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[1] A three-dimensional interactive aerosol-climate model has been developed and used
to study the climatic impact of black carbon (BC) aerosols. When compared with the
model’s natural variability, significant global-scale changes caused by BC aerosols
occurred in surface latent and sensible heat flux, surface net long-wave radiative flux,
planetary boundary layer height, convective precipitation (all negative), and low-cloud
coverage (positive), all closely related to the hydrological cycle. The most significant
regional change caused by BC revealed in this study is in precipitation that occurs in the
tropics (shift of precipitation center in the ITCZ) and in the middle and high latitudes of
the Northern Hemisphere (change in snow depth). Influenced by BC caused changes in
cloud cover and surface albedo, the interactive model provides smaller positive all-sky
forcing at the top of atmosphere (TOA) and larger negative forcing at the surface than the
offline diagnostics (the direct forcings). The actual solar radiative forcings by BC derived
from the interactive model also exhibit significant interannual variations that are up to
4 times as large as their means. Based on the revealed changes in cloud radiative forcing
by BC, a non-Twomey-Albrecht indirect forcing by BC that alters radiative budgets by
changing cloud cover via thermodynamics rather than microphysics is also defined. It
has been demonstrated that with an absolute amount more than 2 times higher than that of
the TOA forcing, the surface forcing by BC is a very important factor in analyzing the
climatic impact of BC. The result of this study suggests that with a constant annual
emission of 14 TgC, BC aerosols do not cause a significant change in global-mean surface
temperature. The calculated surface temperature change is determined by a subtle
balance among changes in surface energy budget as well as in the hydrological cycle, all
caused by BC forcing and often compensate each other. The result of this study shows
that the influences of BC aerosols on climate and environment are more significant in
regional scale than in global scale. Important feedbacks between BC radiative effects and
climate dynamics revealed in this study suggest the importance of using interactive
aerosol-climate models to address the issues related to the climate impacts of
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1. Introduction

amount of heating of the atmosphere and has been conjec-

[2] Direct radiative forcing by black carbon (BC) aerosols
at the top of atmosphere (TOA) has been calculated in
various studies and the estimated values range from
~+0.16 to +0.80 W/m?, depending on the treatment of their
mixing states [e.g., Haywood and Shine, 1995; Haywood et
al., 1997; Haywood and Ramaswamy, 1998; Penner et al.,
1998; Myhre et al., 1998; Cooke et al., 1999; Tegen et
al., 2000; Jacobson, 2001; Koch, 2001; Chung and
Seinfeld, 2002]. This forcing represents a considerable
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tured as a potential factor causing global warming [e.g.,
Hansen et al., 1998; Jacobson, 2001]. However, strong
extinction of solar radiation by means of both scattering
and absorbing effects of BC leads to a reduction of incoming
solar radiation at the Earth’s surface, as revealed by obser-
vations [e.g., Satheesh and Ramanathan, 2000; Ramanathan
et al, 2001a, 2001b] or suggested by theoretical studies
[e.g., Hansen et al., 1998; Haywood and Ramaswamy, 1998;
Chung et al., 2002], and hence, like sulfate aerosols,
introduces a cooling effect at the surface.

[3] Itis obvious that the changes in surface energy budget
caused by the direct forcing of aerosols can be quite
complicated. The balance between altered surface radiative
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and heat fluxes caused by aerosols determines the actual
impact of aerosols on surface temperature changes. Previous
modeling studies suggest that at current time, the cooling
caused by sulfate acrosols represents a significant offset in
value to the warming effect caused by so-called greenhouse
gases such as CO,, CHy, N,O, and Oj [Roeckner et al.,
1999; Ramaswamy et al., 2001]. In the case of BC aerosols,
however, the uneven heating/cooling effect across the
Earth’s surface further complicates the surface energy
budget and thus the otherwise near constant relationship
between the radiative forcing of a given species and the
resultant change in surface temperature established for other
radiatively important species [e.g., Manabe and Wetherald,
1967].

[4] Interestingly enough, these BC aerosol induced
changes in radiative or heat fluxes and resultant changes
in temperature can potentially perturb clouds and precipita-
tion as well as atmospheric circulation and thus eventually
impact on the physical effect of BC’s radiative forcing as
well as BC’s lifetime in the troposphere. This is because that
when a given BC layer coexists with a cloud layer, whether
this BC layer is located below or above the cloud layer
critically determines the actual radiative effects of these
aerosols. In addition, the atmospheric abundance of BC is
primarily influenced by precipitation [e.g., Liousse et al.,
1996; Cooke et al., 1999; Cooke et al., 2002], while the
atmospheric distributions of BC is largely determined by
circulation. It is clear that the above-mentioned processes
can form a two-way feedback mechanism between radiative
forcings of BC aerosols and climate dynamics that is
essential in determining the climate impact of these
aerosols. The close interaction between BC aerosols and
climate suggests the importance of using an interactive
aerosol-climate model, a model including the transient
two-way feedback mechanism between BC aerosols and
climate dynamics as well as physics, to investigate the
climate impact of aerosols. Unfortunately, due to its
complexity, such analyses are still rare for BC aerosols.

[s] This article presents a study using a three-dimensional
interactive aerosol-climate system model developed based
on the Climate System Model (CSM) of the National Center
for Atmospheric Research (NCAR) [see Boville and Gent,
1998; Kiehl et al., 1998] to explore the climate impact of
BC as an additional component to atmospheric aerosols.
The model description is given first in the paper, followed
by the discussions on the modeled results including
radiative forcings of BC aerosols as well as their influences
on climate dynamics and physics. The principal conclusions
are then summarized.

2. Model Description

[6] Black carbon acrosols are treated as externally mixed
aerosols in a single mode with a given size spectral
function in this model [e.g., Wilson et al., 2001]. Like the
majority of current BC models summarized by Penner et
al. [2001], a single-moment scheme that uses mass mixing
ratio as the only prognostic variable to describe the atmo-
spheric evolution of BC aerosols is used. The atmospheric
transport of aerosols is calculated by the same procedure as
other tracers such as water vapor in the NCAR Community
Climate Model version 3 (CCM3) [see Kiehl et al., 1996;
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Kiehl et al., 1998] at each time step. Dry deposition and
gravitational sedimentation of aerosols are included. The
bulk dry deposition speed of BC aerosols is given to be
0.1 cm/s, adopted from several previous studies [e.g.,
Cooke and Wilson, 1996; Liousse et al., 1996]. The
gravitational sedimentation speed is given as the dry
deposition speed multiplied by an approximated pressure
correction factor of (pgo/p)°2%¢ [Twomey, 1977a; Wang and
Chang, 1993], here po, and p are the sea level air pressure
and the air pressure at a given vertical layer, respectively.
Wet scavenging of aerosols in the model includes removal
processes of aerosols by liquid droplets and by ice particles
based on the impact scavenging calculation [Wang and
Chang, 1993; Wang and Prinn, 2000], with an approximate
collection coefficient of 0.01 for liquid droplets and 0.005
for ice particles [Pruppacher and Klett, 1997]. The nucle-
ation scavenging of BC aerosols are not included [e.g.,
Flossmann et al., 1985]. The scavenging rate at a given
grid point of the model is thus derived as:

1 dq 0.286
o= () e O

Here ¢, and g, are the mass mixing ratios of BC aerosols
and precipitation particles in kg/kg, respectively; df has a
unit of seconds. For the liquid precipitation scavenging
where the temperature is above freezing point, the value of
C(inkgkg 's ") is4.51 x 102 for convective clouds and
5.18 x 1072 for stratiform clouds. The value of C for ice
particle scavenging (assumed to happen when temperature
is below freezing point) is calculated based on snowflakes
[Wang and Chang, 1993] and appears to be quite close to
the C value for stratiform clouds multiplied by 0.5 (i.e.,
2.59 x 10~%). To simplify the coding in program, this value
is thus used for the ice particle scavenging calculation. In
the model calculation, g, at a given vertical layer is actually
an accumulation from the cloud top to this layer with
reduction by evaporation considered or the total precipita-
tion passed the given vertical layer between two adjacent
wet scavenging calculations (2400 s for the T42 run).
Precipitation particles have a good chance to fall through
the clouds during this time period. Note that ¢, is defined at
each model grid. Using this scheme, the tropospheric
lifetime of BC aerosols yielded is about 4.6 days, very close
to the result of Liousse et al. [1996] (4—4.5 days), Cooke et
al. [1999] (5.8 days), Cooke et al. [2002] (4.3 days), and
Koch [2001] (4.3—4.4 days) while appears to be shorter
than that obtained in Cooke and Wilson [1996] for a fossil-
fuel-only calculation (7.85 days). Obviously, implementing
microphysical processes in a GCM with several hundreds
kilometer resolution is a “dangerous” work. This issue will
be further addressed by ongoing studies, incorporating
surface property transitions of aerosols due to chemical
reactions and microphysics in a high-resolution model with
comprehensive physics and chemistry, to derive parameter-
izations for GCMs and to assess the uncertainty of this type
of approximations.

[7] The inclusion of BC aerosols in the 18-band solar
radiation module of CCM3 [Briegleb, 1992] is formulated
following Kiehl and Briegleb [1993], and three sets of
optical parameters of BC aerosols are derived based on
previous works using the Mie scattering theory to investi-
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Table 1. Optical Parameters of BC Aerosols for the Waveband
0.35-0.64 pm Used in the Model

Specific Extinction Single Scattering Asymmetry

Coefficient, m*/g Albedo Factor
Model 1 7.93 0.26 0.75
Model 2 12.50 0.25 0.42
Model 3 15.37 0.40 0.42

gate the influence of different size spectra or scattering
calculations on the climate impact of BC. The first set of
parameters is derived based on Jennings and Pinnick
[1980], Twitty and Weinman [1971], and Liousse et al.
[1996]. The second set is adopted from Haywood and Shine
[1995], where a lognormal size distribution is applied. The
third set is derived based on a revised gamma distribution
[e.g., Twitty and Weinman, 1971] and a scheme for spherical
particles described by Bohren and Huffman [1983]. The
values of these parameters for the 0.35—0.64 pm waveband
are listed in Table 1. Hereinafter, model runs using these
parameter sets are referred to as Models 1, 2, and 3,
respectively. The surface albedo in the model is calculated
interactively by the NCAR Land Surface Model (LSM) [see
Bonan, 1998] coupled with the CCM3. By including the
aerosol radiative effects into prognostic procedures in the
CCM3 radiation module, the aerosols are allowed to interact
with climate dynamics when that option is being chosen.
[8] The emissions of BC from both fossil fuel and biomass
burning are used in this study (Figure 1). The fossil fuel
emissions of BC are derived based on (1) the energy use
for coal, gas, and oil specified in the MIT Emissions and
Policy Prediction Analysis Model (EPPA) [see Prinn et al.,

Annual BC Emi

0.03 0.04 007
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1999; Babiker et al., 2001]; (2) consumption of refined
petroleum products from International Energy Agency
(IEA) (available at http://www.iea.org); and (3) BC and
OC emission coefficients for different fuel types (coal,
refined oil, and gas) and different sources from Cooke et
al. [1999]. The biomass burning emissions of BC are derived
based on Crutzen and Andreae [1990] and Liousse et al.
[1996]. The emissions are mapped onto a 1° x 1° global grid
first. Depending on the source of the emissions, a population
density map [Li, 1996] for emissions from fossil fuel
combustion and biomass burning in households or the land
use maps [Olivier et al., 1995] for biomass burning other
than the households kind are employed. Details in deriving
these emissions are described by Mayer et al. [2000]. Then
the emissions data for different model resolutions are derived
based on this 1° x 1° dataset. The annual BC emission used
in this study is ~14 TgC, partitioned as ~8 TgC from fossil
fuel burning and ~6 TgC from biomass burning. The BC
annual emissions are kept constant through the model
integrations to emphasize the study on feedbacks between
BC radiative forcings and climate dynamics.

[o] In this study, comparison of two groups of different
model runs, one (REF) which excludes and the other
(BCRAD) which includes the radiative effect of BC as well
as associated influences on climate dynamics, isolates the
climate effect of BC (note that both types of runs predict
atmospheric evolution of BC). To further isolate this effect,
instead of a dynamically changed one a constant “back-
ground” sulfate aerosol field is used in the model, which
comes with the CCM3 distribution. Note although this is
consistent with the external mixing assumption made in this
study, the possible influence of this setup on the modeled

12.44 20,00

Figure 1. Annual emissions of black carbon aerosols used in the study. The unit is GgC per 1° x 1°

grid.
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Table 2. Brief Description of Model Runs in This Study?®

Interactive BC Optical

Symbol of Run BC Ocean Parameters
SOM REF No SOM (Note)®
SOM BCRAD Yes SOM Model 1
OSST REF No OSST (Note)®
OSST BCRAD (Model 1) Yes OSST Model 1
OSST BCRAD (Model 2) Yes OSST Model 2
OSST BCRAD (Model 3) Yes OSST Model 3
CSST REF No CSST (Note)®
CSST BCRAD (Model 1) Yes CSST Model 1
CSST BCRAD (Model 2) Yes CSST Model 2
CSST BCRAD (Model 3) Yes CSST Model 3

“SOM = slab ocean model; OSST = observed SST; CSST =
climatological SST; REF = runs excluding BC radiative effect; and
BCRAD = runs including BC radiative effect.

"Note: Each reference run calculates all three types of diagnostic
radiative forcings of BC with corresponding optical parameters.

results might need to be assessed when a more comprehen-
sive model, which includes internal mixtures of aerosols,
becomes available. The term of “changes caused by BC”
used in the later discussions is referred to the differences
between the results of BCRAD and REF runs. The direct
radiative forcings of BC aerosols in REF runs using
different optical parameter sets of BC, which are in line
with the International Panel on Climate Control (IPCC)
[Houghton et al., 1996] definition of aerosol’s direct radi-
ative forcing, have also been derived for comparison pur-
pose without being actually used in the model (the two-way
aerosol-climate interaction is excluded in the REF runs).
These diagnostically derived forcings will be referred as
offline forcings hereafter. Note that by repeating diagnostic
radiation calculation several times, each REF run can derive
all three types of offline forcings with corresponding optical
parameter set.

[10] To shorten the required computing time of the model
runs, the full three-dimensional ocean general circulation
model in the CSM model family is not incorporated with the
atmospheric model (CCM3) and the land surface model
(LSM) that are both used in this study. In stead, three types
of model runs are carried out. In the first type of runs (OSST
runs), the sea surface temperatures (SSTs) are prescribed
using an analyzed observational monthly SST dataset
(available at http://www.cgd.ucar.edu/cms/ccm3) that cov-
ers the time period from 1978 to 1998 (240 months in total).
In order to evaluate the impact of prescribed SST data on
the OSST run results during a specific time period, the
second type of model runs has also been launched that
repeats a 12-month climatological SST data 20 times (CSST
runs). In the third type of runs, a slab ocean model
distributed with the CCM3.6.6 with a simple ice model
[Kiehl et al., 1996] has been used (SOM runs). With these
different model settings, there are 10 model runs in total,
three REF runs as well as seven BCRAD runs that use
different optical parameters of BC (Table 2). Note that by
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neglecting the oceanic feedback to BC forcings, the runs
with prescribed SST (OSST and CSST runs) represent the
lower bound of the model response to BC forcings. On the
other hand, the slab ocean model is a simplified mixed layer
ocean model that calculates the mixed layer temperature
based on the atmospheric heat fluxes at the ocean’s surface
and parameterized ocean transport as well as heat exchanges
between the mixed layer and deep ocean. Therefore with a
limited heat capacity of the ocean, SOM runs perhaps
represent the upper limit of the system response to BC
forcings. The model runs with prescribed SST are mainly
used to reveal short-term interannual variability and rela-
tionships among given parameters. The SOM model runs
are mainly designed to study the equilibrium climate effects
of BC. Comparisons among various model runs reveal the
role of oceanic response in BC-climate interaction. The
model 1 OSST and SOM results will be emphasized in
discussions to reduce the size of the paper unless indicated
otherwise.

[11] The horizontal resolution of the model used in this
study is 2.8° x 2.8° (T42). There are 18 vertical layers from
the Earth’s surface to ~3 hPa. The integration times of
OSST and CSST runs are 20 years to consider the influence
of model variability on the results. The integration times of
SOM runs are 60 years; the last 20 years of the results are
used to provide the equilibrium status of climate under the
forcings of BC aerosols. The entire model integrations were
processed on a 32-node PC cluster at MIT.

[12] In order to provide a measure of the statistical
significance or the signal/noise ratio for the changes caused
by BC aerosols, standard deviations of various model
variables based on their annual means over the entire
integration period, both as quantities at each model grid
point (functions of latitude and longitude) and as global
means, are calculated from the REF runs. The procedure is
to calculate the annual means of these quantities first and
then to derive the standard deviation of the integration
period using corresponding annual means. These standard
deviations represent the “natural variability” of the model
during the integration period. They will be referred to later
in the paper as the “reference standard deviations (or)” to
be distinguished with the standard deviations of changes of
various parameters caused by BC aerosols. Note that when
mentioned in the later part of the paper, this ‘“natural
variability of the model” is only applied to the given model
integration period.

[13] The modeled highest atmospheric loading of BC
appears in the East Asia, primarily the east part of China,
and the Indian subcontinent (Figure 2a). Other areas with
high loading of BC aerosols include eastern and central
United States, Europe, central Africa, and Brazil. Interest-
ingly, model results clearly indicate two transport pathways
of BC aerosols, one from the East Asia to North America
and the other from Europe to northern polar regions. These
modeled characteristics of BC spatial distributions are

Figure 2. (a) Model simulated vertical column loading of BC aerosols (in g/km?; top panel), (b) aerosol index derived
from satellite observations (middle panel), and (c¢) model simulated zonal mean distribution of BC aerosol concentration (in
ng/kg; bottom panel). All model results are 20-year means based on the OSST BCRAD run. The monthly POLDER
satellite Al data kindly provided by F.-M. Bréon and S. Generoso cover a time period from November 1996 to June 1997.
These data are averaged over time and then interpolated into the T42 grid (2.8° x 2.8°) used in the model.
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Figure 3. Comparison between observed and modeled surface BC concentrations at a number of
locations. Observational data are from Liousse et al. [1996] and Cooke et al. [1999]. The unit of BC

concentration is ng/m”.

well supported by the satellite observational data of small
particles with biomass or human pollution origins, i.e., the
“aerosol index” (Al) derived from the measurements of the
POLDER instruments onboard the ADEOS satellite shown
in Figure 2b [Bréon et al., 2002]. A good correlation
between modeled column loading or surface concentrations
of BC and satellite Al data, especially for the land regions
where the high Al is located, is also found in comparisons
between these two parameters point by point over the model
grid resolution (i.e., T42; not shown). Although the lifetime
of black carbon aerosols in the atmosphere is rather short
(~5 days in this model), it can be longer in the upper
troposphere. Model results indicate that in the middle and
upper troposphere a considerable amount of BC aerosols
that originated from Europe and East Asia have been
transported toward higher altitudes (Figure 2c) and over
the northern oceans (Figures 2a and 2c¢). The appearances of
BC aerosols in these high latitude areas are relatively
persistent due to lower wet scavenging rate as compared
to the middle and low latitudes.

[14] In addition to the comparison with satellite data, the
modeled surface BC concentrations have been compared
with (somewhat limited) surface observations including
point data summarized by Liousse et al. [1996] and Cooke
et al. [1999] (Figure 3) and several station data (Figure 4).
The agreement between modeled surface concentrations and
the point data is generally within a factor of 2 except for
some oceanic or remote sites as well as highly polluted
urban sites, comparable to nine other models reviewed by
Penner et al. [2001]. It is worth noting that the model,
primarily due to its coarse spatial resolution, tends to
overestimate or underestimate BC concentrations at oceanic
or remote sites with extremely low concentrations and

underestimate at urban sites where very high concentrations
of BC exist [see also Cooke et al., 2002]. When compared
with the station data, the modeled results generally agree
well with the Barrow and Amsterdam Island measurements
in both seasonal cycle and concentrations (note that constant
emissions are used in this study). However, an overestima-
tion in modeled Mauna Loa surface concentration along
with a slight switch in seasonal cycle can be seen clearly in
Figure 4c. Interestingly, a similar disagreement between
modeled and observed results for the Mauna Loa station
can be found in the work of Cooke et al. [1999] and Cooke
et al. [2002]. Therefore this might suggest a necessary
further adjustment in East Asia emissions [e.g., Streets et
al., 2001].

[15] The total BC atmospheric burden averaged over
20 years of the model integration period of OSST runs is
about 0.17 TgC with interannual variations smaller than 2%.
It appears to be smaller than the central value obtained in
the IPCC model intercomparison (0.133 TgC from biomass
burning +0.133 TgC from fossil fuel; note that simple
addition might not be valid here due to nonlinear precipi-
tation scavenging) [see Penner et al., 2001]. However, it is
still within the commonly estimated range (i.e., 0.15—
0.25 TgC) [Cooke et al., 1999; Koch, 2001; Chung and
Seinfeld, 2002; Cooke et al., 2002].

3. Solar Radiative Forcings Caused by
Black Carbon

[16] Four types of changes in net downward solar radia-
tive flux caused by BC, namely changes at the TOA and at
surface, both for all sky (including clouds) and clear sky,
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have been derived by subtracting the results of the REF runs
from those of the BCRAD runs:

AFpe(x,y,h,t) = AFpcrap(x,, h,t) — AFgep(x,y,h,t). (2)

Here, x, y, and ¢ are indices of longitude, latitude, and time,
respectively; /& represents either the TOA or the Earth’s
surface; AFpc represents the change in net downward solar
radiative flux caused by BC and hereafter is referred to as
the “online forcing™ or simply “forcing” for convenience
and to distinguish it from the “offline forcing™ described
later; two AF terms on the right hand side of the equation
are the net downward fluxes of solar radiation respectively
in the BCRAD and REF runs. Note that the clear-sky fluxes
are derived diagnostically in the CCM3 radiation code
[Briegleb, 1992], mainly for the purpose to estimate the
cloud forcing.

[17] As a comparison to the online radiative forcings of
BC derived using equation (2) based on the interactive
aerosol-climate model runs, the offline solar radiative forc-
ings of BC aerosols are also derived from the REF runs
using:

AFg/Cﬂme(x>y7h7 t) = AFREFBC(x7y7h7t) - AFREF(x7y7h7Z)' (3)

Here AFrgrpc represents the diagnostic net downward flux
of solar radiation if BC radiative effects were included (note
that the REF runs predict the atmospheric distributions of
BC aerosols but exclude BC’s radiative effect in radiation
calculation, therefore, these fluxes are derived only for
diagnostic purpose and have not been actually used in the
radiation calculation); AFzgr is the net downward flux
derived by excluding BC from radiative calculation (the
actual flux used in REF run); other variables have the same
meanings as in equation (2).

[18] Note that the offline forcings derived from REF runs
using equation (3) is in line with the definition of direct
aerosol forcing of the IPCC [Houghton et al., 1996]. The
online forcings defined in equation (2), however, are dif-
ferent quantities than those IPCC defined ones. The online
forcings are actual forcings to the atmosphere-surface sys-
tem caused by BC when BC-climate interaction is included.
These forcings represent the combinations of BC direct
effect and several possible indirect effects as well as their
feedbacks attributed to changes in BC loading, surface
albedo, and cloud covers caused by the inclusion of BC
direct radiative effect in the model.

3.1. Spatial Distribution of Direct BC Forcings

[19] The modeled offline clear-sky results indicate that
the direct forcing by black carbon aerosols is primarily
concentrated in the Northern Hemisphere with some clear
extensions over the Southern Hemisphere (Figure 5).
Contrasting with the positive atmospheric forcings (repre-
sented by the forcings at the TOA) are significant negative
surface forcings located mainly over East Asia, South
Asia, and Central Africa. When weighted by the natural
variability of the model excluding BC, i.e., divided by the
reference standard deviation, the direct TOA radiative
forcings of BC (or the warming potential of the atmosphere)
appear to be much more visible over waters near the major
land emission sources than over the land, ranging from west
Northern Atlantic and east tropical Atlantic, Mediterranean
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Sea, Arabian Sea, to the west edge of Pacific (Figure 6a).
While at the surface, the weighted direct forcing by BC is
very strong over the lands of major emission sources
although the surface forcings of BC over the above-men-
tioned waters are also very significant (Figure 6b). The
significant BC forcings over oceans in comparison with
modeled natural variability, especially on the top of the
atmosphere, suggest a potential influence of BC aerosols
on ocean-atmosphere exchanges and thus on SST as well as
oceanic air temperature.

3.2. Mean Features of Various BC Solar Forcings

[20] The global mean radiative forcings by BC appear to
be positive at the TOA (warms the atmosphere) but negative
at the Earth’s surface (cools the ground). In addition, the
magnitudes of the online all-sky forcing at surface are about
triple those at the TOA. This ratio is nearly a constant
throughout the whole integration period in various model
runs. In OSST runs, the 20-year means of online BC solar
forcing using model 1 are 0.27 and 0.22 W/m? at the TOA
for clear sky and all sky and —0.57 and —0.64 W/m? at the
surface for clear sky and all sky, respectively. The online
TOA forcings of model 2 and 3 runs are quite close to the
model 1 results, while the surface forcings differ slightly
more (Table 3). In comparison, the online forcings derived
from SOM runs are also close to the results of OSST runs,
with a slightly stronger surface forcing than the OSST
model result.

[21] Modeled result shows that the integration means of
offline forcings are very close to the online ones in the
clear-sky category (Table 4), suggesting the global and
annual mean effect of the feedbacks via changes in BC
loading and surface albedo to radiative forcings are rather
small. In the all-sky category, although the offline forcings
have the same signs as the online ones, they are much larger
at the TOA but smaller at the surface than the online
forcings in absolute values, implying that the perturbations
caused by BC aerosols on cloud cover have significantly
modified the radiative forcings of these aerosols. The offline
forcings derived from SOM REF run are almost the same as
those in OSST REF run (Table 4).

3.3. Interannual and Latitudinal Variations of
BC Solar Forcings

[22] The online forcings (even as annual means) appear to
have very large interannual variations, represented by their
ranges and standard deviations (Figures 7a and 7b, Table 3).
Interestingly, model runs with recycled SST (CSST runs)
also showed the similar results so that the interannual
variation of observed SST is not a major factor in causing
the interannual variations of online forcings (Figures 7a and
7b). Opposite to the time evolution of online radiative
forcings, the annual means of offline forcings vary little
during the model integration period (Figures 7a and 7b,
Table 4), indicating that the interannual variation of BC
atmospheric burden is too small (<+2% of total loading) to
cause large perturbations in BC direct radiative forcings.

[23] The latitudinal distributions of online clear-sky
forcings by BC derived from the last 20-year means of
SOM runs are very close to those derived based on the
20-year means of OSST runs (Figure 7c¢) except for the
sharp changes in SOM results around 60°S caused by
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of atmosphere (upper panel) and the Earth’s surface (lower panel). Results are derived from the last

20 years data of SOM REF run.
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Table 3. Annual and Global Means of Various Online Radiative Forcings of BC Presented as Integration Period
Mean + Standard Deviation (Range)”

TOA Clear Sky

TOA All Sky

Surface Clear Sky

Surface All Sky

OSST Model 1
OSST Model 2
OSST Model 3
SOM

0.27 + 0.08 (0.28)
0.25 + 0.08 (0.28)
0.28 + 0.06 (0.26)
0.30 £ 0.10 (0.37)

0.22 + 0.24 (0.85)
0.22 + 0.22 (0.89)
0.20 + 0.19 (0.76)
0.14 + 0.31 (1.17)

—0.57 + 0.07 (0.24)
~0.60 + 0.09 (0.36)
—0.80 + 0.07 (0.30)
—0.63 + 0.14 (0.50)

—0.64 + 0.27 (0.99)
—0.64 £ 0.26 (1.09)
—0.92 +0.23 (0.91)
—0.80 + 0.35 (1.39)

All in W/m?. The results of OSST runs are based on the annual means of 20 years; the results of SOM run are based on the

D03106

annual means of the last 20 years.

the changes in sea ice that has very little effect on the
global climate features. This suggests that the climatolog-
ical spatial distributions of BC are almost the same in
OSST and SOM model runs. On the contrary, although
the online all-sky forcings predicted by SOM and OSST
runs are in a good agreement over the high latitudes of
the Northern Hemisphere as well as over most part of the
Southern Hemisphere, their values sharply differ between
5°S and 60°N (Figure 7d), mainly induced by the differ-
ence in cloud cover between these two types of runs (see
later discussions).

3.3.1. Cause of the Interannual Variations of

BC Clear-Sky Forcing

[24] The model result shows that the magnitude of the
difference in BC loadings between BCRAD and REF runs is
small (a few percent of total BC loadings) and very close
to that of the interannual variation of total BC loading
(Figure 8). It has been found that in the zonal-mean base,
the difference in clear-sky forcings between online and
diagnostic offline results are negatively correlated to the
BC loading changes between REF and BCRAD runs in most
latitudes except for a few latitudinal bands in the middle and
high latitudes of the Northern Hemisphere, where a positive
correlation between the two parameters exists (not shown).
The latter result suggests that the difference between online
and offline radiative forcings over these midlatitude and
high-latitude locations in the Northern Hemisphere must
have been caused by a feedback between BC forcings and
its resultant change in surface albedo.

[25] Indeed, detailed analysis has revealed that the inter-
annual variation of online clear-sky solar forcing is primar-
ily related to that of the surface albedo changes caused by
BC forcing through altering surface snow depth, mainly in
the middle and high latitudes of the Northern Hemisphere
(Figures 9 and 10). Modeled results show that BC aerosols
cause decreases in surface snow depth as large as 15 mm
over a vast area of midlatitude and high-latitude lands and
increases in the high latitude of North America, a part of
Greenland, and several sites over the Eurasian continent,
most related to relatively wet regions. BC aerosols can cause

these changes in snow depth through several different
processes, including atmospheric heating that causes clouds
to dissipate or precipitation to decrease, and the reduction of
solar radiation at the surface to preserve the snow layer. In
addition, the adiabatic cooling or heating caused by BC in
the boundary layer, depending on the vertical locations of
aerosol layers [e.g., Hansen et al., 1997], can impact on the
formation and dissipation of low level clouds as well as the
accumulation/evaporation of snow. The location appears to
be important because the thermodynamic perturbation by
BC is much more effective in low temperature. As shown in
Figures 9 and 10, because the model predicted snow depth in
most areas in the high latitudes of the Northern Hemisphere
is equal to or lower than 100 mm except for Greenland, the
change in snow depth caused by BC (quite often +20%)
produces a considerable change in surface albedo in these
areas where the snow depth really matters. Note that there
are some BC caused changes in snow depth in the Antarctic,
however, these changes are very small in a relative meaning
due to the large background value of snow depth (>300 mm)
over Antarctica, the resultant effect on albedo hence is
almost invisible.
3.3.2. Cause of the Interannual Variations of
BC All-Sky Forcing

[26] Although the mean all-sky radiative forcings of BC
averaged over the entire integration period are close to those
of clear-sky ones as shown in Figures 7a and 7b and
Table 3, the ranges of variation of all-sky forcings are more
than 3 times as large as those of clear-sky forcings as
indicated earlier. In particular, this large interannual variation
occurred in all three sets of model runs (i.e., SOM, OSST,
and CSST) and thus has little to do with the interannual
fluctuations of SST. It has been found that the variations in
all-sky forcings are closely related to the changes of cloud
cover, in particular over the Northern Hemisphere and also in
the tropics, induced by BC radiative forcing (Figure 11). In
addition, the spatial distributions of all-sky forcings caused
by BC (not shown) are more scattered compared with the
clear-sky ones and spread out over both land and ocean.
Strong connections between low-cloud cover change and BC

Table 4. Annual and Global Means of Various Offline Radiative Forcings of BC Presented as Integration Period

Mean + Standard Deviation (Range)”

TOA Clear Sky

TOA All Sky

Surface Clear Sky Surface All Sky

OSST Model 1
OSST Model 2
OSST Model 3

0.24 + 0.00 (0.01)
0.28 + 0.00 (0.02)
0.24 £ 0.00 (0.01)

SOM Model 1 0.24 + 0.00 (0.02) 0.35 + 0.00 (0.02)
SOM Model 2 0.29 + 0.00 (0.02) 0.43 £ 0.01 (0.02)
SOM Model 3 0.25 + 0.01 (0.02) 0.40 + 0.01 (0.02)

0.34 = 0.01 (0.02)
0.42 = 0.01 (0.02)
0.39 £ 0.01 (0.02)

—0.57 + 0.01 (0.02)
—0.73 £ 0.01 (0.04)
~0.78 £ 0.01 (0.05)
—0.59 + 0.01 (0.04)
—0.75 + 0.01 (0.05)
—0.80  0.01 (0.05)

—0.47 + 0.01 (0.03)
—0.61 £ 0.01 (0.04)
—0.64 £ 0.01 (0.04)
—0.48 + 0.01 (0.03)
—0.63 £ 0.01 (0.04)
—0.66 + 0.01 (0.04)

3AIl in W/m?. The results of OSST runs are based on the annual means of 20 years; the results of SOM run are based on the

annual means of 60 years.
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Figure 8. Modeled difference between BC mixing ratios in BCRAD and REF OSST runs in ng/kg.
Results are derived as zonal means based on the 20-year averages of OSST runs.

TOA all-sky forcing in OSST and CSST runs and between
convective clouds and BC all-sky forcings in SOM runs have
also been identified. All these results indicate a modification
of radiative forcing of clouds and thus suggest the possible
existence of an “indirect forcing” by BC.

3.4. A Nonconventional Indirect Forcing of
BC Aerosols

[27] The indirect forcing of aerosols traditionally refers to
a process in which aerosols impact climate not by directly
altering atmospheric radiation but by changing cloud prop-
erties and thus the radiative budget, through an increase of
atmospheric concentrations of cloud condensation nuclei
(CCN) that produces optically thicker and more reflecting
clouds [Twomey, 1977b] or leads to a decrease of precipi-
tation and hence an increase of abundance of certain clouds
[Albrecht, 1989]. Besides these two mechanisms, absorbing
aerosols such as BC may alter cloud properties through
thermodynamic processes such as changing the vertical
radiation or temperature profile and thus the atmospheric
stability and circulation, or enhancing evaporation by
warming the cloudy air to cause dissipation or partial
dissipation of clouds. These processes have been discussed
by Ackerman et al. [2000], Lohmann and Feichter [2001],
Chung et al. [2002], as well as Menon et al. [2002], mostly

under various specific conditions (more generic discussions
can be also found in the work of Haywood and Boucher
[2000] and Ramanathan et al. [2001a]). The radiative
forcing formed through these above-discussed (mainly
thermodynamic) processes should be called as a “non-
Twomey-Albrecht” indirect forcing (NTAIF), or as sug-
gested by Hansen et al. [1998], the “semidirect” forcing.
Obviously, the indirect forcing caused by BC revealed in
this study must be a NTAIF, since BC aerosols are not
allowed to serve as CCNs in this model. This NTAIF can be
defined as the difference between BC’s all-sky solar forcing
and its clear-sky solar forcing, or in other words, the cloud
forcing change purely caused by BC aerosols:

NTAIF (x,p, h, 1) = AFas® (x,y, h,t) — AFe™ (x, b, 1) (4)

where the two forcings on the right hand side of the
equation are defined in equation (2) for all sky and clear
sky, respectively. All the indices have the same meanings as
in equation (2). Apparently, this formula can be further
rewritten as:

NTAIF (%, 7, h,t) = | AF§E (5,9, ) = AFGER (5, 0)|
[P ) AP 1)
(5)

Figure 7. Time evolution of (a) all sky and (b) clear sky radiative forcings (in W/m?) induced by black carbon aerosols in
various OSST and CSST runs; and the latitudinal distributions of (¢) clear sky and (d) all sky radiative forcings induced by
black carbon aerosols derived from the OSST and SOM runs. The global mean values are derived based on area-weighted
averages of the forcings as functions of longitude and latitude for a given vertical layer derived using equation (2). The
offline results were derived using the OSST REF run data and equation (3). OSST latitudinal mean data are derived based
on the 20-year means. SOM latitudinal mean data are derived based on the last 20-year means.
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Figure 9. Changes in surface solar albedo (sum of direct and diffusive, or ASDIR + ASDIF, in percent;
upper panel) and surface snow depth, or H2OSNO (in mm; lower panel) caused by BC forcing. They are
derived by deducting REF run results from BCRAD run results (similar to equation (2)) based on the last

20-year means of SOM run results.

Four terms on the right hand side represent the all-sky and
clear-sky forcings in BCRAD and REF runs, respectively.
The NTAIF defined in equations (4) or (5) has largely
removed the cloud forcing caused by other factors (e.g.,
sulfate aerosols) under the external mixing assumption. The

impact on surface albedo by BC aerosols (a feedback to the
forcing rather than a forcing), however, is preserved. The
20-year means of NTAIF derived from OSST model 1 run
are —0.07 and —0.05 W/m® at the surface and TOA,
respectively, or 22% and 11% of the absolute values of the
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derived based on monthly means of 20-year REF and BCRAD OSST model 1 run results.

corresponding all-sky forcings (Table 5). In contrast, SOM
runs predict much larger values of NTAIF than OSST runs
(the SOM NTAIF values almost triple the OSST values; see
Table 5). This reflects the effect of including the oceanic
response to BC forcings in the model. Interestingly, the
ranges of variation of annual mean NTAIF during the
20-year integration in OSST runs are very large, namely
0.89 and 0.81 W/m” at the TOA and surface, respectively,
and this implies a large variability in the thermodynamic
kind of BC aerosol-cloud interaction (note the variation
range of all-sky forcing is much larger than that of clear-
sky forcing; see Table 3). The SOM results with an
equilibrium nature exhibit a similar variation range to the
OSST results. All integration-means of NTAIF at both
TOA and surface from SOM and OSST runs are negative
(Table 5), suggesting that in a global-mean and integration-
mean base, the effect of NTAIF is to reduce the positive
TOA direct forcing while enhance the negative surface
direct forcing by BC.

[28] The pattern of longitude-latitude distribution of
NTAIF is quite complicated (Figure 12a). Significant
NTAIF exists not only over the Northern Hemisphere as
expected but also over the southern oceans. The results
suggest that changes in atmospheric circulation, especially
in the meridional transport of heat and water vapor and
thus the vertical air motions, must have been caused by BC
forcing (see later discussion). High positive NTAIF can be
seen in several places in the high latitudes of the Northern
Hemisphere as well as in the southern part of the ITCZ,
representing the decreases of cloud cover. The decrease of
clouds in polluted areas is apparently due to enhanced
evaporation of clouds caused by the warming effect of BC,
which is supported by a case study of a marine stratocu-
mulus cloud system off the Indian coast [Ackerman et al.,
2000]. When introducing the oceanic feedback to BC
forcings in SOM runs, this “cloud burning” pattern over

several highly polluted areas such as India and eastern
China becomes less visible (less positive in terms of
NTAIF) than in OSST runs, primarily due to the changes
caused in convective cloud cover over the subtropic and
tropical regions (Figure 12b, also see later discussion). In
SOM runs, BC aerosols cause a substantial change in
convective cloud cover and thus a change in NTAIF,
representing by a strong negative NTAIF (increase of cloud
cover) along the north edge of the ITCZ and a strong
positive NTAIF (decrease of cloud cover) in the south part
of the ITCZ (Figure 12). At the northern edge of the
Eurasian continent, especially over the Russian Far East,
a negative forcing induced by a local increase in clouds
(mainly low and middle clouds) can be seen. This
enhancement of cloud coverage is due to the adiabatic
cooling at the surface and in near-surface air caused by a
unique distribution of BC aerosols in the middle and upper
troposphere over this region as shown in next section. Note
that the signature of surface albedo changes (Figure 9) is
not quite noticeable in the NTAIF distribution, indicating
the effect of this feedback to BC forcings is much smaller
than that of the cloud change.

4. Effect of Black Carbon on Climate
4.1. Responses of Surface Properties

[29] The modeled results suggest that BC heats the
atmosphere mainly between 5° and 50° latitude in the
Northern Hemisphere, corresponding to the most polluted
areas (Figure 13a). Outside this zone, there are two pairs of
heating/cooling areas in the tropics, one in the upper
troposphere and one in the lower troposphere, corresponding
to the influence of BC caused changes in convective clouds
(see later discussion). Note that these two heating/cooling
pairs in the tropics are barely visible in the results of OSST
and CSST runs. BC caused solar heating applies through
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Figure 11.

Modeled (a) global-mean all sky forcings of BC at Earth’s surface (W/m?) versus BC caused

changes in northern hemispheric mean total cloud covers, where both are monthly means based on
20 years of OSST model 1 Iun results; and (b) zonal mean changes in total cloud cover (%) versus BC
TOA all sky forcings (W/m?) derived based on the last 20-year means of the SOM run results.

most of the troposphere in the Northern Hemisphere
except for the tropics and polar region. At high latitudes
in the Northern Hemisphere, BC-induced atmospheric
solar heating primarily occurs in the middle and upper
troposphere due to horizontal transport of aerosols which
most likely were first transported vertically by convection
in midlatitudes (interestingly, there is a small cooling zone
close to the ground in the high-latitude Northern Hemi-
sphere). Corresponding to the atmospheric heating by BC,
there is a significant reduction in absorbed solar radiation
by the Earth’s surface (Figure 13b) especially in the

Table 5. Annual and Global Mean of NTAIF of BC Presented as
Integration Period Mean + Standard Deviation (Range)®

TOA Surface
—0.05 + 0.24 (0.81) —0.07 + 0.26 (0.89)

OSST Model 1

OSST Model 2 —0.03 + 0.23 (1.01) —0.04 + 0.25 (1.10)
OSST Model 3 —0.08 + 0.18 (0.83) —0.12 £ 0.20 (0.89)
SOM —0.16 + 0.31 (1.24) —0.17 + 0.34 (1.32)

All in W/m?. The OSST results are based on the annual means of
20 years; the SOM results are based on the annual means of the last
20 years.
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Figure 12. The spatial distribution of the non-Twomey-Albrecht indirect forcing at the surface in W/m?,
derived from the last 20-year means of SOM run using equation (3) (upper panel); and (b) comparison
between the zonal means of NTAIF at the surface derived from SOM runs (last 20-year mean) and from

OSST runs (20-year mean) (lower panel).

Northern Hemisphere that obviously can lead to a cooling of
the ground. This sharp change of the thermodynamic effect
caused by BC from warming to cooling across the atmo-
sphere-surface interface generates negative fluxes of both
sensible and latent heat in the low and middle latitudes in the
Northern Hemisphere to compensate the radiative cooling at
the land surface caused by BC aerosols. Resultant changes in
land surface temperature are thus determined by the differ-
ence between compensating heat fluxes and the reduction in
absorbed solar radiation at the surface. The similar processes

occur in the atmosphere-ocean surface as shown in SOM
runs. Note a previous study using an interactive sulfate
aerosol-climate model [Roeckner et al., 1999] has also
indicated the similar response of surface heat fluxes to the
reduction of incoming solar radiation caused by sulfate
aerosols. However, the situation related to BC aerosol
becomes more complicated due to BC’s atmospheric heat-
ing, which is opposite to the sulfate aerosols’ cooling effect
on atmosphere. In most latitudes of the Northern Hemi-
sphere, negative heat fluxes somewhat offset the cooling
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Figure 13. BC caused zonal mean changes of: (a) atmospheric solar heating rate in K/year (upper
panel); and (b) solar radiation absorbed by the Earth’s land surface (dFSA in W/m?), latent (ALHFLX)
and sensible heat fluxes (ASHFLX; both in W/m?), and land surface temperature (dTS in °C) (lower
panel). All data are the last 20-year averages of SOM run results.

effect caused by the decrease of absorbed solar radiation at
the surface. The land surface temperature has slightly
increased in these areas. However, in the Southern Hemi-
sphere midlatitudes, the cooling effect caused by reduced
surface absorption has not been compensated by the surface
heat fluxes and this leads to a decrease of land surface
temperature. In the tropics, BC induced cloud effect domi-
nants the surface temperature changes.

[30] The response of surface properties to BC forcings
can be also seen from their time evolutions in OSST runs

(Figure 14a). The annual means of these variables are found
to follow BC radiative forcings closely during the model
integration. BC caused changes in net surface long-wave
flux and land sensible heat flux were all forced to decrease
along time while the land latent heat flux appeared to
fluctuate around zero (Figure 14a). It is found that the peak
changes in sensible heat flux caused by BC in SOM runs are
about twice as large as in OSST runs. Both runs produce the
similar latitudinal distributions of above change except in
the midlatitude of the Southern Hemisphere (Figure 14b).
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Figure 14. (a) Time evolution of surface all-sky forcing (FSNS, in W/m?) and BC caused global-mean
changes of land surface temperature (TS-land, in °C), net surface long-wave flux (FLNS, in W/m?),

land surface latent heat flux (LHFLX-land, in W/m?),

and land surface sensible heat flux (SHFLX-land,

in W/m?) in the OSST runs (upper panel). (b) Comparison between changes in surface sensible heat flux
(dSHFLX) as well as latent heat flux (ILHFLX) between SOM run and OSST run (lower panel; note that

here a different scale in vertical axis has been used).

For latent heat flux, the latitudinal distributions predicted by
both SOM and OSST runs are similar, the values derived
from these two sets of runs, however, differ significantly in
several zonal regions including the ones between 20°N and
40°N (note that a different axis for the changes in SOM
latent heat flux in the figure is used) in the higher latitude of
the Northern Hemisphere and in a large portion of the
Southern Hemisphere. This indicates that the differing
oceanic responses included in these two sets of runs lead
to a difference in oceanic evaporation (Figure 14b). Nega-

tive changes in latent and sensible heat fluxes exist in most
latitudinal zones showing a strong compensation to the
surface cooling caused by BC. In both OSST and SOM
runs, the global and annual mean height of planetary
boundary layer (PBL) has been lowered by more than 2 m
due to the effect of BC radiative forcings on the surface
energy budget (Tables 6 and 7). This change largely exceeds
the natural variability of the height of PBL.

[31] There is no monotonic warming or cooling “trend”
that can be derived from the modeled annual mean surface
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Table 6. BC Caused Changes of Selected Parameters in Comparison With Their Reference Standard Deviations Derived Based on

20 Years of Results of the OSST Model Runs®

Reference Standard
Deviation or

Model 1 Mean + ¢ (range)

Model 2 Mean =+ o (range) Model 3 Mean + o (range)

Ts, °C 0.11 —0.01 £ 0.04 (0.13)
Ts-land, °C 0.16 —0.01 £ 0.14 (0.49)
FLNS, W/m? 0.32 —0.19 £ 0.19 (0.74)
SHFLX, W/m? 0.16 —0.26 £ 0.15 (0.55)
SHFLX-land, W/m? 0.38 —0.71 £ 0.48 (1.56)
LHFLX, W/m* 0.47 —0.39 £ 0.24 (0.94)
LHFLX-land, W/m* 0.34 0.01 +0.50 (1.91)
ASDIFR, x 100 0.20 —0.02 £ 0.23 (0.06)
CLDHGH, % 0.30 —0.00 £ 0.21 (0.84)
CLDMED, % 0.12 —0.07 £ 0.15 (0.56)
CLDLOW, % 0.14 0.14 + 0.12 (0.45)
PRECC, mm/year 4.93 —5.74 £3.19 (11.4)
PRECL, mm/year 2.05 0.79 £ 1.74 (6.10)
PBLH, m 1.37 —2.13 + 1.11 (4.33)

0.00 £ 0.05 (0.21)
—0.00 + 0.15 (0.66)
—0.32 + 0.18 (0.65)
~0.35 £ 0.14 (0.51)
—0.65 + 0.46 (2.06)
—0.41 +0.19 (0.84)
~0.06 + 0.46 (2.01)
—0.01 + 0.06 (0.20)
~0.06 = 0.20 (0.72)
~0.08 £ 0.10 (0.41)
0.21 + 0.15 (0.59)
~5.89 +2.41 (9.27)
0.78 + 1.45 (5.77)
—2.99 + 1.58 (5.77)

0.00 = 0.05 (0.20)
0.00 + 0.12 (0.43)
—0.30 £ 0.20 (0.79)
036 £ 0.13 (0.43)
—0.96 + 0.43 (1.32)
—0.42 £ 0.24 (0.88)
~0.08 £ 0.49 (1.83)
—0.01 + 0.20 (0.04)
—0.04 £ 0.17 (0.77)
~0.08 £ 0.11 (0.37)
0.18 = 0.11 (0.39)
~5.52 £3.30 (12.8)
0.31 + 2.08 (7.19)
—3.12 £ 1.78 (7.56)

“Note: Here Ts = surface temperature, FLNS = net surface long-wave flux, SHFLX = surface sensible heat flux, LHFLX = surface latent heat flux,
ASDIFR = land surface diffusive and direct albedo of solar radiation, CLDHGH = high cloud cover, CLDMED = middle cloud cover, CLDLOW = low
cloud cover, PRECC = convective precipitation rate, PRECL = large-scale precipitation rate, and PBLH = height of planetary boundary layer; o represents

the standard deviation of changes, range = maximum — minimum.

temperature change caused by BC during the 20-year inte-
gration period of OSST runs using all three different sets of
optical parameters (Figure 15a). Under the radiative forcing
by BC aerosols, the forced change of surface temperature
experiences a short warming period (year 2—5) then a long
but slight cooling period (year 6—18; note Model 3 showed a
weak warming trend at year 8, 11, and 14) and finally swings
upward again in the last two years. It is worthwhile to note
that the changes in annual mean surface temperature caused
by BC in many years during the model integration are clearly
smaller than the reference standard deviation, i.e., the mod-
eled natural variability (see also Table 6). The 20-year means
of BC caused change in surface temperature produced by
OSST model 1 run is —0.01°C or practically zero.

[32] The annual mean change in surface temperature
caused by BC derived from SOM runs shows a variation
between —0.1 and +0.3°C (Figure 15b). The 5-year running
average curve in the last ~20 year defines equilibrium with
a mean value of +0.09°C, slightly higher than the modeled
nature variability of 0.07°C (Figure 15b and Table 7). With
a limited heat capacity of the ocean, SOM runs perhaps
represent the upper limit of the system response to BC
forcings. Therefore it cannot be concluded that black carbon
will cause a significant global-scale change in the Earth’s
surface temperature based on the results of this study.

[33] However, in the regional scale, BC can cause signif-
icant changes in surface temperature over several locations,
including a warming across most part of the Eurasian
Continent and coolings over eastern China, most part of
North America, South America, and several places in
central Africa (not shown), all exceeding or close to the
natural variability of land surface temperature in these
places.

4.2. Response of Atmospheric Circulation
and Cloud Cover

[34] It has been found that introducing BC radiative effect
in the model has clearly altered the meridional sensible and
latent heat transport, convective fluxes, in particular over
the tropics, and thus the atmospheric circulation (Figure 16).

Deep convection in the north part of the ITCZ has been
clearly enhanced due to the existence of BC, while the
strength of convection in the south part of the ITCZ is
substantially reduced. The resultant cloud cover change
over tropics closely follows the change in convection. The
latitudinal distributions of meridional transport of heat in
BCRAD runs have also been modified compared with the
results of REF run, corresponding to the changes in con-
vective fluxes. The most substantial change in meridional
heat transport is a significantly enhanced northward flux
across the equator in the lower troposphere and an enhanced
southward transport in the upper troposphere over the same
latitudes. This change in meridional heat transport is initi-
ated by the enhancement of convection in the north side of
ITCZ, mainly caused by increased atmospheric instability
due to BC aerosols from highly polluted regions (Figure 16;
also Figures 2 and 6). The change in meridional heat
transport then in turn enhances convection in the north part
of the ITCZ while weakens convection in the south part so
that both the annual-mean and seasonal-mean convection
centers of the ITCZ has actually been shifted or modified.

Table 7. BC Caused Changes of Selected Parameters in
Comparison With Their Reference Standard Deviations Derived
Based on the Last 20 Years of Results of the SOM Model Runs

Last 20 Years
Mean + o (range)

Reference Standard
Deviation or

Ts, °C 0.07 0.09 + 0.07 (0.23)
Ts-land, °C 0.14 0.16 + 0.17 (0.59)
FLNS, W/m> 0.23 —0.31 £ 0.34 (1.16)
SHFLX, W/m? 0.12 —0.27 £ 0.17 (0.57)
SHFLX-land, W/m? 0.44 —0.46 + 0.58 (2.44)
LHFLX, W/m? 0.22 —0.26 + 0.34 (1.38)
LHFLX-land, W/m? 0.52 —0.32 +0.63 (2.11)
ASDIFR, x100 0.12 —0.02 £ 0.05 (0.17)
CLDHGH, % 0.40 0.11 £ 0.32 (1.15)
CLDMED, % 0.12 —0.04 + 0.16 (0.61)
CLDLOW, % 0.12 0.15 + 0.22 (0.78)
PRECC, mm/year 2.72 —3.58 +3.93 (14.8)
PRECL, mm/year 1.57 0.29 + 2.39 (9.56)
PBLH, m 1.86 —2.47 +2.56 (9.41)
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Figure 15. Forced changes of annual and global mean surface temperature by black carbon aerosols in
(a) OSST 20 year runs (upper panel) and (b) SOM 60 year runs (lower panel); each is derived by
subtracting the temperatures of the REF run from corresponding BCRAD runs. The solid lines show the
5-year running averages, the dotted lines show the reference standard deviations, and the thick solid line
in the lower panel shows the last-20-year mean. Global mean values are areca-weighted averages.

This positive feedback between convection and meridional
heat transport due to BC forcing has also been revealed by
Chung et al. [2002] and Menon et al. [2002] in studies
on the climate effect of absorbing aerosols over India
and China. Besides the changes in the tropics, convection
and associated cloud cover in the middle latitude of the
Northern Hemisphere from ~40 to 50°N are reduced. In
the high latitudes of the Northern Hemisphere, cloud cover
is increased without any clear connection to convection as
discussed in previous section.

[35] The global and integration means of changes in high
and middle cloud covers are not significant compared to

their natural variability while the change in low cloud cover
is slightly higher than its modeled natural variability
(Tables 6 and 7). However, the numbers of global means
of high and middle clouds might be misleading because the
modeled changes of these two types of clouds due to BC
forcings often have opposite signs across the equator and
can offset each other in the global mean calculation
(Figure 16a). Low cloud cover in OSST runs was slightly
increased throughout most period of the integration due to
BC caused cooling in the lower troposphere, while the high
and middle cloud covers both experienced an increase
(mainly in the first 8 years) and then decrease during the
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Figure 16. Ratios of BC caused changes to the standard deviations of these changes (note: not the
reference standard deviation) derived based on the monthly data of (a) total cloud fraction (top panel),
(b) total moist convective fluxes (middle panel), and (c) meridional transport of sensible heat (lower
panel). Results are zonal means based on the last 20-year averages from SOM runs. The moisture flux is
positive upward, and the meridional flux is positive northward.

20-year model integration. SOM runs provide a different
latitudinal distribution of cloud cover than OSST runs,
particularly between 15°S and 30°N (Figure 17a), due to
the different response of convection and thus atmospheric
circulations to BC forcings as previously discussed. Outside
the tropical and subtropical zones, the SOM results are close
to the OSST results. Note that the modeled global and

integration mean of high cloud cover has different signs in
SOM runs than in OSST runs (Tables 6 and 7).

4.3. Response of Precipitation

[36] It has been found that BC forcings lead to a signif-
icant decrease of convective precipitation rate in both SOM
and OSST runs. In fact, the change in convective precipi-
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Figure 17. Comparison of modeled latitudinal changes caused by BC between SOM and OSST runs in
(a) total cloud cover (in percentage, upper panel); and (b) precipitation rates (in mm/year). SOM run
results are the last 20-year means and OSST run results are 20-year integration means.

tation rate is among the most substantial climate effect of
BC acrosols found in this study (Tables 6 and 7). In OSST
runs, the change of convective precipitation rate caused by
BC is consistently on the negative side along the model
integration, while the change in large-scale precipitation
rate varied around the zero. The global mean value of
BC caused change in convective precipitation does not
reflect the significant changes in several latitudinal zones

(Figures 17b and 18a). In addition, the largest zonal mean
change in convective precipitation rate in SOM runs is
about 8 times as large as that in OSST runs (Figure 17b;
note the different vertical axes are used in this figure),
concentrated in the tropics. Opposite to the results of
convective precipitation, the latitudinal distributions of
changes in large-scale precipitation rate predicted by both
sets of model runs are quite close to each other.
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Figure 18. Modeled (a) annual mean (upper panel), (b) June—July—August mean (middle panel),
and (c¢) December—January—February mean (lower panel) of changes in convective precipitation rate
(mm/year) caused by BC. Data are derived using the last 20-year means of SOM runs.
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[37] During the period of June—July—August (hereafter
JJA), BC caused enhancement in convective precipitation
rate mainly occurs in the north part of the ITCZ, across the
central Pacific as well as over a large portion of the northern
Indian Ocean (Figure 18b). The maximum zonal-mean
enhancement is about 15% compared with the rate in REF
run. This zone of enhancement in precipitation is accompa-
nied by a narrow (latitudinal) band just south to it with a
significantly reduced convective precipitation rate (as large
as 23% reduction to the REF run result in a zonal-mean
base). These two zones approximately separated by the
equator and the northward meridional transport of heat
between these two zones has been substantially enhanced
(see also discussion in the previous section). In the central
South Pacific, a second zone of precipitation enhancement
appears along a not well-defined South Pacific Convergence
Zone (SPCZ) [Vincent, 1994], primarily due to dynamic
reason. In the period of December—January—February
(hereafter DJF), BC caused enhancement in convective
precipitation rate becomes weaker than in JJA (Figure 18c).
The distribution of regions with enhanced precipitation rate
is also different than that in JJA, expanded along the
northwest to southeast direction and from the east coast of
Africa, across the Indian Ocean, to the South Pacific. The
east part of this band is apparently distributed along the
SPCZ, which is much better defined during the Northern
Hemisphere winter than summer and clearly influenced by
not only dynamics but also the acrosols transported largely
from southeast Asia, Australia, and perhaps South Asia. The
maximum zonal-mean enhancement of convective precipi-
tation cause by BC during the months of DJF is about 7% in
the north part of the ITCZ. The largest reduction of
precipitation in the south part of the ITCZ during the same
period is about 6%. Interestingly, the similar pattern of
changes in convective precipitation over the Indian sub-
continent and the north Indian Ocean was also found by
Chung et al. [2002] using the CCM3 model with a clima-
tological SST data set and a prescribed aerosol forcing
profile of the observed haze layer over above region.

[38] Concentrated heavy precipitation bands in the tropics
traditionally define the ITCZ, which normally consist of a
north and a south band separated by the equator in a zonal-
mean base (except in the months of March—April—May).
The relative precipitation strength of the north band in
comparison with the south one is different in different
seasons. The finding in this study of the enhancement of
convective activity along with precipitation in the northern
portion and the reduction of these quantities in the southern
portion of the ITCZ induced by BC forcings suggests that
the location of the most concentrated zones of precipitation
and convective activity in the tropics can be switched or
modified due to the impact of BC aerosols.

5. Discussion and Conclusion

[39] This article has presented a three-dimensional inter-
active BC aerosol-climate model and the results of several
sets of relatively long numerical simulations using this
model, driven by a 20-year-long monthly dataset of
observed SST, a repeated 12-month climatological SST
data, or by a slab ocean model, all using a constant annual
emission of BC (14 TgCl/year).
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[40] It has been demonstrated that the actual radiative
forcings of BC derived using the interactive model exhibit
significant interannual variations related to the changes in
cloud cover and surface albedo, all caused by BC forcings
themselves. Under the influence of the indirect effects and
responses or feedbacks to BC direct forcings, the interactive
model runs provide smaller positive all-sky forcings at the
TOA and larger negative all-sky forcings at the surface than
the offline diagnostics (the direct forcings). With an abso-
lute amount 2 times higher than that of the TOA forcing,
the surface forcing by BC, which directly induces signifi-
cant changes to various climate parameters, is an important
factor in analyzing the climate impact of BC. Results from
this study and many previous ones [see Haywood and
Boucher, 2000; Penner et al., 2001; Ramaswamy et al.,
2001; Ramanathan et al., 2001a, 2001b; Chung et al.,
2002] challenge the practice of using only the TOA
radiative forcing by BC to project the possible climate
impact of BC.

[41] The radiative forcings of BC cause many changes to
the climate system including the circulation of the atmo-
sphere. As the results have demonstrated, responses of the
modeled climate to BC aerosol radiative forcings are
complicated, and in many occasions and locations the
resultant changes in the atmosphere or at the Earth’s surface
compensate each other.

[42] Among the most significant regional changes caused
by BC revealed in this study is the change in precipitation
rate and pattern. This “redistribution of precipitation” is
represented by the shift of precipitation centers in the tropics
and subtropical regions (mainly along the ITCZ and SPCZ)
as well as by the change in snow depth in the middle and
high latitudes of the Northern Hemisphere. Convection
and associated precipitation are found to be substantially
enhanced (as much as 15% in zonal-mean precipitation rate)
in the north portion of the ITCZ and south portion of the
SPCZ, while they are significantly reduced (up to 23% in
zonal-mean precipitation rate) in the south part of the ITCZ
and the north part of the SPCZ. BC effect also causes many
changes in meridional heat transport including an enhanced
northward flux in the lower troposphere and an enhanced
southward flux in the upper troposphere across the ITCZ.
Snow depth over many high or even midlatitude regions
in the Northern Hemisphere is found to be changed by
~120% and the surface albedo in these regions thus has
been modified.

[43] When compared with the model’s natural variability,
the most significant global-scale changes caused by BC
aerosols occurred in surface latent heat flux, surface net
long-wave flux, height of planetary boundary layer, con-
vective precipitation rate, surface sensible heat flux, and the
cover of low clouds (Figure 19, Tables 6 and 7), all related
to the hydrological cycle or near-surface heat budget and are
results of either direct forcing by BC at the surface or the
modified atmospheric circulation by BC. It is worth noting
that the actual changes of several parameters in certain
latitudes are much larger in absolute values than their global
means.

[44] It is important to indicate that the results of both
OSST and SOM model runs with an annual BC emissions
of ~14 TgC (note that similar numbers have been used
in several related studies) do not suggest a significant
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Figure 19. The means and standard deviations of BC caused changes of selected model variables
normalized using the corresponding reference standard deviations. Here Ts = surface air temperature,
FLNS = net long-wave flux at the surface, SH = surface sensible heat flux, LH = surface latent heat flux,
CLDH = high cloud cover, CLDM = middle cloud cover, CLDL = low cloud cover, PREC = convective
precipitation rate, PREL = large-scale precipitation rate, and PBLH = height of PBL. Two dash lines mark
the range of standard deviation of the REF run (normalized to be 1). Black squares label the means and
two bars extended from the mean represent the range of standard deviation of the change. The results are

from the last 20 years of SOM runs.

change in global mean surface temperature attributed to BC
forcings (note in particular that the SOM run results
represent the upper bound of the system response to BC
forcings). This is because the calculated surface temperature
change is determined by a subtle balance among changes in
surface energy budget as well as changes in the hydrological
cycle, all caused by BC radiative forcing. Although BC
caused changes in hydrological cycle or near-surface heat
budget are quite significant, the combined effect of them on
the global-mean surface temperature appears to be small. It
is worth noting that there are clear (some are significant)
differences between results using OSST or SOM model. A
good example is the BC caused changes in convection and
convective precipitation rate in the tropics.

[45] The results of this study show that the influences of
BC aerosols on climate and environment are more significant
in regional scale than in global scale. The regional climate
effects of BC are represented by persistent reduction or
enhancement of convection and cloud cover in certain
regions, as well as by altered precipitation rate and snow
depth then surface albedo. The changes in cloud cover caused
by BC forms a “non-Twomey-Albrecht” indirect forcing.
This NTAIF, in a global-mean base, tends to weaken the
positive BC solar forcing at the top of the atmosphere while
enhances the negative BC forcing at the Earth’s surface. This
study indicates several important feedbacks between BC
radiative effects and climate dynamics. In particular, BC
caused changes in surface albedo and in cloud cover are
responsible for the significant interannual variations of
BC’s clear-sky and all-sky radiative forcings, respectively,

and thus lead to significantly modified actual forcings by BC
compared to BC’s direct forcings. This suggests the impor-
tance of using interactive aerosol-climate models to address
the issues related to the climate impacts of aerosols.

[46] It is of course true that current descriptions of many
above-mentioned processes even in the most sophisticated
climate models still have room for improvement. In partic-
ular, simulations of aerosol behaviors in the GCMs like the
ones in this study are quite crude in some aspects, especially
those related to aerosol size-dependent processes or dealing
with microphysical conversions. This suggests a great
uncertainty in estimating possible changes in climate, espe-
cially in cloud processes and surface temperature, caused by
black carbon aerosols. A detailed analysis on this issue
clearly requires further improvement in the representations
of aerosol size distributions as well as mixing status in the
model. In addition, high-resolution mesoscale models with
more detailed physics and chemistry are needed to enhance
our knowledge of the climate effects of absorbing aerosols
and to provide possible improvements of climate models.

[471 A major simplification made in this study, i.e.,
assuming external mixing states of black carbon aerosols,
could influence the final results quantitatively. This assump-
tion could potentially lead to an underestimate of the forcing
strength of BC [Chylek et al., 1995; Fuller et al., 1999].
However, this simplification should not qualitatively change
the major conclusions other than enhancing them. Addition-
ally, the slab ocean model cannot accurately represent the
transient response of the atmosphere-ocean system to BC
radiative forcings, though the equilibrium results provided
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by this type of models can help us to understand the upper
limit of climate impact of BC aerosols. Future studies using
coupled atmosphere-ocean models and more comprehensive
aerosol modules will improve several shortcomings of this
study.
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