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Abstract. We use a single aerosol model to explore the ef-
fects of the differing meteorological fields from the NCAR
CAM5 and GFDL AM3 models. We simulate the global dis-
tributions of sulfate, black carbon, organic matter, dust and
sea salt using the University of Michigan IMPACT model
and use these fields to calculate aerosol direct and indirect
forcing, thereby isolating the impacts of the differing meteo-
rological fields.

Over all, the IMPACT-AM3 model predicts larger burdens
and longer aerosol lifetimes than the IMPACT-CAM5 model.
However, the IMPACT-CAM5 simulations transport more
black carbon to the polar regions and more dust from Asia
towards North America. These differences can mainly be at-
tributed to differences in: (1) the vertical cloud mass flux and
large-scale precipitation fields which determine the wet de-
position of aerosols; (2) the in-cloud liquid water content and
the cloud coverage which determine the wet aqueous phase
production of sulfate. The burden, lifetime and global distri-
bution, especially black carbon in polar regions, are strongly
affected by choice of the parameters used for wet deposition.

The total annual mean aerosol optical depth (AOD) at
550 nm ranges from 0.087 to 0.122 for the IMPACT-AM3
model and from 0.138 to 0.186 for the IMPACT-CAM5
model (range is due to different parameters used for wet de-
position). Even though IMPACT-CAM5 has smaller aerosol
burdens, its AOD is larger due to the much higher rela-
tive humidity in CAM5 which leads to more hygroscopic
growth. The corresponding global annual average anthro-
pogenic and all-sky aerosol direct forcing at the top of the
atmosphere ranges from−0.25 W m−2 to −0.30 W m−2 for
IMPACT-AM3 and from−0.48 W m−2 to −0.64 W m−2 for
IMPACT-CAM5. The global annual average anthropogenic
1st aerosol indirect effect at the top of the atmosphere ranges
from −1.26 W m−2 to −1.44 W m−2 for IMPACT-AM3 and
from −1.74 W m−2 to −1.77 W m−2 for IMPACT-CAM5.

1 Introduction

The effects of different meteorological fields from different
climate models has been explored within the atmospheric
aerosol and climate modeling community through both
model intercomparisons that use a single aerosol model with
different meteorological driving fields (e.g. Liu et al., 2007;
Zhang et al., 2010) and through coupled aerosol/climate
model intercomparisons where a range of different models
are compared (e.g. Penner et al., 2002, 2006; Kinne et al.,
2006; Schulz et al., 2006; Textor et al., 2006; 2007; Shindell
et al., 2008). The latter types of comparisons, unfortunately,
combine differences because of diverse treatments of atmo-
spheric aerosol processes (Textor et al., 2006, 2007) and be-
cause of varying meteorological fields. The burden and life-
times of aerosols differ significantly among these models,
but it is very difficult to identify which meteorological vari-
ables cause the differences or whether they are caused by the
aerosol treatments.

In present paper, we follow the approach first studied in
Liu et al. (2007) where a single aerosol model, the University
of Michigan IMPACT aerosol model, is driven by two sets of
meteorological fields: one from the NCAR Community At-
mosphere Model (version 5) and one from the GFDL AM3
model. Both models are participating the Coupled Model In-
tercomparison Project Phase 5 (CMIP5).We analyze the dif-
ferences and uncertainties of aerosol simulations (for sulfate,
organic matter, black carbon, dust and sea salt) solely caused
by differing meteorology. The IMPACT aerosol model uses
the same emission fluxes, the same chemical scheme (e.g.,
for sulfur chemistry), and the same physical treatments (e.g.,
for dry and wet deposition, for vertical diffusion and con-
vective transport of trace species) when driven by these two
sets of meteorological fields. In addition, the aerosol opti-
cal depth, direct radiative forcing, and first aerosol indirect
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radiative forcing are calculated using the same aerosol opti-
cal properties and cloud droplet nucleation scheme. Thus, the
model estimated direct and indirect forcing differences are
solely due to the meteorology used in the calculations. The
model is described in Sect. 2. Comparison of the meteorolog-
ical fields is presented in Sect. 3. Model simulated aerosol
spatial distributions, budgets, aerosol optical depth, aerosol
direct forcing, and aerosol direct/indirect forcings are pre-
sented in Sect. 4. Section 5 presents a summary and a short
discussion.

2 Model description and set-up of simulations

2.1 IMPACT aerosol model

The 3-mode offline version of the University of Michigan
IMPACT aerosol model was used in this study (Liu et al.,
2005; Wang et al., 2009). It predicts both the mass and num-
ber of pure sulfate aerosol in 3 modes: the nucleation mode
with particle radius less than 5 nm, the Aitken mode with dry
particle radius between 5 nm and 0.05 µm and the accumula-
tion mode with particle radius larger than 0.05 µm. Pure sul-
fate aerosol mixes with primary emitted nonsulfate aerosols:
organic matter (OM), black carbon (BC), dust and sea salt
through condensation and coagulation. Dust and sea salt are
predicted in four bins with radii varying from 0.05–0.63 µm,
0.63–1.26 µm, 1.26–2.5 µm, and 2.5–10 µm, while OM and
BC are represented by one single submicron bin. A prede-
fined, fixed size distribution represented by one or a super-
position of two or three lognormal size distributions is used
for each size bin (see Table 1 of Wang et al., 2009).

Present day (PD) and preindustrial (PI) emissions of
aerosol species and their precursors are summarized in Ta-
ble 1. Direct emission of internally mixed particles may be
possible but is not considered in our model. We assumed that
2 % of fossil fuel sulfur emissions occur as primary sulfate
aerosol to account for fast conversion of SO2 to sulfate parti-
cles in combustion plumes. Details were described in Wang
et al. (2009). Sea salt emissions are calculatedonlinebased
on the meteorological fields following the parameterization
by Martensson et al. (2003) for aerosols with geometric di-
ameter< 2.8 µm and by Monahan et al. (1986) for aerosols
with a geometric diameter> 2.8 µm.

The wet scavenging scheme in IMPACT follows the Har-
vard wet scavenging model (Giorgi and Chameides, 1986;
Balkanski et al., 1993; Mari et al., 2000; Liu et al., 2001).
Two types of scavenging are implemented: (1) scavenging
in wet convective updrafts, and (2) first-order rainout and
washout by the large scale precipitation. For the first type, in-
stead of using the convective precipitation directly, wet scav-
enging is implemented in the vertical transport process us-
ing the vertical cloud mass flux, aerosol loss rate (k) and up-
draft velocity (w) (Liu et al., 2001; description of the algo-
rithm is available in full fromhttp://acmg.seas.harvard.edu/

Table 1. Emissions of aerosol and precursors in present day (PD)
and pre-industrial (1870) (PI) conditions (Tg yr−1 or Tg S yr−1).

PD PI Reference

DMS 26.1 26.1 Kettle and Andreae (2000)
Dust 2356 2356 Ginoux et al. (2001)
SO2
Volcanic 9.57 9.57 Andres and Kasgnoc (1998)
Fossil fuel 61.2 1.51 Smith et al. (2001, 2004)
OM
Natural sources 14.5 14.5 Penner et al. (2001)
Fossil fuel 15.67 5.09 Ito and Penner (2005)
Biomass burning 47.39 17.91 Ito and Penner (2005)
BC
Fossil fuel 5.80 0.77 Ito and Penner (2005)
Biomass burning 4.71 1.75 Ito and Penner (2005)

geos/wiki docs/deposition/wetdep.jacobetal 2000.pdf). For
a convective column of thickness1z, the fractionf of
aerosol tracer scavenged by convective precipitation in the
updraft is f = 1-exp(−k1z/w). Then the total amount of
aerosols scavenged isf times the amount of aerosol car-
ried by the convective cloud mass. In this scheme tracers are
prevented from being transported to the top of the convec-
tive updrafts and then dispersed on the grid scale. However,
convective precipitation is not being used directly. The scav-
enging efficiency is also sensitive to the choice of the loss
rate (k) and the assumed updraft velocity (w). For the second
type, i.e. large scale precipition, the 3-D precipitation field is
first reconstructed using the change of specific humidity. The
fractional area of the gridbox where the precipitation forms
is Q/(k(L + W) + Q), whereQ is the change of the specific
humidity due to the large scale precipitation (provided by
the GCMs), L + W (cm3 m−3) is the assumed condensed wa-
ter content (liquid + ice) within the precipitating cloud andk

(= 10−4 s−1) is the rainout rate of condensed water. TheQ in
the denominator is added to make sure the precipitating frac-
tion is less than 1. Smaller L + W means that a larger frac-
tion of area experiences precipitation. To test the sensitivity
of the aerosol burden and lifetime to these assumptions for
large scale precipitation, two values for L + W (0.5 cm3 m−3

and 1.5 cm3 m−3), which were used in Liu et al. (2001) and
are consistent with observed range (see Fig. 6a in Bower et
al., 1994), are also used in the present paper.

2.2 NCAR CAM5 and GFDL AM3

Version 5.0 of the Community Atmosphere Model (CAM5)
is the atmospheric component of the Community Earth Sys-
tem Model (CESM) developed primarily at the National Cen-
ter for Atmospheric Research (NCAR) (Liu et al., 2012). The
default stand-alone CAM with prescribed climatological sea
surface temperature/ice and CAM5 physics was used. AM3
is the atmospheric component of the coupled general circu-
lation model (CM3) developed in NOAA Geophysical Fluid
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Table 2.Description of cases.

Case names Descriptions

CAM5-base Default set-up of CAM5, the
“ FCM5” compset of CESM 1.0.2

AM3-base Default set-up of AM3
C1 IMPACT driven by the meteorological fields from

CAM5-base with L + W = 0.5 cm3 m−3

C2 IMPACT driven by the meteorological fields from
CAM3-base with L + W = 1.5 cm3 m−3

A1 IMPACT driven by the meteorological fields from
AM3-base with L + W = 0.5 cm3 m−3

A2 IMPACT driven by the meteorological fields from
AM3-base with L + W = 1.5 cm3 m−3

Dynamics Laboratory (GFDL) (Donner et al., 2011). The de-
fault set-up for AM3 with prescribed climatological sea sur-
face temperature/ice and latest physics was also used. Both
CAM5 and AM3 models have their own active aerosol mod-
ules in which aerosols can interact with radiation, cloud mi-
crophysics and affect the meteorology. Outputs from the two
models used to drive the offline IMPACT model included
temperature, pressure, wind speeds, humidity, specific hu-
midity change due to moist processes, cloud fraction, cloud
water, precipitation, convective mass flux, detrainment rate,
boundary layer height, and vertical diffusivity coefficient.
We also compare the predicted aerosol fields from IMPACT
to those simulated natively with CAM5 and AM3. Since
the predicted aerosols from IMPACT are somewhat different
than those from the active aerosol modules in each model,
there is a small inconsistency between the predicted aerosols
and the meteorology from each model. However, we believe
the difference in the meteorology between the CAM5 and
AM3 models plays the dominant role on the differences in
predicted aerosol fields. The meteorological fields from both
models that were used to drive IMPACT have a time resolu-
tion of 3 h. The CAM5 data have 30 vertical layers from the
surface to 2.25 hPa with a horizontal resolution of 1.9◦×2.5◦.
The original AM3 data were interpolated from a cubic sphere
to a regular lat-lon grid for use by IMPACT. The interpolated
data have a horizontal resolution of 2◦×2.5◦ and 48 layers.
In our simulations, the first top 11 layers are discarded and
the next 14 layers are collapsed into 7 layers. Therefore, the
AM3 data used here also have 30 layers and a top that is very
close to 2.25 hPa. The IMPACT model has a versatile grid
resolution and simply uses the same basic grid from each set
of meteorological fields.

2.3 Set-up of simulations

Table 2 shows the simulations performed for this study.
CAM5-base and AM3-base are the default set-up of the
stand-alone CAM5 and AM3 models. C1 is the IMPACT
model driven by the meteorological fields from CAM5 with
L + W, the condensed water content in precipitating cloud,

equal to 0.5 cm3 m−3; C2 is the IMPACT model driven
CAM5 with L + W equal to 1.5 cm3 m−3; A1 is the IM-
PACT model driven by the meteorological fields from AM3
with L + W equal to 0.5 cm3 m−3; A2 is the IMPACT model
driven by the meteorological fields from AM3 with L + W
equal to 1.5 cm3 m−3.

2-yr consecutive meteorological fields from CAM5-base
and AM3-base were used in C1/C2 and A1/A2, respectively.
Both PD and PI emissions were used in all four cases. Only
the results from the simulations with PD emissions were used
to analyze the differences in the predicted aerosol fields from
CAM5 and AM3 (see Sects. 4.1 to 4.2). Results from the
simulations with both PD and PI emissions were used to cal-
culate the anthropogenic radiative forcing in Sect. 4.3.

3 Meteorological fields comparison

Wind fields play an important role in determining the ad-
vection of gases and aerosols from the polluted continents
to remote areas. Figure 1 compares the horizontal winds
from the two meteorological data sets near the surface and
at∼550 hPa in January and July from the second year mete-
orological fields (also see Fig. S1 in the Supplement for the
wind field differences). The overall features of the two data
sets are quite similar. However, some obvious differences can
be observed. In January, CAM5 has stronger stationary wave
activity at high latitudes in the Northern Hemisphere (NH).
Larger wind speeds can be seen blowing from north Asia to
the North Pole near both the surface and around 550 hPa. In
both months, AM3 has stronger winds blowing from Africa
to South America around the Equator at∼550 hPa. We note
that the comparisons outlined here were also true for five year
simulations, so are not due to interannual variability.

The vertical transport of aerosols in IMPACT is imple-
mented through three different processes: resolved large-
scale convergence, subgrid scale convection, and vertical dif-
fusion. The first process, large-scale convergence, is calcu-
lated implicitly together with the advection, while the other
two processes are calculated explicitly. Figure 2 shows the
annual zonal mean updraft convective cloud mass fluxes and
vertical diffusivity coefficients for heat and moisture from
CAM5 and AM3, which determine these two processes. The
updraft cloud mass fluxes include the cloud mass fluxes from
both the deep and shallow convection. Overall, the cloud
mass flux from CAM5 is larger than that from AM3 every-
where by a factor of∼2 except in the region around 200 hPa
near the equatorial tropopause. The vertical diffusion which
employs different diagnostic schemes in CAM5 (Bretherton
and Park, 2009) and AM3 (Anderson et al., 2004) has quite
different coefficients: CAM5 has a larger diffusivity coeffi-
cient than AM3 in the tropical and mid-latitude regions be-
low 700 hPa by a factor of∼2; above 700 hPa, AM3 has a
larger vertical diffusivity coefficient over mid-latitudes but
the values in this region are very small. With its larger cloud
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Fig. 1. Vectors of horizontal winds near 950 hPa and 550 hPa in January and July from CAM5 (left) and AM3 (right). The maximum
magnitude drawn is 30 m s−1.
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Fig. 2.Annual zonal mean convective cloud mass flux (top) and vertical diffusivity coefficient (bottom) from CAM5 (left) and AM3 (right).

mass flux and larger diffusivity coefficient at the lower levels,
one can expect that the meteorological fields from CAM5 are
more efficient at lifting aerosol up from the surface. However,
since the wet deposition of aerosols in convective updrafts is
tightly related to the amount of cloud mass flux, a stronger
cloud mass flux also leads to more wet scavenging and may
not necessarily lead to higher aerosol concentrations aloft.

The large-scale precipitation fields, which also play an im-
portant role in the wet scavenging, are shown in Fig. 3. Fig-
ure 3a and 3b show the global distribution of large-scale pre-
cipitation and Fig. 3c compares the zonal means. The an-
nual average global mean value from AM3, 1.11 mm day−1,
is 28 % larger than the value of 0.87 mm day−1 from CAM5
(significantly different at the 99 % confidence level). Most of
the differences occur in regions between 60S and 60N. Re-
gionally, AM3 has more large-scale precipitation over North
America, extratropical subsiding areas, mid-latitudes in the
Southern Hemisphere (SH) and the storm track region in
the North Pacific Ocean. However, AM3 has less large-scale
precipitation in Brazil and the area from central to northern
Africa.

The in-cloud liquid water content and cloud fraction play
a key role in the chemical production of sulfate aerosol.

The top and middle graphs of Fig. 4 compare the annually
and zonally averaged in-cloud liquid water content and total
cloud fraction. These determine the aqueous phase reaction
between SO2 and H2O2/O3 as well as the ratio of the produc-
tion rate in the aqueous-phase to the production rate in the
gas-phase. An obvious difference in this figure is that AM3
has much larger in-cloud liquid water content over equato-
rial regions in middle to upper troposphere by a factor of∼3.
However, since the AM3 total cloud fraction is smaller in this
region, the grid box averaged liquid water content is actually
very similar for both models in the tropics (figures are not
shown). Over mid-latitudes, AM3 has higher in-cloud liquid
water content as well as grid box averaged liquid water con-
tent. Therefore, AM3 favors a higher ratio of the oxidation
rate of SO2 in the aqueous-phase to that in the gas-phase, as
shown in Table 4. (Details will be explained in next section.)
The bottom graphs of Fig. 4 compare the annually and zon-
ally averaged relative humidity from the two GCMs. Relative
humidity plays an important role in water uptake by aerosols
and thus has important impact on the aerosol optical depth
and aerosol direct effect. CAM5 has a higher relative humid-
ity especially at high latitudes. Figure 5 compares the annual
mean total grid box averaged liquid water path (LWP) as well
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Fig. 3. Annual average surface total large-scale precipitation
(mm day−1) from CAM5 and AM3. (A) CAM5, (B) AM3, and
(C) the annual zonal average surface large-scale precipitation
(mm day−1).

as the LWP of large-scale clouds. AM3 has a slightly larger
total LWP than CAM5 (51 g m−2 versus 47.7 g m−2), but a
much larger LWP of large-scale clouds (40.6 g m−2 versus
29.8 g m−2). The sulfate produced in large-scale clouds con-
tributes more to the burden and longer lifetime of sulfate than
the sulfate produced in convective clouds because the sulfate
produced in convective clouds is removed more quickly due
to the shorter lifetime of convective clouds as well as their
larger tendency to produce precipitation.

4 Model results for aerosols

In the following sections, we analyze the results from the
second year of the simulations. The aerosol burdens and life-
times from the six cases listed in Table 2 with present day
emissions are summarized in Table 3. For the two base-line
models, CAM5 has smaller burdens and shorter lifetimes
of sulfate, OM, BC and dust, while the sea-salt burden is
larger. Since these two base-line models not only have dif-
ferent meteorological fields but also different aerosol micro-
physics modules, identifying the reasons causing such dif-
ferences is beyond the scope of present paper. Nevertheless,
Table 3 shows that except for dust and sea salt, the tendency
of the differences predicted in the off-line IMPACT model is
similar to that between the base-line models. Thus, we might
suspect that many of the differences reported between these
two base-line models are associated with meteorology, rather
than aerosol treatments.

The burdens and lifetimes of aerosols from case C1 are
smaller than those from case A1. This is also true between
C2 and A2. Since the sole reason for such differences be-
tween C1 and A1 (or between C2 and A2) is that we used dif-
ferent meteorological fields, we can use these results to ana-
lyze which meteorological processes cause these differences.
The major factor causing these differences is that CAM5 has
much larger convective cloud mass flux than AM3 as shown
in Fig. 2. The stronger mass flux leads to stronger in-cloud
wet scavenging of aerosols in convective updrafts (as ex-
plained in detail below).

When we increase the condensed water content (L + W)
in precipitating stratus clouds from 0.5 cm3 m−3 to
1.5 cm3 m−3 from case C1 to C2 or A1 to A2, the burdens
and lifetimes increase. When L + W increases, the fraction of
each grid box experiencing precipitation decreases thereby
decreasing the in-cloud rainout and below-cloud washout by
large-scale precipitation (see Sect. 2.1). The changes from
A1 to A2 are larger than the changes from C1 to C2. For ex-
ample, the burden of sulfate increases by 34 % from A1 to
A2 but only by 24 % from C1 to C2. This is because AM3
has more large-scale precipitation than CAM5 on a global
scale. Therefore, the results using the AM3 meteorological
fields are more sensitive to the change of L + W.

4.1 Global aerosol budgets

The global budgets of the simulated aerosols and their pre-
cursors are shown in Tables 4–7. We also list the mean and
stand deviation from the Aerosol Model Intercomparison Ini-
tiative intercomparison study (AeroCom, see Textor et al.,
2006, Table 10).

Table 4 shows the budget for sulfate. The total sources of
sulfate vary from 63.02 Tg yr−1 to 67.38 Tg yr−1, which are
larger than the mean value (59.67 Tg yr−1) from AeroCom.
A1 and A2 predict a higher production rate of sulfate from
the aqueous-phase than does C1 and C2. A1 (A2) predicts
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Fig. 4.Annual zonal mean in-cloud liquid water content (top), total cloud fraction (middle) and relative humidity(bottom) from CAM5 (left)
and AM3 (right).

that 67.0 % (67.9 %) of the total sulfate is produced in the
aqueous-phase while C1 (C2) only predicts 60.5 % (61.2 %).
This is expected since AM3 has larger in-cloud liquid wa-
ter content, which favors aqueous-phase oxidation. Conse-
quently, the contribution of the gas-phase oxidation of SO2
to the sulfate source is smaller in A1 than C1 (31.2 % ver-
sus 37.6 %). This partly explains why A1 predicts a smaller
fraction of sulfate in the nucleation/Aitken modes than C1
(4.7 % versus 6.8 %) since the major source of sulfate for
these two modes is the nucleation and condensation of gas-
phase H2SO4 which is only produced from gas-phase oxi-
dation of SO2. C1 predicts that 83.5 % of the total sulfate

mass is in the form of pure sulfate (0.03 % in the nucleation
mode, 6.8 % in the Aitken mode and 76.7 % in the accumu-
lation mode) with the remaining 16.5 % coated on nonsulfate
aerosols (11.7 % on OM and BC, 4.0 % on dust and 0.8 %
on sea salt). A1 predicts a lower percentage, 80.5 %, of the
total sulfate mass is in the form of pure sulfate (0.03 % in
the nucleation mode, 4.6 % in the Aitken mode and 75.8 %
in the accumulation mode) but a higher percentage, 19.5 %,
coated on nonsulfate aerosols (13.6 % on OM and BC, 4.5 %
on dust and 1.4 % on sea salt). When we reduce the amount of
wet scavenging of aerosols by the large-scale precipitation,
the mass fraction of sulfate on nonsulfate aerosols increases

www.atmos-chem-phys.net/12/9629/2012/ Atmos. Chem. Phys., 12, 9629–9652, 2012
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Fig. 5.Annual average total grid box averaged liquid water path (LWP) (top) and the large scale LWP (bottom) from CAM5 (left) and AM3
(right).

Table 3.Summary of Global Burdens (Tg) (in bold) and Lifetimes (days) (in italic).

Case CAM5-base AM3-base C1 C2 A1 A2

Burden Lifetime Burden Lifetime Burden Lifetime Burden Lifetime Burden Lifetime Burden Lifetime

SO∗
4 0.53 4.50 0.79 8.08 0.71 4.08 0.88 4.98 0.88 4.85 1.18 6.33

OM 0.75 5.47 1.78 7.06 0.82 3.84 0.99 4.67 1.04 4.90 1.35 6.37

BC 0.10 4.92 0.13 6.59 0.11 3.64 0.13 4.56 0.13 4.36 0.17 5.89

Dust 24.72 2.76 14.98 4.95 22.37 3.47 24.98 3.87 26.09 4.04 30.04 4.66

Sea salt 11.35 0.87 6.37 0.42 4.69 0.35 6.27 0.47 5.88 0.45 8.94 0.68

∗ The unit for SO4 is Tg S.

from 16.5 % to 19.5 % for case C1 to C2 and from 19.5 %
to 23.7 % for case A1 to A2. Since the sulfate produced by
the aqueous phase oxidation in clouds is equally distributed
among all particles that have acted as CCN (details are de-
scribed in Liu et al. (2005)), the increased preexisting sur-
faces of nonsulfate aerosols in the aqueous-phase reactions
increase the amount of sulfate coated on them. The aerosol

burdens from all four cases are larger than the AeroCom
mean value due to both the larger sources as well as smaller
removal rates. The wet scavenging of sulfate in wet convec-
tive updrafts accounts for 47.7 % of the total wet deposition
in C1 and increases to 61.6 % in C2 while A1 and A2 have
much smaller values (25.1 % and 37.5 %). The larger values
are due to the larger vertical convective cloud mass flux and

Atmos. Chem. Phys., 12, 9629–9652, 2012 www.atmos-chem-phys.net/12/9629/2012/
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Table 4.Global budget of sulfate aerosol.

AeroComa

Case C1 C2 A1 A2 Mean Stdev
Sources (Tg yr−1) 63.02 63.99 65.69 67.38 59.67 22
Emission 1.23 1.23 1.23 1.23
Gas-phase SO2 oxidation 23.68 23.60 20.48 20.42
Aqueous-phase SO2 oxidation 38.11 39.17 43.98 45.73

Removal rate coeff (day−1) 0.25 0.20 0.21 0.16 0.25 18
Dry deposition 0.02 0.02 0.01 0.01 0.03 55
Wet deposition 0.23 0.19 0.20 0.15 0.22 22
In convective updrafts (%) 47.7 61.6 25.1 37.5
By large scale precip (%) 52.3 38.4 74.9 62.5

Wet/Total (%) 93.8 92.4 94.5 92.2 88.50 8
Burden (Tg S) 0.71 0.88 0.88 1.18 0.66 25
Gas-phase H2SO4 (%) 0.05 0.03 0.04 0.02
Pure sulfate – Nucleation (%) 0.03 0.02 0.03 0.02
Pure sulfate – Aitken (%) 6.78 4.90 4.64 3.37
Pure sulfate – Accumulation (%) 76.68 75.56 75.82 72.88
On carbonaceous aerosols (%) 11.73 14.11 13.58 16.75
On dust (%) 3.93 4.11 4.54 4.59
On sea salt (%) 0.79 1.26 1.35 2.37
In polar regionsb (%) 0.80 1.05 0.82 1.04 5.91 55
Above 5 km (%) 43.01 40.76 45.57 41.44 32.23 36

Lifetime (days) 4.07 4.98 4.85 6.33 4.12 18

a Mean values and standard deviations(%) are from available models in AeroCom [see Textor et al. 2006, Table 10].
The standard deviations have been normalized by the all models average in the percentage in AeroCom.
b South of 80◦ S and north of 80◦ N.

smaller large-scale precipitation from CAM5. The mass frac-
tion of sulfate in the polar regions (poleward of 80◦latitude)
are similar between C1 and A1 (0.80 % versus 0.82 %) or C2
and A2 (1.05 % versus 1.04 %), but are much smaller than
the mean value reported for AeroCom, 5.91 %. This is also
true for other aerosols (see below). As pointed out by Wang
et al. (2009), this may be due to the differences in the wet re-
moval mechanism and the efficiency of transport to the poles
between our model and other models in AeroCom. The mass
fraction of sulfate above 5 km is larger than that from Aero-
Com (43.0 % for C1, 40.8 % for C2, 45.6 % for A1, 41.4 %
for A2 versus 32.2 % for AeroCom).

Table 5 compares the global budget for OM and BC. The
burdens and lifetimes of both OM and BC in the four simula-
tions are smaller than those from AeroCom due to the smaller
emissions as well as the larger removal rates. As explained in
Liu et al. (2005), most carbonaceous aerosols are internally
mixed with sulfate and are generally hygroscopic except
freshly emitted soot particles, which makes the wet removal
rate larger than that in many other models. The burden of OM
from C1/C2 is smaller than that from A1/A2 (0.82 Tg versus
1.04 Tg and 0.99 Tg versus 1.35 Tg) due to its larger wet re-
moval rate, which is mainly caused by the larger wet scav-
enging in convective updrafts in C1 and C2. However, C1
has a larger mass fraction above 5 km than does A1 (13.6 %
versus 11.6 %). This is likely due to the stronger cloud mass

flux from CAM5, which is therefore more effective at trans-
porting aerosols vertically. A larger vertical diffusivity coef-
ficient below 700 hPa in CAM5 may also contribute to the
larger fraction above 5 km. C1 also has a larger mass fraction
in polar regions than does A1 (0.18 % versus 0.12 %). There
are several possible factors that may cause this difference.
First, because of the stronger cloud mass flux from CAM5,
more OM is lifted to upper levels where it is subject to less
rainout/washout by large-scale precipitation and thus is able
to be transported longer distances from its source. Second,
CAM5 has less large-scale precipitation and thus less rain-
out and washout. Third, AM3 has a higher aqueous-phase
SO2 oxidation rate which leads to more sulfate coating on
nonsulfate aerosols. In internally mixed OM and sulfate, the
global average ratio of S to OM is 8.6 % for C1 and 9.8 % for
A1. This ratio is even higher for A1 in mid-latitudes in the
NH where A1 has more sulfate than C1 but similar amounts
of OM (see Fig. 6). When there is more sulfate coated on
OM as in A1, OM is more hydroscopic and has a larger wet
scavenging efficiency.

When we reduce the wet deposition by large-scale pre-
cipitation, the total burden of OM increases from 0.82 Tg
in C1 to 0.99 Tg in C2 and the mass fraction in polar
regions is doubled from 0.18 % to 0.36 %. The change in
going from A1 to A2 is even larger: the total burden in-
creases from 1.04 Tg to 1.35 Tg and the mass fraction in polar
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Table 5.Global budget of OM and BC.

AeroComa

Case C1 C2 A1 A2 Mean Stdev

OM

Sources (Tg yr−1) 77.62 77.62 77.62 77.62 96.60 26
Fossil fuel emission 15.78 15.78 15.78 15.78
Biomass burning emission 47.39 47.39 47.39 47.39
Photochemistry from terpenes 14.46 14.46 14.46 14.46

Removal rate coeff (day−1) 0.26 0.21 0.20 0.16 0.16 4
Dry deposition 0.03 0.03 0.02 0.02 0.03 49
Wet deposition 0.23 0.19 0.18 0.13 0.14 32
In convective updraft (%) 64.6 78.9 42.4 56.7
By large scale precip (%) 35.4 21.1 57.6 43.3

Wet/Total (%) 89.5 88.3 87.8 85.6 79.9 16
Burden (Tg) 0.82 0.99 1.04 1.35 1.70 27
In polarb (%) 0.18 0.36 0.12 0.28 3.27 76
Above 5 km (%) 13.63 17.22 11.64 16.19 20.40 56

Lifetime (days) 3.84 4.67 4.90 6.37 6.54 27

BC

Sources (Tg yr−1) 10.54 10.54 10.54 10.54 11.90 23
Fossil fuel emission 5.83 5.83 5.83 5.83
Biomass burning emission 4.71 4.71 4.71 4.71

Removal rate coeff (day−1) 0.27 0.22 0.23 0.17 0.15 21
Dry deposition 0.03 0.03 0.03 0.03 0.03 31
Wet deposition 0.24 0.19 0.20 0.14 0.12 55
In convective updraft (%) 60.8 75.6 38.0 51.9
By large scale precip (%) 39.2 24.4 62.0 48.1

Wet/Total (%) 88.2 86.7 87.7 85.2 78.60 18
Burden (Tg) 0.11 0.13 0.13 0.17 0.24 42
In polarb (%) 0.23 0.49 0.15 0.36 4.18 71
Above 5 km (%) 13.79 17.86 11.64 16.22 21.20 53

Lifetime (days) 3.64 4.56 4.36 5.89 7.12 33

a Mean values and standard deviations (%) are from available models in AeroCom [see Textor et al. 2006,
Table 10]. The standard deviations have been normalized by the all models average in the percentage in AeroCom.
b South of 80◦ S and north of 80◦ N.

regions is more than doubled from 0.12 % to 0.28 %. This is
due to the same reason as that for sulfate: the fact that there
is more large-scale precipitation in AM3 makes A1 and A2
more sensitive to the change in wet deposition by large-scale
precipitation. The fractions of OM above 5 km also increase
from C1/A1 to C2/A2 (13.6 % to 17.2 %, 11.6 % to 16.2 %).
However, both fractions are smaller than the mean value,
21.2 %, from AeroCom. For all aerosols other than sulfate,
which is produced above the ground, our simulations pre-
dict smaller fractions above 5 km than AeroCom (see below).
This is likely due to the vertical transport scheme used in
the IMPACT model. In order to prevent soluble tracers from
being transported to the top of convective updrafts and then
dispersed on the grid scale, scavenging is applied within the
convective mass transport algorithm regardless of whether
or not convective precipitation forms. The convective cloud
mass flux includes both mass fluxes from both shallow and

deep convection. However, not all shallow convection leads
to convective precipitation. The comparisons of BC among
the four simulations are very similar to those of OM (e.g.,
BC also has a smaller burden and shorter lifetime for C1 than
A1 but a larger portion above 5 km and in polar regions).

Table 6 compares the budget for mineral dust. C1 pre-
dicts the smallest total burden (22.37 Tg) but it is still larger
than the mean value from AeroCom (19.20 Tg) and also has
a shorter lifetime, 3.47 days, compared with 4.14 days. A2
predicts the largest total burden, 30.04 Tg, and the longest
lifetime, 4.66 days. The comparisons of the dust from bin
1 to bin 4 among the four simulations are quite similar to
the comparisons of OM/BC for the burden, lifetime, mass
fraction above 5 km and in the polar regions except that the
dust particles in the fourth bin, which have the largest radius
and are removed mainly through sedimentation and dry de-
position, are less sensitive to the change in the large-scale
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Table 6.Global budget of dust.

Aerocoma

Case C1 C2 A1 A2 Mean Stdev
Emission (0.5–10 µm) (Tg yr−1) 2356 2356 2356 2356 1840 49
Bin 1: 0.05–0.63 77 77 77 77
Bin 2: 0.63–1.25 292 292 292 292
Bin 3: 1.25–2.5 662 662 662 662
Bin 4: 2.5–10 1325 1325 1325 1325

Removal rate coeff (day−1) (0.5–10) 0.29 0.26 0.25 0.21 0.31 62
Dry deposition 0.18 0.16 0.16 0.14 0.23 84
Wet deposition 0.11 0.09 0.09 0.07 0.08 42
In convective updraft (%) 57.0 73.9 35.4 51.7

Wet/Total (%) 38.5 36.8 37.2 34.5 33.0 54
Bin1: Removal rate coeff (day−1) 0.14 0.12 0.11 0.09
Dry deposition 0.02 0.02 0.01 0.01
Wet deposition 0.11 0.10 0.10 0.08
In convective updraft (%) 55.9 73.2 36.2 52.5

Wet/Total (%) 83.8 82.5 87.0 84.7
Bin2: Removal rate coeff (day−1) 0.14 0.12 0.11 0.10
Dry deposition 0.02 0.02 0.02 0.02
Wet deposition 0.11 0.10 0.10 0.08
In convective updraft (%) 56.1 73.2 35.8 52.3

Wet/Total (%) 83.1 81.7 84.3 81.8
Bin3: Removal rate coeff (day−1) 0.17 0.15 0.14 0.12
Dry deposition 0.06 0.05 0.05 0.05
Wet deposition 0.11 0.10 0.10 0.08
In convective updraft (%) 56.5 73.5 35.8 52.2

Wet/Total (%) 66.7 64.3 66.5 62.4
Bin4: Removal rate coeff (day−1) 0.86 0.82 0.80 0.76
Dry deposition 0.75 0.74 0.72 0.71
Wet deposition 0.10 0.09 0.07 0.05
In convective updraft (%) 60.5 76.5 32.8 47.7

Wet/Total (%) 12.0 10.4 9.4 7.2
Burden (Tg) (0.5–10 µm) 22.37 24.98 26.09 30.04 19.20 40
Bin 1: 0.05–0.63 1.55 1.79 1.90 2.27
Bin 2: 0.63–1.25 5.88 6.72 7.01 8.32
Bin 3: 1.25–2.5 10.70 12.05 12.62 14.67
Bin 4: 2.5–10 4.24 4.42 4.56 4.78

In polarb (%) (0.5–10 µm) 0.11 0.23 0.07 0.21 1.54 102
Above 5 km (%)(0.5–10 µm) 9.12 11.21 7.47 9.70 14.10 51
Lifetime (days) (0.5–10 µm) 3.47 3.87 4.04 4.66 4.14 43
Bin 1: 0.05–0.63 7.41 8.55 9.05 10.86
Bin 2: 0.63–1.25 7.35 8.41 8.79 10.44
Bin 3: 1.25–2.5 5.89 6.64 6.96 8.09
Bin 4: 2.5–10 1.17 1.22 1.26 1.32

a Mean values and standard deviations (%) are from available models in AeroCom (see Textor et al., 2006, Table 10).
The standard deviations have been normalized by the all models average in the percentage in AeroCom.
b South of 80◦ S and north of 80◦ N.

rainout/washout scheme. Readers are referred to Table 6 for
the detailed numbers.

Our sea salt emission is calculatedonline based on the
wind speed at 10 m above the surface and the sea surface
temperature. Table 7 shows the global budget for sea salt. C1
and C2 predict a total emission of 4827 Tg yr−1, while A1
and A2 predict a slightly smaller value, 4797 Tg yr−1. The

emissions of each size bin are very close between the two
models. This means that CAM5 and AM3 have very similar
wind speeds at 10 m. Just like OM, BC or dust, C1 predicts
a smaller burden than A1 (4.69 Tg versus 5.88 Tg), a smaller
lifetime (0.35 days versus 0.45 days), but a larger mass frac-
tion in the polar regions (0.22 % versus 0.12 %) and above
5 km (1.54 % versus 1.01 %) for similar reasons.
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Table 7.Global budget of sea salt.

Aerocoma

Case C1 C2 A1 A2 Mean Stdev
Emission (Tg yr−1) (0.5–10 µm) 4827 4827 4797 4797 166 000 199
Bin 1: 0.05–0.63 175 175 172 172
Bin 2: 0.63–1.25 603 603 595 595
Bin 3: 1.25–2.5 1357 1357 1352 1352
Bin 4: 2.5–10 2693 2693 2679 2679

Removal rate coeff (day−1) (0.5–10) 2.82 2.11 2.23 1.47 5.07 188
Dry deposition 0.94 0.77 0.88 0.68 4.28 219
Wet deposition 1.88 1.34 1.35 0.80 0.79 77
In convective updraft (%) 67.3 79.9 39.3 55.7

Wet/Total (%) 66.8 63.6 60.5 54.1 30.50 65
Bin1: Removal rate coeff (day−1) 1.60 1.02 1.35 0.75
Dry deposition 0.08 0.06 0.09 0.07
Wet deposition 1.52 0.96 1.26 0.68
In convective updraft (%) 62.4 74.5 32.8 48.1

Wet/Total (%) 94.8 93.8 93.3 90.9
Bin2: Removal rate coeff (day−1) 1.61 1.09 1.35 0.78
Dry deposition 0.10 0.08 0.10 0.08
Wet deposition 1.51 1.01 1.25 0.70
In convective updraft (%) 65.0 76.6 33.6 49.3

Wet/Total (%) 93.6 92.3 92.4 89.6
Bin3: Removal rate coeff (day−1) 2.00 1.43 1.53 0.95
Dry deposition 0.29 0.25 0.27 0.22
Wet deposition 1.71 1.18 1.26 0.72
In convective updraft (%) 64.4 77.5 36.8 52.9

Wet/Total (%) 85.6 82.8 82.3 76.6
Bin4: Removal rate coeff (day−1) 4.91 4.36 3.86 3.19
Dry deposition 2.48 2.37 2.30 2.15
Wet deposition 2.43 1.99 1.56 1.04
In convective updraft (%) 71.5 84.2 45.8 64.5

Wet/Total (%) 49.5 45.6 40.3 32.5
Burden (Tg ) (0.5–10 µm) 4.69 6.27 5.88 8.94 7.52 54
Bin 1: 0.05–0.63 0.30 0.47 0.35 0.63
Bin 2: 0.63–1.25 1.02 1.51 1.20 2.09
Bin 3: 1.25–2.5 1.86 2.60 2.43 3.91
Bin 4: 2.5–10 1.50 1.69 1.90 2.30

In polarb (%) (0.5–10 µm) 0.22 0.76 0.12 0.45 3.32 140
Above 5 km (%)(0.5–10 µm) 1.54 3.94 1.01 2.58 8.65 92
Lifetime (days) (0.5–10 µm) 0.35 0.47 0.45 0.68 0.48 58
Bin 1: 0.05–0.63 0.62 0.98 0.74 1.34
Bin 2: 0.63–1.25 0.62 0.91 0.74 1.28
Bin 3: 1.25–2.5 0.50 0.70 0.66 1.06
Bin 4: 2.5–10 0.20 0.23 0.26 0.31

a Mean values and standard deviations(%) are from available models in AeroCom (see Textor et al. 2006, Table 10). The
standard deviations have been normalized by the all models average in the percentage in AeroCom.
b South of 80◦ S and north of 80◦ N.

4.2 Global and vertical distributions

Figure 6 shows the annual mean column integrated concen-
tration of sulfate, OM, BC, dust and sea salt from cases C1
and A1. In both cases, the dominant contributions to the bur-
den of total sulfate come from anthropogenic sources, which
are mainly located in the industrial regions in the NH espe-

cially in East Asia. Since sulfate is a secondary aerosol, and
its production rate is higher in A1, A1 has a higher concentra-
tion than C1 in most regions, especially over northern Africa,
Europe and to the north of 60◦ N.

Although case A1 has larger total burdens of OM and BC
than case C1 as showed in Table 5, this is not true region-
ally. Over the area from the central Africa towards Brazil,
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the concentrations of these aerosols from A1 are higher. This
may be attributed to two factors. First, A1 has less large-scale
precipitation over central Africa (see Fig. 3) where there is a
major source of biomass burning. Second, A1 has stronger
trade winds blowing from central Africa to South America
near the Equator (see Fig. 1). However, in the mid-latitudes
of the NH, C1 has similar or even slightly higher (e.g., North
America) concentrations. To the north of 60◦ N, the concen-
tration of BC from C1 is obviously higher. As explained in
Sect. 4.1, this may be due several factors including more
large-scale precipitation in AM3, larger convective cloud
mass flux in CAM5 and more sulfate coated on OM/BC in
A1. A1 predicts more dust over north Asia. However, C1 pre-
dicts more dust transported over the North Pacific Ocean to
North America mainly due to the smaller large-scale precip-
itation from CAM5 in this region (see Fig. 3). A1 predicts
a higher total burden of sea salt than C1 and this difference
mainly comes from the band from 30◦ S–60◦ S in the SH. In
the NH, C1 predicts that more sea salt is transported from the
North Atlantic Ocean to the North Polar region. This may be
related to the stronger winds in CAM5 that blow from the
North Atlantic Ocean to the North Polar region in January
(see Fig. 1).

Figure 7 shows the annual zonal mean concentrations of
sulfate, OM, BC, dust and sea salt from case C1 and A1.
A1 has more sulfate in the lower to middle troposphere over
polar regions. OM, BC, dust show strong transport toward
the poles in the middle troposphere, which results in higher
concentrations in the middle troposphere than in the lower
troposphere over these regions. C1 has higher concentrations
of OM and BC around 300 hPa over both polar regions than
does A1. Such differences may cause a difference in ice
clouds over polar regions as BC can act as heterogeneous
ice nuclei. Over the equator around 700 hPa to 900 hPa, A1
has higher concentration of OM and BC. This is related to
the higher concentration of OM and BC over central Africa
as discussed above.

Figure 8 shows the annual global mean vertical profiles of
sulfate, coated sulfate, OM, BC, dust and sea salt from C1,
C2, A1 and A2. C1 has smaller concentrations than A1 for all
aerosols in the lower troposphere. However, from 500 hPa to
200 hPa, C1 has slightly larger concentrations of OM, BC
and dust; from 600 hPa to 400 hPa, C1 has slightly larger
concentration of sea salt. When we decrease the rainout and
washout by large-scale precipitation, the profiles are shifted
to larger values. Overall, except for sulfate, profiles from C1
and C2 decrease more slowly than profiles from A1 and A2.
This is consistent with the fact that the mass fractions above
5 km from C1 and C2 are always larger than those from A1
and A2.

Figure 9 shows the annual mean vertical profiles of sul-
fate, coated sulfate, OM, BC, dust and sea salt averaged in
the North Polar region (> 80◦ N) from C1, C2, A1 and A2.
Except for sulfate, now the profiles from C1 are much larger
than the profiles from A1. When we decrease the rainout and

washout by large-scale precipitation, the concentrations in-
crease by a factor of∼4 from A1 to A2, a factor of∼3 from
C1 to C2. Although the annual profiles look well mixed in
A2 and C2, this is not the case seasonally. For example, BC
has larger concentrations near surface during DJF but larger
concentrations in upper troposphere in other seasons.

4.3 Aerosol optical depth, direct and 1st indirect forcing

The off-line radiative transfer model described by Penner et
al. (2011) was used to calculate the aerosol optical properties
and the resulting radiative forcing. Monthly averaged aerosol
fields from the four cases together with the same 3-hr mete-
orological fields from CAM5 and AM3 were used. Consis-
tent with the IMPACT model, there are five types of aerosol
populations, pure sulfate, carbonaceous aerosols from fos-
sil fuel (FFC), carbonaceous aerosols from biomass burning
(BBC), dust, and sea salt, which are externally mixed. How-
ever, within each aerosol type, a sulfate coating that is in-
ternally mixed is included. The size distribution of pure sul-
fate is calculated according to the predicted mass and number
while the other four types of aerosols use the prescribed size
distribution that is specified in the IMPACT model. The re-
fractive indices of sulfate, dust, and sea salt are the same as
those used in Liu et al. (2007). The refractive index of fossil
fuel BC is taken from Bond et al. (2006) and this is assumed
to be internally mixed with fossil fuel OM. The choice of
refractive index of fossil fuel/biofuel OM is not straightfor-
ward since part of this OM may be polymerized and/or oxi-
dized and have absorption characteristics of humic-like sub-
stances (HULIS) (Sun et al., 2007; Cappa et al., 2011). Since
the fraction of this material that is absorbing is not known
with any precision, we made the expedient assumption that
50 % of fossil fuel/biofuel OM had the refractive index of
HULIS with the rest having the same refractive index of am-
monium sulfate. Biomass burning BC is treated as in Bond
et al. (2006), while biomass burning OM is from Kirchstetter
et al. (2004). The refractive index of each internal mixture is
a volume-weighted index average of all individual aerosol
constitutes including absorbed water. The cloud fields are
held constant to assess the direct forcing of anthropogenic
aerosols from the preindustrial condition (PI) to the present
day condition (PD). For the first indirect forcing, the cloud
liquid water path and cloud fraction are held constant while
the cloud droplet number concentration changes when dif-
ferent amounts of aerosols are activated due to the different
aerosol loadings.

Table 8 gives the annual mean AOD of the four cases for
present day emissions. Even though C1 has smaller aerosol
burdens of each aerosol type than does A1, C1 has a much
larger AOD (0.126 vs. 0.087). The AOD for sulfate in C1 is
0.047, more than twice the value from A1, 0.020. The rel-
ative humidity (Hclr) used for hygroscopic aerosol growth
has been scaled to the cloud-free fraction of the grid box (i.e.
H clr = (H-f cld)/(1-f cld) where H is the grid-box averaged
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Fig. 6.Annual mean column integrated burden of sulfate, OM, BC, dust and sea salt (from top to bottom) from case C1 (left) and A1 (right).
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Fig. 7.Annual zonal mean concentrations of sulfate, OM, BC, dust and sea salt (from top to bottom) from case C1 (left) and A1 (right).
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Fig. 8.Annual global mean vertical profiles of sulfate, coated sulfate, OM, BC, dust and sea salt from C1, C2, A1 and A2.

relative humidity and fcld is the cloud fraction) and has a
maximum value of 99 %. If we limit the maximum RH to
0 %, which means there is no water uptake by aerosols, then
C1 has a smaller dry AOD than A1 (0.047 vs. 0.056) and the
ratio of AOD is 0.084:1. When this limit is increased to 90 %,
C1 still has a smaller AOD but is much closer to A1 (0.077
vs. 0.081 and 0.95:1). When the limit is set to be 99 %, C1 has
a huge increase from 0.077 to 0.126 while A1 only increases
from 0.081 to 0.087 and the ratio of AOD in the two models
is 1.45:1. Such changes indicate the much higher frequency
of occurrence of RH between 90 %–99 % in CAM5, which
leads to much more water uptake by hygroscopic aerosols
due to the fact that hygroscopic growth is highly nonlinear
with respect to RH. From the bottom graphs of Fig. 4, we
can see CAM5 has a higher relative humidity especially in
middle and high latitudes.

Figure 10 shows the global distribution of the total AOD
from cases C1 and A1. In dry regions including northern
Africa and the Arabian Peninsula, the AOD from the two
cases are comparable. However, from middle to high lati-
tudes in both hemispheres, C1 has a much higher AOD. In

the North Polar region, the AOD from C1 is almost twice as
large as that from A1. This is mainly due to the more hygro-
scopic growth of pure sulfate in C1 which consists of over
70 % of the total AOD in this area. When reducing the rain-
out/washout of aerosols by large scale precipitation in C2 and
A2, the AOD increases from 0.127 to 0.179 in the CAM5
runs and from 0.087 to 0.122 in the AM3 runs. The compar-
ison between C2 and A2 is very similar to that between C1
and A1.

The annual mean aerosol burdens of sulfate, black carbon
and organic matter increase due to the anthropogenic emis-
sions in going from PI to PD emissions. For example, in
C1 pure sulfate increases from 0.26 Tg S to 0.59 Tg S, or-
ganic matter increases from 0.40 Tg to 0.82 Tg and black
carbon increases from 0.029 Tg to 0.11 Tg; in A1 total sul-
fate increases from 0.32 Tg S to 0.68 Tg S, organic matter in-
creases from 0.47 Tg to 1.04 Tg and black carbon increases
from 0.034 Tg to 0.13 Tg. However, the burdens of dust in
both cases decrease due to the increased wet scavenging
efficiency as a result of more sulfate coating in PD. The bur-
dens of sea salt almost are almost constant from PI to PD. We
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Fig. 9. Annual mean vertical profiles of sulfate, coated sulfate OM, BC, dust and sea salt in the North Polar region (> 80◦N) from C1, C2,
A1 and A2.

Table 8.Aerosol optical depth.

Case C1 C2 A1 A2

Pure Sulfate 0.047 (37.0 %) 0.066 (36.9 %) 0.020 (22.7 %) 0.028 (22.9 %)
FFC + SO∗

4 0.006 (4.8 %) 0.009 (5.3 %) 0.004 (4.6 %) 0.006 (5.2 %)
BBC + SO∗

4 0.011 (8.3 %) 0.015 (8.4 %) 0.008 (9.4 %) 0.011 (9.3 %)
Dust + SO∗

4 0.033 (25.9 %) 0.039 (22.0 %) 0.030 (34.5 %) 0.036 (29.6 %)
Sea Salt + SO∗4 0.030 (24.0 %) 0.049 (27.4 %) 0.025 (28.8 %) 0.040 (33.1 %)
Sum 0.126 0.179 0.087 0.122

∗ Each type of aerosol is considered to be internally mixed with sulfate. BBC: biomass burning carbonaceous
aerosols. FFC: fossil fuel burning carbonaceous aerosols.

only consider the changes of sulfate, BBC (biomass burning
carbonaceous aerosol) and FFC (fossil fuel and biofuel car-
bonaceous aerosol) in the radiative forcing calculations and
ignore the changes of dust and sea salt.

Table 9 shows the aerosol direct effect (ADE) from an-
thropogenic aerosols in the four cases. Although the in-
creases of burdens of pure sulfate, BBC and FFC are
larger in A1 from PI to PD, C1 has a stronger all-

sky net cooling ADE at both the TOA and the surface
than A1 (TOA: −0.48 W m−2 vs. −0.25 W m−2, surface:
−1.13 W m−2 vs.−0.97 W m−2). This is also the case for the
clear-sky ADE (TOA:−1.14 W m−2 vs.−0.50 W m−2, sur-
face: −1.77 W m−2 vs. −1.28 W m−2). This is mainly due
to the much higher occurrence of relative humidity between
90 %∼99 % in CAM5 which leads to a larger AOD increase
of pure sulfate from PI to PD in C1. The total AOD of C1
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Fig. 10.Total aerosol optical depth from C1 (left) and A1 (right).

Fig. 11.All-sky direct effect at the TOA (top) and surface (bottom) in C1 (left) and A1 (right).

increases from 0.086 to 0.126 (0.0298 from sulfate, 0.0058
from BBC, 0.0046 from FFC) from PI to PD, while it only
increases from 0.068 to 0.087 (0.0115 from sulfate, 0.0043
from BBC, 0.0032 from FFC) for A1. The larger increase of
the AOD of pure sulfate in C1 (0.0298 vs. 0.0115) leads to a
stronger global cooling effect than A1. The absorption of ra-
diation in C1 is smaller than in A1 (all-sky: 0.65 W m−2 vs.
0.72 W m−2, clear-sky: 0.64 W m−2 vs. 0.78 W m−2). How-
ever, this difference is smaller than the relative difference in
the burdens of BBC/FFC in these two cases. This is due to the
increased water uptake in C1 which increases the absorption
of short wave radiation by the internally mixed BBC/FFC.

Figure 11 shows the global distribution of all-sky ADE at
the TOA and the surface. C1 has a stronger cooling effect al-
most everywhere except in central Africa and the ocean area
on its west coast. This is due to the much higher AOD in-

crease of pure sulfate from PI to PD in C1. In the North
Polar region, C1 has a net cooling effect while A1 has a
net warming effect. There are several factors contributing to
such opposite results. First, even though black carbon has net
warming effect at the TOA in C1, this effect is overtaken by
the strong cooling effect from the large increase of pure sul-
fate. Second, AM3 has much higher annual mean low cloud
coverage in this area than CAM5 (∼90 % vs.∼70 %) (see
Fig. 12 for the annual mean low cloud coverage). The larger
coverage increases the absorption by black carbon and the or-
ganic matter in A1. The third possible reason is that the BC
from A1 is more markedly peaked at higher altitudes than
that from C1 (see Fig. 9). The direct forcing of BC is sen-
sitive to the altitude of BC (Penner et al., 2003; Samset and
Myhre, 2011) and can change from cooling to warming when
BC is placed above clouds (Shindell and Faluvegi, 2009).

Atmos. Chem. Phys., 12, 9629–9652, 2012 www.atmos-chem-phys.net/12/9629/2012/



C. Zhou et al.: Aerosol forcing based on CAM5 and AM3 meteorological fields 9647

Fig. 12.Annual mean high cloud fraction (< 440 hPa, top panel), middle cloud fraction (440 to 680 hPa, middle panel) and low cloud fraction
(> 680 hPa, low panel) from CAM5 (left) and AM3 (right).

Fig. 13.First aerosol indirect effect (AIE) from case C1 (left) and A1 (right).

C1 has stronger net warming effect than A1 in central
Africa (the largest source region for biomass burning) and
the ocean area downwind to its west coast. This is partially
due to the higher low cloud coverage in CAM5 than AM3

which increases the absorption by black carbon/organic mat-
ter from biomass burning in C1. Another possible reason for
the reduced absorption in A1 in central Africa is that AM3
has larger high cloud coverage in this area which reduces the
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Table 9.Aerosol direct and 1st indirect forcing (W m−2).

Case C1 C2 A1 A2

ADE
At TOA (clear-sky) −0.48 (−1.14) −0.64 (−1.47) −0.25 (−0.50) −0.30 (−0.69)
At surface (clear-sky) −1.13 (−1.77) −1.45 (−2.26) −0.97 (−1.28) −1.32 (−1.77)
Column absorption (clear-sky) 0.65 (0.64) 0.81(0.79) 0.72 (0.78) 0.98 (1.08)

1st AIE
At TOA −1.74 −1.77 −1.26 −1.44
At surface −1.65 −1.67 −1.23 −1.38

absorption by the black carbon/organic matter. Because of
this strong shielding effect from high clouds from AM3 in
this area, the all-sky atmospheric absorption is smaller than
that in the clear-sky in A1 (0.72 W m−2 vs. 0.78 W m−2).
However, the all-sky absorption is larger than the clear-sky
absorption in C1 (0.65 W m−2 vs. 0.64 W m−2). This is be-
cause of the shielding effect of high clouds from CAM5 is
smaller in central Africa and the absorption of BC/OM by
low clouds is enhanced especially in the downwind ocean
area. The patterns of the all-sky ADE at the surface from
both cases are similar with strong cooling in the major in-
dustrial areas and major biomass burning source regions ex-
cept that C1 has a stronger cooling effect from middle to high
latitudes in the NH due to the larger AOD increases of pure
sulfate. When we reduced the rainout/washout of aerosols by
large scale precipitation, the all-sky ADE at TOA changes
from−0.48 W m−2 to−0.64 W m−2 from C1 to C2 and from
−0.25 W m−2 to −0.30 W m−2 from A1 to A2. The compar-
ison between C2 and A2 is very similar to that between C1
and A1 except that the ADE at the TOA over the Antarctic is
also positive in C2 due to the increased black carbon loading
over the highly reflective surface.

Aerosol fields calculated from the four cases are also used
to calculate the cloud droplet number concentration using the
cloud droplet activation parameterization of Abdul-Razzak
and Ghan (2000, 2002). The changed droplet number con-
centration due to the different aerosol loadings from PI to
PD changes the cloud droplet effective radius thus the cloud
albedo (defined as the first aerosol indirect forcing). A de-
tailed description of the radiation model can be found in
Wang and Penner (2009). Table 9 shows the global annual
average anthropogenic 1st aerosol indirect effect (AIE) from
four cases. The 1st AIE is−1.74 W m−2 at the TOA and
−1.65 W m−2 at the surface in C1 and−1.26 W m−2 at TOA
and−1.23 W m−2 at the surface in A1. This calculation does
not include any direct forcing effects from the aerosols. We
note that in this model the increased reflectivity of clouds by
the 1st AIE increases the atmospheric absorption of water
vapor, O3, O2, and CO2 above clouds but decreases it below
clouds. The net result depends on the height of the clouds,
and, in both the C1 and A1 models, the 1st aerosol indirect

effect causes atmospheric absorption to decrease, so that the
surface AIE is somewhat smaller than that at the TOA.

Figure 13 shows the global distribution of the 1st AIE at
TOA from C1 and A1. Since the distributions of the 1st AIE
at the surface highly resemble the 1st AIE at the TOA, they
are not shown here. From Fig. 13, we can see the major cool-
ing regions include the downwind regions of the industrial re-
gions in middle latitudes and the west coast regions of conti-
nents in the tropical and subtropical regions. Even though the
increases of anthropogenic aerosols are smaller in C1 than
those in A1, C1 has a stronger 1st AIE due to several rea-
sons. First, as can been seen from Fig. 12, CAM5 has more
low cloud and middle cloud coverage in the tropical regions,
like the tropical Pacific Ocean, west coast of south America,
tropical Indian Ocean and Indonesian, while AM3 has more
high cloud coverage in these regions. In our radiative model,
the activated aerosols which act as CCN only change the
cloud droplet number concentration of warm clouds which
are mainly low clouds and part of the middle clouds. So more
low and middle clouds can lead to a larger 1st AIE while
more high clouds over low or middle clouds can actually re-
duce the 1st AIE. Second, most of the cloud droplet number
concentration increase comes from the activation of pure sul-
fate in the accumulation mode. From PI to PD, pure sulfate in
the accumulation mode increases from 0.26 Tg S to 0.59 Tg S
(129 % increase) in C1 and from 0.32 Tg to 0.68 Tg (115 %
increase) in A1. The global mean cloud droplet radius at the
cloud top is reduced from 10.1 micron to 9.05 micron from PI
to PD in C1 and from 9.76 micron to 8.82 micron in A1. As
the cloud optical depth is inversely proportional to the cloud
droplet radius, the relative increase of cloud optical depth is
actually larger in C1. In the storm track regions in the NH, C1
also has a higher 1st AIE. The cloud optical depth (COD) in
the PI A1 run is larger than that in C1 (figures are not shown
here but can be deduced from the LWP in Fig. 5) and is al-
ready highly reflective. Even though the absolute increase of
COD is larger in A1 from PI to PD than in C1, its contribution
to the increase in cloud albedo is less than that in C1. When
we reduce the rainout/washout of aerosols by large scale pre-
cipitation, the 1st AIE at TOA changes from−1.74 W m−2

to −1.77 W m−2 from C1 to C2 and from−1.26 W m−2 to
−1.44 W m−2 from A1 to A2.
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5 Summary and discussion

We used a single aerosol model, the University of Michigan
IMPACT model, to explore the effects of differing meteoro-
logical fields from the NCAR CAM5 and GFDL AM3 mod-
els. We predicted the global distributions of sulfate, black
carbon, organic matter, dust and sea salt, aerosol optical
depth, and anthropogenic aerosol direct and 1st indirect ef-
fects.

Over all, the IMPACT-AM3 model predicts larger bur-
dens and longer aerosol lifetimes than the IMPACT-CAM5
model. However, the IMPACT-CAM5 simulations transport
more black carbon to polar regions and more dust from Asia
towards North America. These differences can be attributed
to differences in the vertical cloud mass flux and large-scale
precipitation fields which together determine wet scaveng-
ing and rainout/washout of aerosols. The zonally averaged
cloud mass flux from CAM5 is larger than that from AM3
which leads to more wet scavenging of aerosols in convec-
tive updrafts. Because wet scavenging in convective updrafts
accounts for more than half of the total wet deposition, the
cloud mass flux plays a dominant role in determining the
aerosol burden and lifetime. Since the large-scale precipita-
tion from AM3 is larger than that from CAM5 especially over
the middle latitudes, more black carbon is rained out/washed
out as it is transported to the polar regions and more dust
is rained out/washed out as it is transported across the Pa-
cific Ocean. Another important contributing factor is there
is more sulfate produced in aqueous phase reactions in the
IMPACT-AM3 model and therefore more sulfate coated on
nonsulfate aerosols. This increased sulfate coating increases
the wet scavenging efficiency of nonsulfate aerosols.

The burden, lifetime, and global distribution are also
strongly affected by choice of the parameters used in the
wet deposition process. A sensitivity test, in which the con-
densed water content was tripled, has shown that the bur-
den and lifetime can be increased up to∼20 % for IMPACT-
CAM5 and up to∼30 % for IMPACT-AM3, while the black
carbon in polar regions increases by a factor of four. The pre-
dicted black carbon from the IMPACT-AM3 simulations is
more sensitive to this change because the AM3 model has
more large-scale precipitation and also more sulfate coated
on other aerosol types which is caused by a larger aqueous
production. The sensitivity shown here suggests that differ-
ent models may simulate very different aerosol fields even
with the same aerosol module implemented in them. How-
ever, one may bring them much closer to each other by tun-
ing the parameters used in the wet deposition process if there
are good constraints available.

The total aerosol optical depth (AOD) at 550nm ranges
from 0.126 to 0.179 for the IMPACT-CAM5 model and
from 0.087 to 0.122 for the IMPACT-AM3 model. Even
though IMPACT-AM3 model has larger aerosol burdens, it
has a smaller AOD since the occurrence of relative humid-
ity over 90 % from AM3 is less frequent than that from

CAM5, which leads to less water uptake by the aerosols. The
corresponding global annual average anthropogenic all-sky
aerosol direct radiative forcing at the top of the atmosphere
ranges from−0.48 W m−2 to−0.64 W m−2 for the IMPACT-
CAM5 runs and from−0.25 W m−2 to −0.30 W m−2 for
the IMPACT-AM3 runs. Low clouds play an important role
in increasing the absorption by BC/OM. AM3 has a higher
low cloud coverage at high latitudes which leads to a pos-
itive ADE at TOA in the North Polar region while CAM5
has higher low cloud coverage to the west coast of equa-
torial Africa which leads to a positive ADE at TOA. The
1st aerosol indirect effect from the IMPACT-CAM5 model
(−1.74 W m−2 to −1.77 W m−2) is also larger than that from
the IMPACT-AM3 model (−1.26 W m−2 to −1.44 W m−2)
by ∼30 %. This is mainly due to the higher low and mid-
dle level cloud fractions in tropical and subtropical regions
from CAM5 as well as the relatively larger increases in the
cloud optical depth from PI to PD. However, uncertainties in
aerosol emissions (present-day and pre-industrial), absorp-
tion, interannual variability and other indirect effects are
likely to dwarf these differences. For example, Forster et
al. (2007) estimated the first indirect aerosol effect has a me-
dian value of−0.7 W m−2 but with a 5 to 95 % range of−0.3
to −1.8 W m−2. This range is much larger than the range es-
timated for a single model and for the range from the two
models. Nevertheless, it is still important to quantify the role
that meteorological differences by themselves play in differ-
ent model results. Also, we find that the indirect forcing for
a given set of meteorology is relatively more stable than the
aerosol burdens and ADE to the wet deposition treatment.
One reason is the nonlinear nature of AIE (AIE is not propor-
tional to the changes in the aerosol loadings and also depends
on the PI aerosol loading) although other compensating im-
pacts on different aspects of the aerosol distributions cannot
be excluded.

Even though we only ran two years for each case, we
compared the meteorological variables (e.g., convective mass
flux, large-scale precipitation, in-cloud water content, cloud
fields, relative humidity, etc.) that determine the differences
in the simulated results from five consecutive years of data
from CAM5 and AM3 and this comparison shows that the
major differences identified here for the 2 year runs still
hold. Thus, we believe that the simulated aerosol differ-
ences between the two models are robust, though interan-
nual variability may diminish these differences to a slight
extent. One of the major factors causing the smaller bur-
dens and shorter lifetimes of aerosols from simulations us-
ing the CAM5 meteorological fields is that the convective
cloud mass flux from CAM5 is larger than that from AM3.
In IMPACT, in order to prevent soluble tracers from being
transported to the top of the convective updrafts and then
dispersed on the grid scale, scavenging is applied within
the convective mass transport algorithm. So stronger con-
vective mass fluxes leads to stronger vertical transport as
well as larger wet scavenging. However, not all convective

www.atmos-chem-phys.net/12/9629/2012/ Atmos. Chem. Phys., 12, 9629–9652, 2012



9650 C. Zhou et al.: Aerosol forcing based on CAM5 and AM3 meteorological fields

cloud mass flux, especially the mass flux from shallow con-
vection, lead to convective precipitation. If we compare
the convective precipitation from AM3 and CAM5, they
are actually quite close (1.91 mm day−1 from AM3 versus
2.08 mm day−1 from CAM5). So one improvement to the wet
scavenging scheme in IMPACT in convective updrafts would
be to relate it to the predicted convective precipitation. Nev-
ertheless, many of the differences in aerosol burdens and ra-
diative effects seen in our study would also be present in the
base-line models, when run with similar aerosol treatments.
Our study shows that current climate models that are com-
pared in CMIP studies still suffer from differences that may
be largely removed if more detailed analysis and comparison
with observations were made.

As we can see, the major discrepancies between CAM5
and AM3 results were primarily attributed to components
of the atmospheric hydrological cycle (precipitation, vertical
cloud mass flux, and RH). Today, there is a large emphasis on
determining aerosol affects and their interactions with clouds
and precipitation. However, our study highlights that as long
as the hydrological cycles simulated by different GCMs do
not converge, the aerosol fields, direct effects, and aerosol
indirect effects will differ due to this factor alone. Thus, at
least as much effort should be put into examining this aspect
of GCMs as on examining aerosol indirect effects.

Supplementary material related to this article is
available online at:http://www.atmos-chem-phys.net/12/
9629/2012/acp-12-9629-2012-supplement.pdf.
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