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Abstract

Aerosol direct radiative forcing (DRF) plays an important role in global climate change
but has a large uncertainty. Here we investigate aerosol DRF with GEOS-Chem-
APM, a recently developed global aerosol microphysical model that is designed to cap-
ture key particle properties (size, composition, coating of primary particles by volatile5

species, etc.). The model, with comprehensive chemistry, microphysics and up-to-date
emission inventories, is driven by assimilated meteorology, which is presumably more
realistic compared to the model-predicted meteorology. For this study, the model is
extended by incorporating a radiation transfer model. Optical properties are calculated
using Mie theory, where the core-shell configuration could be treated with the refractive10

indices from the recently updated values available in the literature. The surface albedo
is taken from MODIS satellite retrievals for the simulation year, in which the data set
for the 8-day mean at 1 km resolution for 7 wavebands is provided. We derive the total
and anthropogenic aerosol DRF, mainly focus on the results of anthropogenic aerosols,
and then compare with those values reported in previous studies. In addition, we ex-15

amine the anthropogenic aerosol DRF’s dependence on several key factors, including
the particle size of black carbon (BC) and primary organic carbon (POC), the density of
BC and the mixing state. Our studies show that the anthropogenic aerosol DRF at top
of atmosphere (TOA) for all sky is −0.41 W m−2. However, the sensitivity experiments
suggest that the magnitude could vary from −0.08 W m−2 to −0.61 W m−2 depending20

on assumptions regarding the mixing state, size and density of particles.

1 Introduction

Radiative forcing of atmospheric aerosols plays an important role in global climate
change, but it still remains the largest uncertainty among the various climate forcing
factors (IPCC, 2007). The uncertainties can be attributed to a number of issues, such25

as the emission of precursor gases and primary particles, parameterizations of physical

194

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/193/2012/acpd-12-193-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/193/2012/acpd-12-193-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 193–240, 2012

Aerosol direct
radiative forcing

based on
GEOS-Chem-APM

X. Ma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

and chemical processes, meteorological conditions, optical properties of aerosol par-
ticles, etc. There is a large amount of previous studies aiming to reduce the uncer-
tainties, e.g. the AeroCom aerosol model inter-comparison project, in which the unified
emission inventory was applied to all models. According to AeroCom inter-comparison,
large differences exist in aerosol burden and DRF, despite the emissions being exactly5

the same. Also, model diversity was not greatly reduced by unifying emissions, indicat-
ing that the greatest model differences are due to features such as meteorology and
aerosol treatments rather than from emissions (Kinne et al., 2006; Textor et al., 2007).

Aerosol properties, including aerosol size distribution, morphology, density and re-
fractive index, are also crucial to DRF. In many previous studies, aerosol size distribu-10

tion is often prescribed as a log-normal distribution (Lohmann et al., 1999; Takemura
et al., 2000), to avoid huge computational burdens associated with size-resolved mi-
crophysics simulations. The corresponding optical properties are calculated based on
the prescribed size distribution. With the advancements in computer technology, the
aerosol size distribution has been explicitly predicted online by a number of models in15

recent years (Liu et al., 2005; Ma et al., 2006; Yu and Luo, 2009). However, the pre-
dicted aerosol size distributions in various models remain quite different. The ongoing
AeroCom project “aerosol microphysics inter-comparison” will compare the modeled
aerosol size distributions in terms of various observations and reduce the uncertain-
ties of model results. The study of Koch et al. (2009) demonstrated that the DRF20

of BC is quite sensitive to the particle size. Their study showed that BC forcing is
higher (0.70 W m−2) for a particle effective radius of 0.06 µm, compared with the forcing
(0.47 W m−2) for a radius of 0.1 µm.

Density of BC in various model studies has been found to range from 1.0 to
2.0 g cm−3 (Koch et al., 2009), which is one of the reasons behind the large diver-25

sity of aerosol radiative forcing. Jacobson (2000) estimated the impact of BC density
on radiative forcing, and concluded that BC forcing increases from 0.41 to 0.54 W m−2

when the density of BC decreases from 1.75 to 1.25 g cm−3. Bond and Bergstrom
(2006) reviewed a large amount of measurements and recommended that the density
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of BC should be 1.7–1.9 g cm−3 and that the use of 1.0 g cm−3 should be abandoned.
This implies that the BC absorption and DRF in many previous studies, assuming lower
BC density, have been overestimated.

The refractive index varies with the aerosol chemicals. For weakly-absorbing aerosol
species, e.g. sulfate and sea salt, the refractive indices used in the model are com-5

monly accepted. However, for strongly-absorbing particles, e.g. BC and dust, there is
not yet a consensus for the values of refractive indices. Bond and Bergstrom (2006)
pointed out that the value for BC commonly used by climate models (m= 1.74–0.44i
at 550 nm) represents none of the possible refractive indices. Instead, they recom-
mended that a refractive index of 1.95–0.79i at 550 nm, based on the most measure-10

ments reported in the literature, be used instead. Stier et al. (2007) investigated how
the values of refractive index applied in the global model impact the radiative forcing,
and found that atmospheric absorption for anthropogenic aerosols increases from 0.74
to 1.21 W m−2, and all-sky TOA forcing decreases from −2.51 to −2.24 W m−2 if the
imaginary part increases from 0.44 to 0.79.15

Surface conditions, in particular surface albedo, impact DRF significantly. Aerosol
forcing for both TOA and surface forcing is generally more negative for lower surface
albedo and less negative when surface albedo increases. For scattering aerosol parti-
cles, forcing is always negative except when surface albedo is close to unity (Li et al.,
2008). However, the behavior of absorbing particles is quite different. For example,20

the study of Liao and Seifeld (1998) shows that dust forcing for clear-sky conditions
increases from negative (cooling) to positive (heating) as surface albedo increases,
whereas TOA forcing for all-sky is positive for all surface albedo. Stier et al. (2007)
tested the sensitivity of radiative forcing on surface albedo, and their results showed
that the total aerosol forcing at TOA for clear-sky (all-sky) is −4.19 (−2.62) and −3.5525

(−2.09) W m−2 for the AeroCom minimum surface albedo (global mean of 0.18) and
the maximum surface albedo (global mean of 0.36).

In addition, the aerosol mixing state is also critical for the aerosol burden, opti-
cal depth, and DRF. Murphy et al. (1998) found that almost all aerosols > 0.13 µm
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in the remote South Pacific Ocean boundary layer contained sea salt, indicating that
externally-mixed particles were rare. Mixing rules and their impact on DRF have been
explored by previous studies (Chylek et al., 1995; Lesis et al., 2002), which found that
absorption of internally mixed BC is amplified compared to the externally mixed case.
Experiments in aerosol chamber also measured this amplification (Schnaiter et al.,5

2005). In fact, BC particles are irregularly shaped and mostly solid, so BC is not well-
mixed (i.e. internal mixing) with other components. Instead, the mixing is a core-shell
configuration with BC particles serving as the core and other soluble particles func-
tioning as the shell. Jacobson’s (2000, 2001) simulations found that BC forcing with
the core-shell treatment is 50 % higher than forcing obtained with the externally-mixed10

treatment, and it was suggested that the real forcing by BC probably fell between that
from an external mixture and that from a coated core.

As mentioned above, all these factors complicate the understating of aerosol DRF.
Although previous studies have been conducted, large uncertainties still remain. Fur-
ther studies are needed.15

GEOS-Chem is a global chemical transport model and is able to simulate compre-
hensive chemical reactions and produce the prognostic chemical species (e.g., Bey
et al., 2001), rather than the prescribed chemical species as done by many previous
global climate models. Therefore, the chemical fields associated with aerosol produc-
tion are likely to be more accurate, reducing the uncertainties of aerosol prediction.20

The emission inventories in GEOS-Chem have been kept up to date, which ensures
that the emission inventories in the model are consistent with the real conditions, so
as to reduce the bias of simulations due to emissions. Also, the model is driven by as-
similated meteorology, which is presumably more reasonable than the model-produced
meteorology. Recently, Yu and Luo (2009) incorporated an advanced particle micro-25

physics (APM) model into GEOS-Chem. The resulting GEOS-Chem-APM is a prog-
nostic multi-type, multi-component, size-resolved aerosol microphysics model, includ-
ing state-of-the-art nucleation schemes and condensation of low volatile secondary
organic compounds from successive oxidation aging.

197

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/193/2012/acpd-12-193-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/193/2012/acpd-12-193-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 193–240, 2012

Aerosol direct
radiative forcing

based on
GEOS-Chem-APM

X. Ma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Given the advantages of GEOS-Chem-APM, the main objective of this study is to
investigate DRF of aerosols, particularly anthropogenic aerosols, based on the GEOS-
Chem-APM model. Possible uncertainties of simulations will be discussed as well.
The paper is organized as follows. In Sect. 2, the model description and experiment
setup are outlined. In Sect. 3, the results of model simulations and comparisons with5

observations are described. In Sect. 4, we mainly focus on the results of anthropogenic
aerosol DRF and discuss the uncertainties. Summary will be given in Sect. 5.

2 Model description and extensions

We employ the GEOS-Chem-APM model, in which a size-resolved aerosol micro-
physics model has been coupled with a global chemistry transport model (GEOS-10

Chem). In order to study aerosol optical depth (AOD) and DRF, the model has been
extended by including a look-up table derived from Mie code, to calculate aerosol op-
tical properties (Yu et al., 2012), and a radiation transfer model to estimate radiation
fluxes.

2.1 GEOS-Chem-APM model15

The GEOS-Chem model is a global 3-D model of atmospheric composition driven by
assimilated meteorological observations from the Goddard Earth Observing System
(GEOS) of the NASA Global Modeling Assimilation Office (GMAO). The model has
been developed and used by many research groups and contains a number of state-
of-the-art modules treating various chemical and aerosol processes (e.g., Bey et al.,20

2001; Martin et al., 2003; Park et al., 2004; Evans and Jacob, 2005; Liao et al., 2007;
Fountoukis and Nenes, 2007) with up-to-date key emission inventories (e.g., Guenther
et al., 2006; Bond et al., 2007).

The APM model, incorporated into GEOS-Chem by Yu and Luo (2009), is an ad-
vanced multi-type, multi-component, size-resolved microphysics model. The basic25
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microphysical processes in the model include nucleation, condensation/evaporation,
coagulation, thermodynamic equilibrium with local humidity, and dry and wet deposi-
tion. The APM model is very flexible in specifying the number of bins, number of com-
positions, and number of types of aerosols to be simulated. In the model, a number of
schemes/algorithms that improve the computing efficiency have been designed (Yu and5

Luo, 2009). Pre-calculated look-up tables are extensively used for nucleation rate and
coagulation kernel calculations, which substantially reduce the computing time. The
bin resolution can be variable, which means that a high size resolution can be used for
a certain size range while low resolution is used for other size ranges. The model also
allows different time steps and automatically decides the optimum time steps for com-10

puting efficiency without sacrificing accuracy. Prognostic aerosol compositions include
Secondary Particles (SP, containing sulfate, ammonia, nitrate and SOAs), BC, primary
organic carbon (POC), sea salt and mineral dust. The formation of new particles is
calculated with the ion-mediated nucleation mechanism (Yu, 2010). The contributions
of nitrate, ammonium, and SOAs to secondary particle growth are considered. The15

coating of secondary species on primary particles (sea salt, BC, POC, and dust) is
explicitly simulated. The model has been validated with a large number of relevant
aerosol measurements (Yu and Luo, 2009; Yu et al., 2010, 2012; Yu, 2011).

2.2 Mie calculation of aerosol optical properties

The key particle optical properties used for aerosol DRF calculation include extinction20

efficiency (Qext), single scattering albedo (w), and asymmetry parameter (g). A com-
putationally efficient scheme, in terms of lookup tables, has been designed and devel-
oped to calculate online the aerosol optical properties that take advantage of impor-
tant particle information (sizes, compositions, coating of primary particles by volatile
species, hygroscopic growth, etc.) predicted by APM (Yu et al., 2012). The lookup25

tables are derived from the core-shell Mie scattering model of Ackerman and Toon
(1981). The values of Qext, w and g depend on wavelength (λ), core diameter (dcore),
shell diameter (dshell), and real (kr) and imaginary (ki) components of refractive index

199

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/193/2012/acpd-12-193-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/193/2012/acpd-12-193-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
12, 193–240, 2012

Aerosol direct
radiative forcing

based on
GEOS-Chem-APM

X. Ma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

(k =kr−kii ). For given values of λ, dcore, dshell, kr, ki, Qext, w and g can be obtained us-
ing the look-up table with an efficient multiple-variable interpolation scheme. The global
aerosol optical properties predicted by GEOS-Chem-APM have been compared with
AERONET, MODIS, and MISR measurements and reasonable agreement has been
achieved. More detailed information about the calculation of aerosol optical properties5

in GEOS-Chem-APM can be found in Yu et al. (2012).

2.3 Radiation transfer model

The 1-D radiation transfer model of the Canadian Center for Climate Modeling and
Analysis (CCCma) has been adapted and incorporated into the GEOS-Chem-APM,
to calculate shortwave fluxes over four solar bands (0.20–0.69, 0.69–1.19, 1.19–10

2.38, 2.38–4.00 µm) and longwave fluxes over 9 infrared spectral intervals (4.0–4.5,
4.5–5.5, 5.5–6.5, 6.5–9.0, 9.0–10.0, 10.0–12.5, 12.5–18.5, 18.5–27.9, 27.9–40.0 µm).
The model includes molecular Rayleigh scattering, gas absorption, cloud effects, and
aerosol scattering and absorption. This radiation model is a correlated k-distribution
scheme for gaseous transmission (Li, 2002; Li and Barker, 2002, 2005). For shortwave15

radiation, water vapor, CO2, O3, CH4 and O2 are considered for gaseous transmis-
sion. For longwave radiation, water vapor, CO2, O3, CH4, N2O, CFC11 and CFC12 are
considered for gaseous transmission.

This radiation transfer model had been integrated into CCCma global climate mod-
els (CCCma/CCC, McFarlane et al., 1992; CCCma/AGCM, Scinocca et al., 2008) since20

IPCC TAR (IPCC, 2001) for climate studies in the last few decades, weather forecast
models (GEM, Côté et al., 1998) and air quality prediction models (GEM-MACH, Talbot
et al., 2008) within Environment Canada. CCCma GCMs is one of 7 GCMs participat-
ing in IPCC climate change assessment since 1990 (IPCC, 1990, 2001, 2007). Some
previous work on radiative forcing of aerosols based on this radiation transfer model25

can be found in the studies of Li et al. (2008) and Ma et al. (2008).
In the present study, the atmospheric vertical profiles of pressure, temperature,

ozone and water vapor mixing ratios are provided by GEOS-Chem meteorological
200
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fields. The sun zenith angle, cloud cover and cloud water path (both liquid and ice)
are also taken from GEOS-Chem. The assimilated surface albedo in GEOS-Chem is
for visible band and UV band only. Although the dependence of radiative forcing on
surface albedo has been investigated in earlier studies using a 1-D column radiation
transfer model (Liao and Seinfeld, 1998; Li et al., 2008), large uncertainties exist for5

the radiative forcing caused by surface albedo. This is because surface albedo used
in the current global models remains quite uncertain, e.g., Stier et al. (2007) derived
the upper and lower estimates of the global surface albedo distribution from AeroCom
models and found the radiative differences could be quite different. Currently, surface
albedo could be explicitly predicted by coupling a land surface model in GCMs models,10

but the modeled surface albedo largely depends on whether the land surface model
could predict surface albedo accurately enough. In addition, prescribed surface albedo
used in global models is often for solar broadband or visible-band albedo, instead of
spectral-dependent surface albedo. In this study, surface albedo over land is replaced
by MODIS satellite retrieval product MOD43B3 from LP DAAC (Land Processes Dis-15

tributed Active Archive Center, NASA, 2001). The data provides the 8 day mean sur-
face albedo, at 1 km resolution, for MODIS wavebands 1–7 (620–670 nm, 841–876 nm,
459–479 nm, 545–565 nm, 1230–1250 nm, 1628–1652 nm, 2105–2155 nm). The sur-
face albedo in the MODIS bands 1–7 is interpolated to the four bands of the CCCma
radiation transfer model.20

3 Modeled aerosol properties and comparisons

The GEOS-Chem v8-03-02, with a horizontal resolution of 4◦×5◦ and 47 vertical layers
up to 0.01 hPa (GEOS-5 meteorological fields), is used for the present simulation. The
simulations start from October 2005 with the first three months as spin up. A one year
simulation in 2006 is used for analysis. The assimilated meteorological dataset and the25

aerosol primary and precursor emissions for this year are used as input. The calculated
aerosol burden, optical depth and DRF are presented in this section.
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3.1 Aerosol emission and burden

Sulfur emission is based on the Emissions Database for Global Atmospheric Research
(EDGAR) inventory (Olivier et al., 2001), while the emissions over the United States,
Canada, Mexico, Europe and East Asia are replaced by the Environmental Protection
Agency (EPA/NEI05) inventory, the Criteria Air Contaminants (CAC) emissions den-5

sity maps, the Big Bend Regional Aerosol and Visibility Observational (BRAVO) Study
emissions inventory (Mark et al., 2003), the European Monitoring and Evaluation Pro-
gram (EMEP) inventory and the Transport and Chemical Evolution over the Pacific
(TRACE-P) inventory (Streets et al., 2003), respectively.

Carbonaceous aerosol emissions mainly result from fossil fuel and bio-fuel combus-10

tion and biomass burning. In this study, anthropogenic carbonaceous emissions used
Bond et al. (2004)’s fossil fuel and bio-fuel inventories, while biomass burning emis-
sion is based on Global Fire Emissions Database Version2 (GFED2) monthly open
fire inventory (van der Werf et al., 2006). Carbonaceous aerosols in GEOS-Chem are
divided into hydrophilic and hydrophobic species. Conversion of hydrophobic to hy-15

drophilic carbonaceous aerosols takes place with an e-folding time of 1.2 days based
on Cooke et al. (1999).

Size-resolved sea salt production is parameterized by Gong et al. (1997). Earlier
studies indicate that the schemes of sea salt production, which depend on wind speed
solely, often fail to capture the sea salt production over the tropics (Gong et al., 1997;20

Ma et al., 2008). A recent study by Jaeglé et al. (2011) combined in situ measurements
of aerosol optical depth from MODIS and AERONET and global model simulations
to provide new constraints on sea salt production over the ocean. They derived an
empirical sea salt source function depending on both wind speed and SST. We applied
this modified scheme in GEOS-Chem-APM for the study.25

The size-dependent emission of dust particles is calculated with the dust emission
module described in Fairlie et al. (2007). Global ammonia and NOx sources are as
described by Park et al. (2006). The emissions of volatile organic compounds are
described in Liao et al. (2007).
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The anthropogenic aerosol emissions in GEOS-Chem-APM are listed in Table 1.
The total sulfur emission (S+) is 52.5 Tg yr−1, with 51.1 Tg yr−1 from fossil fuel, and 1.2
and 0.2 Tg yr−1 from wildfires and biofuel, which is slightly lower than the emissions
from AeroCom (55.7 Tg yr−1). The emission of BC and POC (6.3 and 31.5 Tg yr−1) are
quite similar to those in AeroCom (6.4 and 31.7 Tg yr−1). The natural sulfur emissions5

summarized in Table 2 shows that the sulfur emissions in GEOS-Chem-APM are also
quite similar to that in AeroCom.

The modeled annual mean aerosol burden is presented in Fig. 1. It is shown that the
GEOS-Chem-APM model could reasonably reproduce the major features and spatial
patterns for the different aerosol species, e.g. high SP burden over the industrial areas10

in the Northern Hemisphere, high sea salt burden over the Southern Ocean and North
Pacific and Atlantic due to strong winds, high POC and BC over South Africa and South
America due to biomass burning and over Europe, and especially in East Asia mainly
due to industrial emissions, high dust burden in North Africa, East Asia and Australia. In
addition, the high SP burden was found over South America and Africa. As mentioned15

in Sect. 2.1, SP in this study includes the contribution of SO4, NH4, NO3, SOA and
MSA, so the SP contribution in these regions is mainly due to SOA. Secondary Species
(SS) coated on primary particles are generally much lower than those remaining in SP,
but a large fraction (up to 50–80 %) (Yu et al., 2012) can become coated on various
primary particles in certain regions, particularly in East Asia.20

The global annual mean anthropogenic aerosol burden from GEOS-Chem-APM is
summarized in Table 3. The modeled aerosol burdens for sulfate, BC and POC are
all within the range of AeroCom. The fraction of sulfate from anthropogenic aerosols
(60 %) is within the range of AeroCom, but the fractions of POC (80 %) and BC (100 %)
are much higher than that of AeroCom. It should be noted that BC and POC from all25

biomass burnings are taken as anthropogenic aerosols in this study, while biomass
burning in AeroCom is considered both anthropogenic and natural, so the contribution
of their optical depths to the total optical depth (both anthropogenic and natural) is
higher in this study than those in AeroCom.
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Sea salt and mineral dust are the most abundant natural aerosol species. The
GEOS-Chem-APM simulated sea salt and dust burdens are also listed in Table 4. It is
shown that they are all well within the range of AeroCom, and close to the AeroCom
mean values.

As we discussed above the GEOS-Chem-APM could produce reasonable aerosol5

burdens in terms of other models. However, it is more important to compare the model
performance with observations. In this study, we used several aerosol observational
datasets at the surface to validate the simulated aerosol concentrations. The datasets
used to validate sulfate concentrations come from three different sources. The first
one provides non-sea-salt sulfate concentrations over industrial regions, the Arctic and10

sub-Arctic, ocean and Antarctic (Chin et al., 1996). The second one includes many
measurement sites over North America from IMPROVE (http://vista.cira.colostate.edu/
IMPROVE/) in 2006. Additional data (Prospero and Savioe, personal communication)
give sulfate concentrations over the ocean and downwind of emission sources. Fur-
thermore, observed BC surface concentrations over the United States, Europe and15

Asia are used for BC comparison (Koch et al., 2009).
A comparison of simulated and observed sulfate concentrations is shown in Fig. 2

(left plot). This scatter plot shows the simulated concentration versus observations for
the annual mean. Overall, the simulated sulfate concentrations agree well with the
observations, particularly in the United States, where the emission inventory is kept20

up to date. It is also noted that the simulated concentrations are slightly lower than
observations, especially for those sites in remote areas. Although many factors could
contribute to the model underestimation, aerosol inter-annual variability could be one
of the reasons.

Figure 2 (right plot) compares simulated BC concentrations with observations. The25

observed data set for the United States are from the IMPROVE network (1995–2001),
while Europe’s are from the EMEP network (2002–2003). Some 2006 Asian data are
from Zhang et al. (2009), while additional data, mostly from the late 1990s, are refer-
enced in Koch et al. (2007). It is shown that the simulated BC over the United States

204

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/12/193/2012/acpd-12-193-2012-print.pdf
http://www.atmos-chem-phys-discuss.net/12/193/2012/acpd-12-193-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://vista.cira.colostate.edu/IMPROVE/
http://vista.cira.colostate.edu/IMPROVE/
http://vista.cira.colostate.edu/IMPROVE/


ACPD
12, 193–240, 2012

Aerosol direct
radiative forcing

based on
GEOS-Chem-APM

X. Ma et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

and Europe are slightly lower than observations, but overall still in good agreement.
However the simulated BC concentrations are significantly lower than observations in
Asia, indicating that the BC emission inventory needed to be improved and updated.

3.2 Aerosol optical depth (AOD)

Aerosol optical depth (AOD) represents the extinction efficiency of aerosols, including5

scattering and absorption. Figure 3 shows the simulated annual mean AOD at a wave-
length of 550 nm from GEOS-Chem-APM model and its comparison with AERONET
(Holben, 1998), MISR (Martonchik et al., 1998) and MODIS (Kaufman et al., 1997;
Remer et al., 2005) satellite retrievals. AEORNET level 2.0 data (cloud-screened and
quality-assured) at 500 nm, with at least 8 months of available data, are included in the10

comparison. MISR (Multi-angle Imaging SpectroRadiometer) AOD data used here is
the monthly level-3 product with a resolution of 0.5◦×0.5◦. Annual averaged AOD at
555 nm (green band) for the year 2006 is applied for comparison with the model sim-
ulation. MODIS (Moderate Resolution Imaging Spectroradiometer) AOD data is taken
from the monthly level-3 product from Aqua (MYD08 M3.051) with 1◦×1◦ degree reso-15

lution, and combined with deep blue product, which is the separate product specifically
retrieved for the AOD over desert regions. The annual averaged AOD at 550 nm is
used for comparison. Overall, the APM model captures the basic features observed
in both MISR and MODIS, e.g. the maximum AOD occurs over North and West Africa
due to Saharan dust, the maximums over East Asia, India, Europe and North America20

are mainly due to industrial fossil fuel emission, while the South American peak is due
to biomass burning. The simulated spatial distribution and magnitude of AOD are also
consistent with AERONET observations. More detailed description of calculations of
AOD and comparison with observations could be found in Yu et al. (2012).

The aerosol absorption optical depth (AAOD) is calculated as AAOD = AOD ∗ (1−25

SSA), where SSA is the single scattering albedo. The spatial pattern of AAOD (Fig. 4)
corresponds to the distribution of the strong absorbing aerosols, including BC and min-
eral dust. Therefore, high AAOD were found over land, specifically over the Saharan
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desert, East Asia, Arabian peninsula, Australia, South America and North America,
etc. The global annual mean AAOD is small (0.002) compared with total AOD (0.15),
but absorption in the atmosphere by aerosols does strongly influence the radiation flux
and atmospheric vertical profile.

The aerosol mixing state in GEOS-Chem-APM is explicitly prognostic (Yu and Luo,5

2009). Primary aerosol particles, including sea salt, mineral dust, POC and BC, could
be coated by SP once emitted, via the processes of condensation and coagulation.
Semi-external mixing is physically more reasonable and consistent with the observa-
tions, so the results below are all based on the assumption of semi-externally mixed
aerosols. The effect of different mixing states on radiative forcing will be discussed in10

Sect. 4.

3.3 Shortwave (SW) DRF by total aerosols

DRF is defined as the difference between net shortwave flux with and without aerosols.
Figure 5 shows the DRF at TOA and surface for clear sky and all sky (cloud included).
The results shown here include DRF from both natural and anthropogenic aerosols.15

Over clear sky condition, it is shown that the overall effect of aerosols on the earth-
atmosphere system is cooling everywhere. The strong cooling occurs over East Asia,
Europe and North America due to the large amount of anthropogenic emissions, while
over the Southern Ocean, North Atlantic and North Pacific it is due to high sea salt
production. At the surface, DRF is always negative, indicating strong cooling induced20

by total aerosols. The stronger cooling areas are consistent with the cooling at TOA
since aerosol particles scatter a large amount of incoming solar radiation, so less solar
radiation reaches the surface. In addition, there is a strong cooling found over Africa,
because the mineral dust particles absorb solar radiation which reduces the downward
flux. For all sky condition, aerosol DRF decreases compared to clear sky conditions for25

both TOA and the surface because of the cloud effect.
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It is shown that the global annual mean SW DRF due to total aerosols over all sky is
−4.1 and −5.3 W m−2 at TOA and the surface, respectively. The magnitude of surface
forcing is much larger than the TOA forcing because of the strong absorption of solar
radiation by the atmosphere (1.2 W m−2). The change in atmospheric flux equals TOA
forcing minus surface forcing.5

3.4 Longwave (LW) radiative forcing by aerosols

We also examine the aerosol longwave radiative forcing. Since the LW radiative forcing
is generally minor for smaller particles (Li et al., 2002) and sea salt (Ma et al., 2008),
only radiative forcing by mineral dust is investigated here. As shown in Fig. 6, LW ra-
diative forcing at TOA is positive (warming), with the maximum around 1 W m−2 annual10

average over the Saharan desert. Globally, the averaged LW radiative forcing (mineral
dust) is negligible (+0.1 W m−2) compared to the SW radiative forcing (−4.1 W m−2), so
we will focus on SW radiative forcing in the next sections.

4 Anthropogenic aerosol DRF and uncertainties

In the last section, we presented the GEOS-Chem-APM simulated aerosol concentra-15

tions and comparisons with observational datasets, AOD and DRF for total aerosol
(both anthropogenic and natural). Compared to the total aerosols, anthropogenic
aerosols have been believed to exhibit a more important impact on climate change
since the industrial revolution. According to the IPCC AR4 report, the estimation of
global mean DRF by anthropogenic aerosols still remains a wide range (from −0.1 to20

−0.9 W m−2), so further studies are necessary to more accurately estimate DRF due to
anthropogenic aerosols. In this section, we mainly focus on the estimation of DRF due
to anthropogenic aerosols. We also discuss the uncertainties of aerosol size and den-
sity, surface albedo and mixing state on the DRF. All experiments and their descriptions
are listed in Table 5.25
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4.1 DRF induced by anthropogenic aerosols

Based on the experiments listed in Table 5, we conducted the second set of experi-
ments to obtain the DRF induced by anthropogenic aerosols, but with the emissions
from anthropogenic aerosol emissions turned off. The differences of DRF between the
first set of experiments (total aerosols) and the second set (natural aerosols) will be5

taken as the DRF from anthropogenic aerosols.
Figure 7 presents the annual mean anthropogenic aerosol DRF at TOA, atmosphere,

and surface for all sky. It is shown that anthropogenic aerosols cause a net cooling
(negative DRF at TOA) in most regions, except a net warming (positive DRF at TOA)
over South America which should be attributed to BC as we treat all biomass burning10

as anthropogenic source in the present study. DRF at TOA is significantly higher in Asia
than other areas most likely because of the substantial increase in industrial emissions
over the last decade. Atmospheric absorption from anthropogenic aerosols, mainly
due to BC particles, is linked to fossil fuel emission and biomass burning. As more
incoming solar radiation was absorbed by the atmosphere, less solar radiation reaches15

to the surface. Thus, DRF at surface becomes more negative. The magnitude of the
global mean anthropogenic aerosol DRF based on GEOS-Chem-APM is −0.41, 0.72,
−1.13 W m−2 at TOA, atmosphere and surface, respectively.

Table 6 summarizes the basic model characterization and results in GEOS-Chem-
APM and AeroCom. Aerosol size distributions are represented based on a modal20

approach in several models, but represented with a bin approach in most models.
Much higher bin resolution is used in the GEOS-Chem-APM model, so that the aerosol
size distribution could be simulated more realistically. It is also noted that most mod-
els treat aerosol particles as externally mixed. GEOS-Chem-APM is designed to
explicitly predict the spatial-temporal variations in the degree of particle mixing, i.e.25

being semi-externally mixed. The DRF values simulated in GEOS-Chem-APM are
within the ranges generated by the various models, with a slightly stronger cooling
in the earth-atmosphere system than most models. The atmospheric forcing from
GEOS-Chem-APM is in the lower part of the range (0.66, 1.14), possibly because
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of the values of BC size and density applied in the models. We will examine the DRF
by changing the BC size and density in the next section. The comparisons of aerosol
burden, optical depth (τaer) and normalized RF per unit τaer are also listed in the Ta-
ble. These results all agree well with the AeroCom models. The difference between
DRF for clear sky and all sky conditions in GEOS-Chem-APM is slightly lower than the5

differences in most models, indicating that the effect of clouds in GEOS-Chem-APM is
relatively weak. More work associated with parameterizations of cloud microphysics
(cloud cover, cloud radius, liquid and ice water content, etc.) need to be carried out in
the future.

Zonal mean DRF (Fig. 8) shows clearly that most of the anthropogenic aerosol DRF10

is most prominent in the Northern Hemisphere, particularly over major industrial re-
gions. The largest DRF occurs around 30◦ N, with the annual mean values up to −1.4,
1.9 and −3.3 W m−2 at TOA, atmosphere and surface, respectively. In contrast, anthro-
pogenic DRF from 50◦ S to 90◦ S is trivial.

The seasonal variability of anthropogenic aerosol DRF is shown in Fig. 9. We see15

that the DRF at TOA is higher in MAM (March, April and May) and JJA (June, July,
and August) than in SON (September, October and November) and DJF (December,
January and February), due to low oxidation concentrations and oxidation rates in the
latter two seasons (Ma and von Salzen, 2006). The biomass burning-induced posi-
tive DRF at TOA over the Amazon also shows significant seasonality, with the largest20

positive DRF in SON (dry season). It is also noted that atmospheric absorption is
stronger in MAM and JJA, especially over the high latitudes in Northern Hemisphere,
and is possibly associated with the strong transport and frequent convection in these
seasons. The DRF at surface, therefore, becomes more negative over these regions in
MAM and JJA. Figure 10 shows the global averaged monthly mean radiative forcing in25

2006, with the largest DRF at TOA in April (−0.55 W m−2) and the smallest in August
(−0.18 W m−2). The strongest atmospheric absorption occurs in May (0.95 W m−2) and
weakest in November (0.47 W m−2), while the corresponding DRF at the surface is
−1.46 W m−2 and in −0.87 W m−2.
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4.2 Uncertainties of anthropogenic aerosol DRF

As discussed, quite a few factors could cause the bias of the simulated DRF. The
GEOS-Chem is driven by the assimilated meteorological fields, which provides the
relatively accurate meteorology into the model compared to the model-produced me-
teorology. In the study, we also employed the updated aerosol refractive indices for5

various components to reduce the uncertainties. In addition we applied the waveband-
variable surface albedo from MODIS satellite retrievals to constrain the uncertainties.
In this section, we will examine the uncertainties in our results from other factors in-
cluding particle size, density and the mixing state by conducting a number of sensitivity
experiments specified in Table 5.10

4.2.1 BC and POC particle size

In this study, SP, sea salt and mineral dust particle size distribution are prognostic by
using 40, 20 and 15 size bins. The tracers for POC and BC are not treated as size
resolved, thus the particle size are prescribed according to observations or simple as-
sumptions. The prescribed particle size of BC remains a large range, e.g. in AeroCom15

models BC size ranges from 0.01 to 0.8 µm in mass median diameter (Koch et al.,
2009). Dentener et al. (2006) recommended a mode diameter of 30 nm, a standard
deviation of 1.8 for fossil fuel BC (BCFF), a mode diameter of 80 nm and a standard
deviation of 1.8 for biofuel and biomass burning (BCBB). The mode diameters recom-
mended by Dentener et al. (2006) appears to be much smaller than those observed20

(Eastwood, 2008; Weimer et al., 2009). The study of Yu and Luo (2009) suggested that
the large values, i.e. number median diameter of 60 nm and 150 nm for BCFF and BCBB,
should be used to properly predict the contribution of BC to the number concentration
of total particles.

To explore the effect of BC and POC particle size on the anthropogenic aerosol25

DRF in the study, we conducted a pair of experiments in which the size of BC and
POC will be reduced to the half of the original size (experiment BCOCsize in Table 5).
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The DRF (left column) and its change (right column) relative to the base run at TOA,
atmosphere and surface for all-sky condition are shown in Fig. 11. It is shown that in
the experiment BCOCsize, i.e. if BC and POC particles become smaller, atmospheric
forcing increases (0.34 W m−2) as the atmospheric absorption enhances for the smaller
core (BC) particles (Bond et al., 2006). Although smaller POC particles scatter more5

solar radiation, there is much weaker scattering from SP particles due to the fact that
more SP particles are coated on BC particles. Therefore, the overall effect is that
aerosols scatter less solar radiation back to the space, so the DRF at TOA is less
negative (−0.08 W m−2). In contrast, reducing the particle size of BC and POC will
not cause any significant change to the DRF at surface, as aerosols scatter less solar10

radiation back to the space but absorb more solar radiation in the atmosphere.

4.2.2 Density of BC

The density of BC remains large uncertainty as well, i.e. BC density ranges from
1.0 g cm−3 to 2.0 g cm−3 among AeroCom models. Bond et al. (2006) reviewed mea-
surements and recommended that the density of light absorption BC would be 1.7–15

1.9 g cm−3, while the use of 1.0 g cm−3 should be abandoned. The density of BC used
in the model will influence the predicted BC number concentration and, subsequently,
AOD and DRF.

We launched a run (BCden1.2) in which the density of BC is equal to 1.2 g cm−3,
rather than 1.8 g cm−3 as in the base run. The DRF and its change relative to the20

base run are presented in Fig. 12. We can see that atmospheric absorption increases
(0.47 W m−2) if a smaller density (1.2 g cm−3) is applied, since there will be more BC
particles and, thus a higher AAOD and atmospheric absorption. It is noted that the
most significant change mainly occurs in the BC source regions and the high latitudes
in the Northern Hemisphere due to transport of BC particles to the region, DRF at TOA25

only changes a little (0.07 W m−2), but the DRF at surface becomes more negative
(−1.52 W m−2) due to stronger atmospheric absorption. Therefore, using a different
density of BC will not cause a significant change of DRF at TOA, but it does change
the atmospheric vertical profile significantly.
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4.2.3 Aerosol mixing state

Previous global models often assumed aerosol particles to be externally mixed (as
shown in Table 6), in which the chemical components occur as independent parti-
cles. In contrast, some studies assume aerosols to be internally mixed, i.e. component
mixed in each individual particle. Observations indicate that soluble aerosol compo-5

nents, such as sulfate, hydrophilic organics, ammonia and nitrate are often well-mixed,
but hydrophobic BC particles are rarely well-mixed with other particles. Instead, BC
particles will serve as a concentric core on which the hygroscopic particles condense
and coagulate. This core-shell coating mixture (i.e. semi-external mixing) has been
supported by observations and simulations, e.g., Jacobson (2001) used a global model10

which accounts for a wide range of atmospheric aerosol processes (i.e. condensation,
coagulation, and nucleation), and found that, within five days, more than 60 % of the
BC’s mass obtained a non-BC coating.

Earlier studies found that coating strongly affects the optical and microphysical prop-
erties of BC, e.g. amplification factors of 1.8 to 2.1 due to absorption compared to the15

externally mixed BC (Schnaiter, 2005). Jacobson (2001) estimated the radiative forc-
ing of the BC for external and semi-external mixing as 0.27 W m−2 and 0.54 W m−2,
respectively.

The GEOS-Chem-APM model has been designed to explicitly predict the spatiotem-
poral variations in the degree of particle mixing. Compared with the externally-mixed20

aerosol, the resulting radiative forcing could be quite different. To examine the effect
of mixing state on DRF due to anthropogenic aerosols, a pair of experiments (NoCoat)
were conducted, which were based on the base experiments but assumed the aerosols
as externally mixed, i.e. no coating is taken into accounted. The DRF and its change
are shown in Fig. 13. It is evident that atmospheric absorption decreases 0.29 W m−2,25

while the DRF at TOA decreases 0.20 W m−2 compared with the base experiment. This
is because the aerosol particles scatter more solar radiation due to weak atmospheric
absorption without coating. The major differences occur in the Northern Hemisphere,
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specifically over East Asia, Central Africa, Eastern United States and Polar Regions,
i.e. source areas of BC and transport. The change of DRF at surface is relatively small
globally (0.09 W m−2) but it could be significant locally, e.g. over Asia.

5 Summary

The objective of this study is to investigate aerosol DRF and discuss its uncertainties5

based on a size-resolved advanced particle microphysics (GEOS-Chem-APM) model.
The APM model is designed to capture the main particle properties (sizes, compo-
sitions, coating of primary particles by secondary species, etc.) important for their
radiative forcing while keeping the computational costs affordable. APM treats parti-
cles of different types (SP, BC, dust, sea salt, POC) as semi-externally mixed. The10

aerosol information resolved by the APM model is employed to simulate and inves-
tigate global aerosol DRF, particularly due to anthropogenic aerosols. The GEOS-
Chem-APM model has been extended by incorporating a radiation transfer model. The
resulting model has been used to investigate the aerosol DRF and the uncertainties of
the results on assumption of mixing state, size and density of particles.15

The simulated aerosol burden for each species is generally in good agreement with
AeroCom model results in terms of both global annual mean and spatial distribution.
The surface concentrations (sulfate and BC) are slightly lower than the observations,
especially over Asia and remote regions, indicating that the emission inventories in
these regions need to be updated to better agree with observations. Parameterizations20

of physical processes, including dry and wet deposition, transport and vertical mixing
could also contribute to the discrepancies. Further studies are needed in the future to
improve the model simulations.

To obtain the optical properties, the online simulated aerosol size distribution in the
model is applied as input to Mie calculations and the effect of coating on BC and dust25

particles is considered. The required refractive indices for various aerosol species are
taken from the values reported in recent publications. As aerosol radiative forcing is
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strongly dependent on surface condition (i.e. surface albedo), a dataset with high tem-
poral and spatial resolution (8 day mean at 1 km resolution), and spectral-dependent
from MODIS was applied in the study.

We compared the GEOS-Chem-APM simulated AOD with MISR and MODIS satellite
data, and AERONET observations. Overall, the model could capture the basic spatial5

pattern of AOD, and the magnitudes over the major source regions are comparable to
observations. The DRF at TOA and surface from total aerosols (anthropogenic and
natural) are calculated as −5.69 and −6.84 W m−2 for clear sky, and reduced to −4.14
and −5.33 W m−2 for all sky as clouds block part of solar radiation. The LW radiative
forcing is considered in this study for mineral dust only. The magnitude could be high10

in the regional scale (up to 1 W m−2 at TOA for all sky), but negligible in global mean
(0.1 W m−2) compared with SW radiative forcing (−4.1 W m−2).

Compared to the total aerosols, anthropogenic aerosols are believed to exhibit a pro-
gressively more important impact on climate change since the industrial revolution. Ac-
cording to the IPCC AR4 report, the estimation of global mean DRF by anthropogenic15

aerosols range from −0.1 to −0.9 W m−2, with the best estimate of −0.5 W m−2. Our
simulations gave the DRF at TOA for all sky as −0.41 W m−2, which is within the range
given by IPCC AR4 report (2007). The corresponding atmospheric and surface DRF is
0.71 and −1.13 W m−2, respectively.

The sensitivity studies indicate that reducing the size of BC and POC particles by20

50 % can significantly impact the simulated DRF, with the DRF at TOA increasing to
−0.08 W m−2, but will not cause any significant impact on surface DRF. On the contrary,
by applying a smaller BC density (1.2 g cm−3) in the model rather than 1.8 g cm−3 as
in the base run, will not cause major changes to the DRF at TOA, but significantly
enhance the atmospheric absorption and thus induce stronger cooling at surface. The25

effect of the mixing state on DRF is examined by replacing coating in the base run
with no coating. The results show that DRF at TOA will become more negative due to
weaker atmospheric absorption (decrease 0.29 W m−2), and will not cause a significant
change to DRF at surface.
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Table 1. Anthropogenic aerosol emissions based on GEOS-Chem-APM and comparison with
AeroCom. Unit: Tg S yr−1 for sulfur (S+), Tg C yr−1 for BC and POC.

Type aerosol type GEOS-Chem-APM AeroCom

wildland fire BC 2.7 2.1
POC 22.1 21.9
S+ 1.2 1.4

biofuel BC 1.6 1.3
POC 6.3 6.6
S+ 0.2 4.8

fossil-fuel BC 3.0 3.0
POC 3.1 3.2
S+ 51.1 49.5
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Table 2. Natural sulfur (S+) emissions from GEOS-Chem-APM and comparison with AeroCom.
Unit: Tg yr−1.

aerosol type GEOS-Chem-APM AeroCom

DMS S+ 18.6 18.2
volcanic, explosive S+ 5.9 2.0
volcanic, continuous S+ 9.0 12.6
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Table 3. Global averaged anthropogenic aerosol burden, and its fraction to total aerosol from
GEOS-Chem-APM and from AeroCom simulations (Schultz et al., 2006). Please note that the
GEOS-Chem-APM results are for the year 2006, while AeroCom results are for the year 2000.

GEOS-Chem-APM AeroCom mean and range
burden (mg m−2) anthrop. % burden (mg m−2) anthrop. %

Sulfate 1.92 60 % 2.12 (1.34–3.64) 55 % (41–64 %)
POC 0.82 80 % 1.16 (0.77–1.61) 53 % (46–59 %)
BC 0.22 100 % 0.25 (0.16,0.38)
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Table 4. Global annual mean sea salt and dust burden from GEOS-Chem-APM simulation and
comparison with (Schultz et al., 2006). Unit: mg m−2.

GEOS-Chem-APM AeroCom mean and range

Sea salt 12.6 15.9 (7.0, 35.7)
dust 46.4 41 (18, 59)
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Table 5. Description of base run and sensitivity runs.

Name Model description

Base run GEOS-Chem-APM, coating
BCOCsize BC and POC size reduced 50 %
BCden1.2 BC density as 1.2 g cm−3, rather than 1.8 g cm−3 as in base run
NoCoat GEOS-Chem-APM, without coating on BC
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Table 6. Simulations from GEOS-Chem-APM and AeroCom models, and results in IPCC
(2007) for anthropogenic aerosol burden, optical depth (τaer), the normalized RF per unit optical
depth (NRF) for clear-sky. The aerosol direct raidative forcing at top of atmosphere (TOA) and
surface and atmoshphere are given for al-sky conditions. Aerosol model information (bin or
modal) and mixing state are also given in the Table. The results from AeroCom are taken from
Table 5 in Schulz et al. (2006).

Model Burden τaer NRF RF toa RF toa Atmos. Surface Aerosol Aerosol
mg m−2 clear-sky clear sky all-sky forcing forcing model information mixing

W m−2 τ−1
aer W m−2 W m−2 all-sky all-sky

W m−2 W m−2

UMI 4.0 0.028 −29 −0.80 −0.41 0.84 −1.24 13 bins
(3 SO4, 1POC,
1 BC, 4 DU, 4 SS)

ext

UIO CTM 3.0 0.026 −33 −0.85 −0.34 0.61 −0.95 25 bins
(8 DU, 8 SS, 4 BC,
4 POC, 1 SO4)

ext
except
bio
burning

LOA 5.3 0.046 −18 −0.80 −0.35 1.14 −1.49 16 bins
(2 DU, 11 SS,
1 BC, 1 POC, 1 SO4)

ext

LSCE 4.8 0.033 −29 −0.94 −0.28 0.66 −0.93 5 modes ext
GISS 2.8 0.014 −21 −0.29 −0.11 0.79 −0.81 13 bins

(2 SS, 4 DU, 1BC,
1 SO4, 4 DU/SO4)

ext

UIO GCM 2.8 0.017 −0.01 0.84 −0.84 12 modes 4 ext,
8 int

SPRINTARS 3.2 0.036 −10 −0.35 +0.04 0.96 −0.91 17 bins
(10 DU, 4 SS, 1 BC,
1 BCPOC, 1 SO4)

ext

ULAQ 3.7 0.030 −26 −0.79 −0.24 41 bins
(7 DU, 9 SS, 5 BC,
5 POC, 15 SO4)

ext

Average 3.8 0.029 −0.68 −0.22 0.82 −1.02

Stddev 0.9 0.010 0.24 0.16 0.23 0.17

IPCC [−0.1, −0.9]

GEOS-Chem -APM 4.5 0.026 −23 −0.59 −0.41 0.71 −1.13 75 bins and 8 modes
(40 SO4, 20 SS,
15 DU, 4 modes for
BC and 4 modes for
POC)

Semi-
ext
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Fig.1. Modeled annual mean aerosol burden (Unit: mg m
-2

) from GEOS-Chem-APM model. 
Fig. 1. Modeled annual mean aerosol burden (Unit: mg m−2) from GEOS-Chem-APM model.
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 28 

 

Fig.2. Comparisons of GEOS-Chem-APM simulated surface sulfate and BC mass concentrations 

with observational data sets. The observed sulfate concentrations are taken from IMPROVE data 

set in 2006 (shown in the left), while BC concentrations are obtained from Koch et al. (2010) 

(shown in the right). Three lines indicate 2:1, 1:1 and 1:2. 

Fig. 2. Comparisons of GEOS-Chem-APM simulated surface sulfate and BC mass concen-
trations with observational data sets. The observed sulfate concentrations are taken from IM-
PROVE data set in 2006 (shown in the left), while BC concentrations are obtained from Koch
et al. (2010) (shown in the right). Three lines indicate 2 : 1, 1 : 1 and 1 : 2.
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Fig.3 Annual mean (year 2006) aerosol optical depth (AOD) from GEOS-Chem APM model at 

550 nm, AERONET at 500 nm, MISR satellite retrieval at green band, and MODIS retrieved 

values at 550 nm. The AERONET data are for 1996-2011, v2 level 2, annual averages for each 

year were used if >8 months were present.  MODIS AOD includes the values over desert areas 

from deep blue algorithm on board Aqua. 

Fig. 3. Annual mean (year 2006) aerosol optical depth (AOD) from GEOS-Chem APM model
at 550 nm, AERONET at 500 nm, MISR satellite retrieval at green band, and MODIS retrieved
values at 550 nm. The AERONET data are for 1996–2011, v2 level 2, annual averages for each
year were used if >8 months were present. MODIS AOD includes the values over desert areas
from deep blue algorithm on board Aqua.
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Fig.4. Annual averaged (year 2006) aerosol absorption optical depth (AAOD) from GEOS-

Chem-APM model at 550 nm. 

Fig. 4. Annual averaged (year 2006) aerosol absorption optical depth (AAOD) from GEOS-
Chem-APM model at 550 nm.
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Fig. 5. Total aerosol DRF from all aerosols at TOA and surface for clear sky and all sky.  

Unit: W m
-2

. 

Fig. 5. Total aerosol DRF from all aerosols at TOA and surface for clear sky and all sky. Unit:
W m−2.
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Fig. 6.  Longwave radiative forcing at TOA due to mineral dust. Unit: W m
-2 Fig. 6. Longwave radiative forcing at TOA due to mineral dust. Unit: W m−2.
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Fig7. Annual mean anthropogenic aerosol DRF at TOA, atmosphere and surface for all sky.  The 

global mean values are shown on the right top of each plot. Unit: W m
-2

. 
Fig. 7. Annual mean anthropogenic aerosol DRF at TOA, atmosphere and surface for all sky.
The global mean values are shown on the right top of each plot. Unit: W m−2.
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Fig.  8. Zonal mean anthropogenic aerosol DRF at TOA, atmosphere and surface for all sky.  

Unit: W m
-2

 

Fig. 8. Zonal mean anthropogenic aerosol DRF at TOA, atmosphere and surface for all sky.
Unit: W m−2.
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Fig.  9. Annual mean anthropogenic aerosol DRF at TOA (top), atmosphere (middle) and surface 

(bottom) for all sky in MAM, JJA, SON and DJF.  Unit: W m
-2

. 
Fig. 9. Annual mean anthropogenic aerosol DRF at TOA (top), atmosphere (middle) and sur-
face (bottom) for all sky in MAM, JJA, SON and DJF. Unit: W m−2.
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Fig.  10. Monthly mean anthropogenic aerosol DRF at TOA, atmosphere and surface for all sky.  

Unit: W m
-2

 
Fig. 10. Monthly mean anthropogenic aerosol DRF at TOA, atmosphere and surface for all sky.
Unit: W m−2.
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Fig. 11.  The simulated aerosol DRF (left column) in the experiment BCOCsize and its change 

relative to the base run (right column) at TOA, atmosphere and surface for all sky condition. The 

value in each plot shows the global annual mean. The positive (negative) in the left column 

represents that the DRF is positive (negative), while in the right column represents that change of 

DRF (sensitivity experiments – base experiment). Unit: W m
-2

. 

Fig. 11. The simulated aerosol DRF (left column) in the experiment BCOCsize and its change
(right column) relative to the base run at TOA, atmosphere and surface for all sky condition.
The value in each plot shows the global annual mean. The positive (negative) in the left column
represents that the DRF is positive (negative), while in the right column represents that change
of DRF (sensitivity experiments – base experiment). Unit: W m−2.
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Fig. 12.  Same as Fig. 11 but for the results from the experiment (BCden1.2). Fig. 12. Same as Fig. 11 but for the results from the experiment (BCden1.2).
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 Fig. 13.  Same as Fig. 11 but for the experiment NoCoat 

 

 

Fig. 13. Same as Fig. 11 but for the experiment NoCoat.
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