to a
maximum altitude on the order of 8 km. Like changes in
surface temperature, regressed radiative forcing (which
they refer to as Fs*, asymptotic planetary flux imbalance)
also decreases as the altitude of additional black carbon
increases, which is consistent with our results. Note that
instantaneous and adjusted forcing increase with increasing
altitude of black carbon in the troposphere, which is the
opposite trend as that of surface temperature. This result is
consistent with the fact that black carbon aerosols at high
altitudes are more likely to be above reflective clouds,
which has been reported elsewhere (e.g. Haywood et al.
1997; Haywood and Shine 1997; Satheesh 2002). The trend
in instantaneous and adjusted forcing is not indicative of
the trend in surface temperature for black carbon aerosols
at different altitudes in the troposphere; therefore, in some
cases it may be of secondary importance that black carbon
aerosols at higher altitudes absorb more solar radiation than
those at lower altitudes.

Penner et al. (2003) modeled the climate effects of
emissions of soot consisting of both black carbon, which
absorbs light, and a significantly larger fraction of organic
mass, which scatters sunlight. The soot was emitted
between 400 and 700 hPa. From their Fig. 1, it appears that
the elevated emissions led to a maximum soot concentra-
tion increase at ~700 hPa (~ 3 km above the surface), but
significant increases in aerosol concentrations exist from
the surface to the stratosphere. From aerosol direct and
semi-direct effects, they report an increase in temperature
at altitudes surrounding their aerosol injections, which is
consistent with our results. They find that temperatures
decrease below ~ 800 hPa, though these temperature
decreases are very small (<0.1 K), in part because they use
fixed sea surface temperatures in their simulations. They
find statistically insignificant fixed-SST radiative forcings
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(which they refer to as “relaxed forcing”), due to the fact
that their added aerosol both scatters and absorbs sunlight,
and due to an increase in low stratiform clouds below
800 hPa. Similar to our results for additional high-altitude
black carbon, they find a significant negative fixed-SST
radiative forcing, which they attribute mostly to changes in
the atmospheric vertical temperature profile and decreases
in high clouds (near 500 hPa).

A recent paper (Ming et al. 2010) investigated the
effects of absorbing aerosols on global-mean precipitation
using the Geophysical Fluid Dynamics Laboratory (GFDL)
AM?2.1 atmosphere GCM coupled to a slab ocean model.
They add globally uniform distributions of ~ 1.2 Mt of
black carbon to various layers in the atmosphere up to an
altitude of ~4 km. Their results do not show a coherent
trend for changes in surface air temperature versus the
altitude of additional black carbon. Note however that
Ming et al. represent aerosol indirect effects (though for
aerosols other than black carbon and dust) and thus our
results are not directly comparable. As in our study, they
find that black carbon at low altitudes (between the surface
and ~0.8 km) can increase precipitation, whereas higher
altitude black carbon (between ~ 1.4 km and their highest
altitude black carbon addition of ~4 km) can decrease
precipitation.

4.2 Limitations of our study

As has already been discussed, our simulations include
aerosol direct effects and semi-direct effects. Since the
model used in this study is simpler than reality, our results
are somewhat dependent on the accuracy with which the
atmosphere of the model responds to heating from black
carbon. A previous study comparing simulations with a
large eddy model (where turbulence and cloud dynamics
are explicitly resolved) versus a single column version of a
GCM (NCAR Single-Column Community Climate Model)
found that aerosol radiative forcing from the semi-direct
effect was five times smaller in the single column model
than the large eddy model (Johnson 2005). This occurred
because cloud responses were underestimated by the
parameterizations of cloud cover and cloud radiative
properties in the single column model. Similar studies
using single column versions of more modern GCMs with
better model physics are desired.

The present study does not model aerosol indirect
effects in which particles act as cloud condensation nuclei.
These cloud condensation nuclei would be expected to
increase cloud albedo and cloud lifetime (Twomey 1977;
Albrecht 1989). Black carbon can have additional effects
on cloud microphysics by heating its immediate sur-
roundings (Nenes et al. 2002). Including aerosol indirect
effects in a study of this type is an important topic for

future study. Given the uncertain nature of aerosol indirect
effects, it is not immediately clear how their inclusion in
this study would alter our results. In Penner et al. (2003),
including aerosol indirect effects decreased the fixed-SST
shortwave radiative forcing (which they refer to as short-
wave relaxed forcing) to a statistically significant negative
value (as opposed to the insignificant positive value with-
out including indirect effects), but longwave forcing
remained approximately the same. Note that wet deposition
is the primary removal mechanism of atmospheric aerosols.
Thus, through indirect effects aerosols have the potential to
alter their own removal mechanisms.

In our study we analyze the sensitivity of radiative
forcing and climate response relative to a modern back-
ground aerosol distribution. Note that the quantitative
results may be somewhat dependent on the background
aerosol distribution used. Also, relative differences in
shortwave heating rates (Fig. 4c) occur in part because of
the fact that sigma hybrid layers at higher altitudes are
shallower in terms of mass. The relatively larger heating
rates that occur from black carbon in the stratosphere could
potentially affect the magnitude of the semi-direct effect
(i.e. the magnitude of the decreases in high clouds in the
simulations with additional black carbon in the stratosphere
could be reduced with lower stratospheric heating rates).
Nonetheless, the qualitative results should be unchanged.

5 Conclusions

Black carbon aerosols absorb solar radiation in the atmo-
sphere and thus reduce downward solar radiation at the
surface of Earth. However, as shown by our highly ideal-
ized climate simulations, black carbon at low altitudes
warms the surface through direct diabatic heating. In
contrast, black carbon at high altitudes increases the
amount of solar radiation absorbed at high altitudes, but
this absorbed energy is largely lost to space in the form of
increased longwave radiation without heating the lower
troposphere. In addition, high altitude black carbon reduces
high altitude cloud cover. Thus, despite increasing plane-
tary absorption of shortwave radiation (i.e. reducing plan-
etary albedo), high-altitude black carbon aerosols can
produce surface cooling.

Black carbon aerosols tend to heat the layer they are in.
This heating not only “burns off” clouds in this layer, but
also alters clouds in other layers by impacting the vertical
temperature profile and thus atmospheric stability. Black
carbon added to the lowest atmospheric layer decreases
vertical stability and increases convection, drying the sur-
face layer and increasing evaporation and thus precipita-
tion. This increase in surface latent heat flux (Fig. 5b) and
precipitation (Fig. 1) occurs despite a reduction in solar
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radiation reaching the surface. For black carbon at higher
altitudes in the troposphere, heating from black carbon
stabilizes the atmosphere below the heated layer, dimin-
ishing convection, moistening the surface layer, and
decreasing evaporation and thus precipitation. Black car-
bon in the mid troposphere decreases surface evaporation
(Fig. 5b) despite surface warming. Variations in equilib-
rium climate response of precipitation (and thus evapora-
tion) for black carbon at different altitudes largely stem
from variations in the fast climate response (Fig. 6). The
slow climate response for precipitation was 2.7% K~ from
black carbon at different altitudes, which is consistent with
the slow response from doubling of CO, of 2.8% K™
calculated using an ensemble of different slab-ocean
GCMs (Andrews et al. 2009).

Our results suggest that regressed radiative forcing
(Gregory et al. 2004) is a better predictor of equilibrium
changes in surface air temperature than is fixed-SST forcing.
This general result agrees with Shine et al. (2003) but
somewhat disagrees with the results of Hansen et al. (2005),
though in both of these studies fixed-SST forcing is a better
predictor of temperature change from aerosols than is
instantaneous and adjusted forcing. The equilibrium climate
feedback parameter for our simulations calculated using
regressed radiative forcing is 1.21 £ 0.16 Wm > K™!
(uncertainty estimate is 95% confidence interval). This is
indistinguishable from the feedback parameter for doubling
CO,0f1.21 £ 041 W m~2 K~ in this model, also calcu-
lated using regressed radiative forcing (Bala et al. 2009). The
climate feedback parameter for our simulations calculated
using the fixed-SST forcing is 1.02 & 0.45 W m > K",
This contrasts with the feedback parameter for doubling CO,
of 1.61 £ 0.11 Wm 2 K ' in this model, calculated using
fixed-SST forcing (Bala et al. 2009). The variation in climate
response from black carbon at different altitudes occurs
largely from different fast climate responses and not tem-
perature dependent feedbacks.

The importance of the altitude of absorbing aerosols in
determining their climate response points to the value of
properly measuring and modeling aerosol vertical profiles
in the atmosphere. Measurements of this type are needed at
the global scale. In addition, models that include aerosol
transport need to accurately represent convective lofting
for accurate portrayal of the effects of aerosols on climate
(Penner et al. 2003).
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