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This study quantified the uncertainties in concentrations and direct radiative forcing of anthropogenic aerosols
due to emissions in eastern China using a global chemistry–aerosol–climate model. The emission inventories in-
cluded three global inventories, ACCMIP (Atmospheric Chemistry & Climate Model Intercomparison Project),
EDGAR-HTAP (Emission Database for Global Atmospheric Research for Hemispheric Transport of Air Pollution),
and EDGAR Version 4.2, and one regional INTEX-B (Intercontinental Chemical Transport Experiment—Phase
B) inventory. The uncertainties (a percentage of the standard deviation divided by the mean value across the
four inventories) in the regional surface-layer aerosol concentrations due to emissions were 3.9% in sulfate,
40.0% in nitrate, 18.4% in ammonium, 11.1% in POA, 16.7% in SOA and 15.4% in BC. Compared with the ACCMIP
model results based on a uniform emission inventory, the impacts of emissions were smaller. One exception is
the regional surface-layer nitrate concentration, which had comparable uncertainties due to the emissions
(40.0%) and themodels (43.8%) because of the complex nitrate chemistry and the highly uncertain NH3 emission.
The mean regional aerosol direct forcing at the top of the atmosphere between 1850 and 2006was−3.6Wm−2

under all-sky conditions and was enhanced up to −3.83 Wm−2 after the model assimilated the MODIS find-
mode aerosol optical depth (AOD). The impact of the assimilation of absorption AOD is discussed. The uncer-
tainties in aerosol direct forcing were smaller than those of the ACCMIP inter-model results, but still significant.
An accurate emission inventory is essential for quantifying the role of aerosols in regional climate.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Direct radiative forcing (DRF) of aerosols,which involves the scatter-
ing or absorption of solar radiation by aerosols, has increased since the
preindustrial era (Myhre et al., 2001, 2013a; Shindell et al., 2013; Lee
et al., 2013). The Intergovernmental Panel on Climate Change (IPCC)
Working Group I Fifth Assessment Report (WGI AR5) estimated a global
mean aerosol direct forcing of −0.35 W m−2 in 2011 relative to 1750,
with large uncertainties of −0.85 to +0.15 Wm−2 (Myhre et al.,
2013a). Regional radiative forcing values could be larger than the global
mean value and have higher uncertainties (Yu et al., 2006; Nakajima
et al., 2007; Goto et al., 2011).

The uncertainties in aerosol DRF may be associated with differences
in the physical and chemical processes in models. The AeroCOM (Aero-
sol Comparisons between Observations and Models) Phase II project
(Kinne et al., 2006; Myhre et al., 2013b) and the ACCMIP (Atmospheric
Chemistry & Climate Model Intercomparison Project) (Lamarque et al.,
2013) evaluated the uncertainties resulting from the model differences
ric Physics, Chinese Academy of
fax: +86 10 62041393.
under their own respective emission inventories, which were similar
across the participating models. Sixteen of the AeroCOM Phase II global
models predicted a global and annualmean aerosol optical depth (AOD)
of 0.0295 with a standard deviation of 0.011 (Myhre et al., 2013b). Ten
ACCMIP models predicted that the global normalized biases in the AOD
against satellite datasets were between −30% and +20% (Shindell
et al., 2013). The model diversities must take into account the aerosol
burdens, mixture of black carbon with scattering aerosols, representa-
tion of the aerosol size distribution and lack of aerosol species
(e.g., secondary organic aerosols, nitrate) (Kinne et al., 2006; Textor
et al., 2007; Myhre et al., 2013b; Shindell et al., 2013).

Emission inventories influence aerosol simulations. Several histori-
cal bottom-up emission inventories developed for Asia (Streets et al.,
2003; Ohara et al., 2007; Zhang et al., 2009; Lu et al., 2010; Lei et al.,
2011) show considerable discrepancies in the emission amounts due
to their differences in adopted emission factors and activity levels
(e.g., energy consumption, industrial and agricultural production), as
well as the complete level of revised emission sectors (Zhang et al.,
2009; Lei et al., 2011). Zhao et al. (2011) estimated the uncertainties
in emissions in China associated with the bottom-up methodology.
They took Monte Carlo simulations by randomly taking emission factor
and activity data 10,000 times under the parameters' probability
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distributions thatwere created based on the fieldmeasurements in year
2005. They found that the uncertainties in emissionswere−14% to 13%
for sulfur dioxide (SO2),−13% to 37% for nitrogen oxides (NOx),−25%
to 136% for black carbon (BC) and −40% to 121% for organic carbon
(OC). Granier et al. (2011) investigated several global and regional
emission inventories assessed for 1980–2010 and claimed that im-
proved quantification was needed for emissions in central Europe,
India and China. According to 8 inventories for BC, CO and NOx and 10
inventories for SO2, the emission ratios in year 2000 of the highest to
the lowest in China were 2.12 for BC, 1.43 for carbon monoxide (CO),
1.31 for NOx and 1.78 for SO2.

Thus far, few studies have examined the uncertainties in emission
inventories in aerosol simulations, and those existingwere froma global
perspective. Textor et al. (2007) analyzed the global mean AeroCOM
phase I results and concluded that the uncertainties in global aerosol
concentrations were dependent on the model's chemical and physical
processes, except the uncertainty in emissions. Stier et al. (2006)
switched off the anthropogenic emissions to learn the nonlinear re-
sponse of the global aerosol mass concentration and number burden
due to themicrophysical change in aerosol aging and geographical shifts
in emission source. Lee et al. (2011) examined the sensitivity of simulat-
ed CCN to emissions of sulfate particulate, sulfur, and sea spray, as well
as that of simulated CCN to a few physical and chemical parameters
(i.e., aqueous phase oxidation activation diameter, mass accommoda-
tion coefficient, sulfuric acid nucleation threshold, nucleation critical
cluster size and cloud nucleation scavenging diameter). They found
that uncertainties in sulfur emissions contributed to 80%of the CCNcon-
centration variance in polluted environment.

Chinese anthropogenic emissions account for 66% of SO2, 57% of NOx,
56% of CO, 62% of BC and 49% of OC in Asian emissions (Zhang et al.,
2009). The major emission sources are located in populated eastern
China,where the regional aerosol direct forcinghas been extensively es-
timated for certain species of sulfate (Giorgi et al., 2002; Wang et al.,
2003), nitrate (Wang et al., 2010b; Zhang et al., 2012a; Li et al., 2014;
Park et al., 2014b) and carbonaceous particulates (Wu et al., 2008;
Zhuang et al., 2011), as well as their mixtures (Chang et al., 2009;
Zhang et al., 2012b). These studies were based on emission driving
chemistry-climate models, but discussion of the impact of emission in-
ventories on regional aerosol simulation is rare.

The goal of this study is to investigate the sensitivities of anthropo-
genic aerosol concentrations, aerosol optical properties and aerosol
DRF values over eastern China to four emission inventories from
ACCMIP, EDGAR, HTAP and INTEX-B. Because the global models tend
to underestimate eastern Asian AOD (Shindell et al., 2013), we
constrained the DRF by assimilating the satellite- and ground-based
fine-mode AOD through optimal interpolation (Collins et al., 2001;
Chung et al., 2010; Park et al., 2014a). Section 2 describes the global
model and emission inventories. The model results for aerosol concen-
trations, optical properties and DRF are presented in Section 3.
Section 4 discusses AAOD, and Section 5 summarizes the work in the
conclusion.

2. Methodology

2.1. The CACTUS model

Aerosol concentrations and DRF were simulated using the fully
coupled tropospheric chemistry-aerosol-climate model within the
GISS (Goddard Institute for Space Studies) GCM II′ (Liao et al., 2004;
Liao and Seinfeld, 2005; Liao et al., 2006, 2009), which was developed
by the National Aeronautics and Space Administration (NASA) project,
Chemistry, Aerosols, and Climate: Tropospheric Unified Simulation
(CACTUS). The model includes a detailed simulation of tropospheric
O3–NOx–hydrocarbon chemistry, as well as of sulfate, nitrate, ammoni-
um, BC, primary organic aerosols (POA), secondary organic aerosols
(SOA), sea salt and mineral dust. The GISS GCM II′ has a horizontal
resolution of 4° latitude by 5° longitude, with 9 vertical layers from
the surface to 10 hPa. The CATUS model is coupled with a Q-flux
ocean (Hansen et al., 1984). In the Q-flux ocean, ocean heat transport
is held constant but sea surface temperatures and ocean ice respond
to changes in climate.

The model assumes lognormal size distributions for different dry
aerosol species. Thewater uptake by aerosols is calculated by the online
thermodynamics equilibrium module ISORROPIA (Nenes et al., 1998).
Aerosol species are assumed to be internally mixed and the refractive
index of the mixed aerosol is calculated by the volume-weighted aver-
age of the refractive index of each aerosol component and associated
water. Thewavelength dependent aerosol optical properties (extinction
coefficient, scattering coefficient, and asymmetric factor) are calculated
by using the Mie theory.

2.2. Emission inventories

The aerosol simulations were based on anthropogenic, biomass
burning, and natural emissions in 2006. The natural emissions include
NOx from lightning and soil, biogenic hydrocarbons, sea salt and di-
methyl sulfide from the oceans, which are calculated online depending
on themeteorological conditions (Liao et al., 2004, 2006). The anthropo-
genic and biomass burning emission inventories are briefly described
below.

2.2.1. ACCMIP emissions
The ACCMIP historical emissions inventory was established for the

ACCMIP project (Lamarque et al., 2010) in support of the climate
model experiments for the IPCCAR5. It contains reconstructed historical
emission datasets from 1850 to 2000 for every 10 years. The inventory
has emissions from 12 sectors with a horizontal resolution of
0.5° × 0.5°. The chemical species includemethane, CO, NOx, SO2, ammo-
nia (NH3), BC, POA and non-methane volatile organics. For 2006, emis-
sions were interpolated between the annual emissions in 2000 and
2010 using the Representative Concentration Pathway (RCP) 4.5 (van
Vuuren et al., 2011).

2.2.2. EDGAR-HTAP emissions
The EDGAR-HTAP (Emission Database for Global Atmospheric Re-

search for Hemispheric Transport of Air Pollution) global emission in-
ventory (hereafter referred to as HTAP) is the compilation of different
official or scientific inventories at the national or regional scale. The
emissions in China were compiled from GAINS-China datasets, and
Asian emissions outside of China were from REAS (Regional Emission
inventory in Asia) (Ohara et al., 2007). This dataset includes anthropo-
genic emissions of SO2, NOx, CO, NH3, BC and OC. The HTAP inventory
has two versions. Version 1 has annual emissions from 2000–2005,
and version 2 has emissions in 2008 and 2010. For 2006, emissions
were interpolated between 2005 and 2008.

2.2.3. EDGAR Version 4.2 emissions
The global EDGAR anthropogenic emission dataset (version 4.2)was

compiled by the European Commission, Joint Research Center (JRC)/
Netherlands Environmental Assessment Agency. This dataset has only
emissions of SO2, NOx, CO, and NH3 from anthropogenic and biomass
burning sectors and includes no carbonaceous aerosol emissions. The
annual emissions have a resolution of 0.1° × 0.1° and cover the period
from 1970 to 2008.

2.2.4. INTEX-B emissions
The Asian INTEX-B emission inventory was established in 2006 for

the Intercontinental Chemical Transport Experiment—Phase B (INTEX-
B) project. It contains anthropogenic emissions of SO2, NOx, CO, BC,
POA, PM10, PM2.5 and VOCs (volatile organic compounds) and has no
NH3 emission. Biomass burning emissions are also absent. This invento-
ry has a horizontal resolution of 0.5° × 0.5° and covers anthropogenic
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emissions in China, Mongolia, Korea, Japan, India and Indonesia (Zhang
et al., 2009).

Four simulations based on each emission inventorywere performed.
Because not all of the inventories contained all of the species or sectors
required by themodel, they collaborated with each other in the simula-
tions. The HTAP inventory contained only anthropogenic emissions and
was combined with the biomass burning emission inventory of Global
Fire EmissionDatabase (GFED) version 3.1. The EDGAR inventory lacked
carbonaceous aerosol emissions and was combined those from the
HTAP and GFED inventories. Based on the EDGAR inventory, the Asian
emissions were further replaced by the INTEX-B inventory. The
ACCMIP inventory contains all of the precursors and sectors and was
used exclusively in themodel. For convenience, we named each simula-
tion based on the name of the inventory providing the anthropogenic
SO2 emission for China. All of the anthropogenic emissionswere report-
ed as annual mean values, except for the biomass burning and natural
emissions calculated online, which had monthly variations in the
model.

Table 1 lists the annual emission amounts of aerosol precursors and
primary aerosols over eastern China (100°–120°E, 24°–44°N). We de-
fined an uncertainty as a percentage of the standard deviation divided
by the mean value across the four inventories/simulations. Fig. 1
shows the geographical distributions of the annual and average emis-
sions across the inventories and their uncertainties. The four inventories
consistently showed large emission amounts in eastern China. All emis-
sions hadmaximum values in the North China Plain, which is consistent
with the distributions of urbanization and population. CO had the larg-
est emissions, and SO2 was the second largest because coal combustion
is a primary emission source in this country. NOx was the third most
abundant emission species due to the rapid increase in vehicles that is
in turn increasing pollution (Zhang et al., 2009).

In eastern China, CO emission had the largest uncertainty (27.9%)
because EDGAR contains low CO emissions from the biomass burning
and fossil fuel sectors. NH3 had the second largest uncertainty
(18.4%) partly because ammonia volatilization (particularly in fertil-
izer applications) is strongly dependent on the varying soil acidity
and ambient temperature (Huang et al., 2012; Zhou et al., 2015).
Meanwhile, an inventory may not contain all relevant sectors. The
HTAP NH3 is comprised solely of the agricultural and waste-
handling sectors, while EDGAR and ACCMIP additionally contain
NH3 emissions from the industrial, energy and transportation sec-
tors. Carbonaceous aerosol emissions had comparable uncertainties
(i.e., 15.4% for BC and 11.9% for OC) that are associated with the
lack of statistical data on applications of combustion technology
(e.g., residential burning of raw coal or briquettes), fuel type
(e.g., biofuel, coal, diesel) and the amount of biomass burning in
China (Zhang et al., 2009; Qin and Xie, 2011). Information on the in-
dustrial and transportation sectors is relatively well known (Zhao
et al., 2011). Thus, SO2 and NOx had the lowest emission uncer-
tainties of 5.3% and 6.6%, respectively. Additionally, there were a
Table 1
Annual emissions of aerosol precursors and aerosols in eastern China (100°–120°E, 24°–44°N) i
calculated based on the four emission inventories.

Emission inventories SO2

Tg(SO2)
NH3

Tg(NH3)
NOx

Tg(N

ACCMIP 21.35 4.33 7.85
HTAPa 22.01 6.82 8.37
EDGARb 22.32 5.53 7.68
INTEX-Bc 24.12 5.53 8.87
Mean ± Std 22.45 ± 1.18 5.55 ± 1.02 8.19
Std/Mean × 100% 5.3% 18.4% 6.6%

a The HTAP inventory consisted of anthropogenic emissions from the HTAP inventory and b
b The EDGAR inventory had emissions of SO2, NH3, NOx and CO from the anthropogenic and

from the HTAP anthropogenic emission inventory and the GFED biomass burning emission inv
c The INTEX-B inventory only included Asian emissions of SO2, NOx, CO, BC and OC. Emissio
few high emission uncertainties from remote areas (e.g. Siberia,
Tibetan Plateau) because of a few differences in biomass burning
emissions and the low emission levels causing even these slight dif-
ferences noticeable.

2.3. Measurement datasets

The measurements used to evaluate the model's aerosol concentra-
tions were the two-year (2006–2007) monthly averages of surface-
layer aerosol concentrations from the Chinese Atmosphere Watch Net-
work (CAWNET) affiliatedwith the ChineseMeteorological Administra-
tion. The datasets contained PM10 concentrations of sulfate, nitrate,
ammonium, BC, OC andmineral dust, as well as a derivedmass concen-
tration of SOA (Zhang et al., 2012c). The aerosol concentrations, except
for dust, were multiplied by 0.6 to represent the fine-mode particulate
concentration, as suggested by Zhang et al. (2004). Fig. 2 shows the 14
site locations.

The 550 nmAOD datasets were from the hand held hazemeter mea-
surements in 2005–2007 at 20 sites of the China Sun Hazemeter Net-
work (CSHNET) (Xin et al., 2007; Wang et al., 2011). Because it is
difficult to depict uneven aerosol distributions using point observations,
we used additional 2012–2014 sun-photometer measurements from 5
sites that were operated by the Institute of Remote Sensing and Digital
Earth, Chinese Academy of Sciences, and combined the two datasets to
nudge the satellite AOD in spite of their temporal mismatch. Xin et al.
(2011) studied the AOD monthly variations from 2004–2010 in north-
eastern China. They found that the magnitudes of the linear changes
in AOD from 2004–2010 were generally less than 0.05 (Figures 2 to 5
in Xin et al., 2011). Therefore, the use of 2012–2014 datasets should
not compromise our conclusions. Fig. 4 shows the 25 site locations.

We applied two monthly satellite datasets from 2006: the Aqua
MODerate Resolution Imaging Spectroradiometer (MODIS) Collection
051 (level 3, 550 nm AOD) and the Terra Multi-angle Imaging
SpectroRadiometer (MISR) (555 nm AOD). They were downloaded
from the NASA Giovanni website and had a global resolution of
1° × 1°. Extensive studies have validated the satellite AOD datasets in
China. Wang et al. (2010a) demonstrated that the 2004–2007 MODIS
C005 aerosol products underestimated the AOD over China by approxi-
mately 0.03 to 0.07. Liu et al. (2010) found that the 2004–2006 MISR
AOD had a systematic underestimation when the AOD value was great-
er than 0.5. Cheng et al. (2012) claimed that both MODIS and MISR
showed lower retrieval accuracies in China than in the U.S., Europe
and North Africa. Therefore, the satellite AOD was first nudged to the
ground-based AOD observations at the 25 sites before the model
assimilation.

2.4. Optimal interpolation (OI) methodology

The assimilation method is optimal interpolation (OI), which is to
calculate error-weighted average between two datasets. Specifically,
n 2006 in the four emission inventories. The mean and one standard deviation (Std.) were

O)
CO
Tg(CO)

OC
Tg(C)

BC
Tg(C)

99.96 2.71 1.43
119.51 2.13 1.07
60.49 2.13 1.07
119.87 2.41 1.36

± 0.54 99.96 ± 27.91 2.35 ± 0.28 1.23 ± 0.19
27.9% 11.9% 15.4%

iomass burning emissions from the GFED inventory.
biomass burning sectors. The emissions of carbonaceous aerosols (BC and OC) were taken
entory.
ns outside of Asia were taken from the case of EDGARb.



Fig. 1. Annual emissions of aerosol precursors and aerosols (including anthropogenic and biomass burning emissions) and their uncertainties (ratio of the standard deviation to themean
value as a percentage) across the 2006 emission inventories of ACCMIP, HTAP, EDGAR and INTEXB in China. Theunits of emissions of SO2, NOx, NH3, CO, BC andOCare g (SO2, NOx, NH3, CO,
C, C) m−2 year−1, respectively.
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the model AOD (τm′) was nudged by the AOD difference between the
observation (τo) and model (τm) as the follow:

τ0m ¼ τm þ K τo−Hτmð Þ ð1Þ

whereK is aweight operator determining the specific correction at each
model grid. It is based on an observation error (O) and a background
error (i.e., model error, B):

K ¼ BHT HBHT þ O
� �−1

: ð2Þ

TheH is a linear operator transferring themodel value/error into the
observation locations. In our case, the observation AOD was remapped
into themodel resolution, which simplifies theH operator to the identi-
ty matrix I. The observation error consists of a measurement error (eo)
and a representative error (er). The former is the intrinsic error of the
observation, and the latter denotes the capability of a fine-grid observa-
tion to describe aerosols over a large model grid. The observation error
covariance between locations is ignored, and the final observation error
matrix O is:

O ¼ e2o þ e2r
� �

I: ð3Þ

The background error field B denotes the spatial relationship of the
background error (em):

B lon; latð Þ ¼ e2m exp −
d2

2l2

 !
ð4Þ

where d is the distance between the two model grids, and l is the hori-
zontal correlation length-scale of error that is typically 100 km (Collins
et al., 2001).
The OI calculation was performed twice. Firstly, to create a best
observation, the satellite AOD was nudged to the ground-based
AOD. The satellite dataset was regarded as a “model” result and
was linearly interpolated to the ground site locations. The satellite
AOD error was the MODIS retrieval uncertainty over land, eo =
0.05 ± 0.15 × τo (Remer et al., 2005). The ground-based observa-
tion error was 0.05. Since we care about the anthropogenic aero-
sols, the nudged AOD observation was scaled to attain the fine-
mode AOD (fAOD) based on the median ratio of anthropogenic
AOD to total AOD across the five ACCMIP models (i.e., CICERO-
OsloCTM2, GFDL-AM3, GISS-E2-R, GISS-TOMS, HadGEM2). Second-
ly, the nudged observation was assimilated with the CACTUS model
result. The observation error was still the MODIS retrieval uncer-
tainty and the representative error was the standard deviation of
fAOD over a fine satellite grid (1° × 1°) in a coarse model grid
(4° × 5°). The model error was the standard deviation of fAOD
across the five ACCMIP models. The adjustment of the model fAOD
was distributed to fAOD at each model layer based on the weights
calculated from the layer fAOD variation across the five ACCMIP
models, after which the new fAOD was ready for the aerosol forcing
estimation.

Absorption AOD (AAOD) in 2006 derived from the Ozone Monitor
Instrument (OMI) Level 2 on the Aqua satellite was also considered,
but theOI calculation for AAODwas difficult because of the lack of quan-
titative estimation on the error in the AAOD observations. We firstly
show the impacts of fAOD assimilation in Section 3.2.4 and discussed
the impact of AAOD assimilation in Section 4.

2.5. The ACCMIP model data

The ACCMIP model results were applied in this study to show the
agreement of our model with other global models, identify the signifi-
cance of the impact of emissions through comparison of the diverse
model results due to the model differences, and estimate the inter-



Fig. 2. Simulated annual mean surface-layer concentrations of sulfate, nitrate and ammonium (μgm−3) in China and their uncertainties (ratio of the standard deviation to themean value
as a percentage) across the 2006 emission inventories of ACCMIP, HTAP, EDGAR and INTEX-B. The circles in the left column show the magnitudes and locations of the CAWNET
measurements.
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model variation in AOD used as model error for the OI assimilation as
shown in Section 2.4. Table 2 shows the global burdens of aerosol spe-
cies, fAOD excluding AOD of dust and sea salt, and anthropogenic ab-
sorption AOD (AAOD) in the models. In general, CACTUS provided the
global aerosol burdens, and fAOD and AAOD were within the ranges of
the ACCMIP models, but near the low end.
Table 2
Global burdens (Tg) of aerosol species, fine-mode aerosol optical depth (fAOD) and an-
thropogenic (Anth.) absorption AOD (AAOD) simulated in this work using the ACCMIP
emissions for the year 2000. The maximum (Max.), minimum (Min.), mean value, one
standard deviation (Std), and uncertainty (ratio of std to mean value in percentage) of
the ACCMIPmodel results in 2000 are also listed for comparison. The POA and SOA in this
and the latter tables are in units of organic matter.

Global Budget (Tg) Anth.
fAOD

Anth.
AAOD

Sulfate Nitrate Ammonium POA SOA BC

CACTUS
model

1.23 0.21 0.38 0.55 0.31 0.09 0.04 0.002

ACCMIP models
Max. 4.44 7.58 0.92 1.58 1.09 0.31 0.13 0.005
Min. 1.24 0.08 0.19 0.51 0.08 0.08 0.04 0.001
Mean 2.07 3.25 0.72 1.00 0.53 0.15 0.06 0.004
Std 0.88 3.55 0.56 0.36 0.44 0.07 0.03 0.002
Std/Mean
× 100%

42.5% 109.2% 77.8% 36.0% 83.0% 46.7% 50% 50%
3. Results

3.1. Evaluation of model performances in eastern China

3.1.1. Surface-layer aerosol concentrations
Figs. 2 and 3 show the simulated annual mean surface-layer aerosol

concentrations in China and their uncertainties. CACTUS reasonably
reproduced the maximum concentrations in the north and captured
the dominant component of sulfate. However, the aerosol concentra-
tions were underestimated. The mean biases at the CAWNET sites
were −51.3% to −44.7% for sulfate, −71.6% to −29.9% for nitrate,
−70.8% to −62.5% for ammonium, −54.8% to −43.5% for POA,
−86.7% to−85.5% for SOA, and −61.1% to−50.5% for BC (Table 3).

The negative biases reported above were caused in part by the
coarse model resolution missing the subgrid variations in precursors
and particulates. We found that the significant low biases were also in
the ACCMIP model results (negative biases larger than 50%) though
the ACCMIP simulations used emissions of 2000, while the measure-
ments were taken in 2006. To isolate the impact of increased emissions
over 2000–2006, we performed a CACTUS simulation by using the
ACCMIP emissions for 2000 and found that the regional aerosol in-
creases over 2000–2006 were no more than 2 μg m−3 (Table 3), lower
than the model biases in the ACCMIP model simulations. It suggests
that the lowbiases are not accident in CACUTS but are common in global
models. Besides to the resolution, the transport and deposition of



Fig. 3. Same as Fig. 2, but for the surface-layer concentrations of BC, POA and SOA (μg m-3).
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aerosols depend on simulated climate (Zhang et al., 2010) and the
chemistry scheme in the model may need to be improved (Wang
et al., 2014; Zheng et al., 2015). To examine the impacts of the lowbiases
in concentrations, wewill calculate aerosol radiative forcing byusing as-
similated AOD in Section 3.2.4.

3.1.2. Aerosol optical properties
Fig. 4 compared the simulated annual mean values of single scatter-

ing albedo (SSA), AODandAAODwith the ground-basedmeasurements
(CSHNET sites plus 5 sunphotometer sites operated by the Institute of
Remote Sensing and Digital Earth, Chinese Academy of Sciences). With
all aerosol species considered (SO4

2−, NO3
−, NH4

+, OC, BC, sea salt, and
mineral dust), the simulated AOD and AAOD were high whereas SSA
Table 3
Comparisons of the simulated aerosol concentrations (μgm−3) from the CACTUSmodelwith th
inventory, the model bias is given as 1/14 × ∑i = 1

14 (cimod − ci
obs)/ciobs × 100 %, where ci

mod and

Sulfate Nitrate Ammonium

Observation 15.0 6.7 4.8

Based on emissions in 2000
ACCMIP −9.2 (−61.3%) −5.2 (−77.6%) −3.5 (−72

Based on emissions in 2006
ACCMIP −7.7 (−51.3%) −4.8 (−71.6%) −3.0 (−62
HTAP −6.9 (−46.0%) −2.0 (−29.9%) −3.4 (−70
EDGAR −7.3 (−48.7%) −2.8 (−41.8%) −3.3 (−68
INTEX-B −6.7 (−44.7%) −3.3 (−49.3%) −3.4 (−70
valueswere lowover Northern China, as a result of the strong anthropo-
genic emissions and high mineral dust concentrations in this region.
Comparedwithmeasurements at the 25 sites, the simulatedAOD exhib-
ited biases of−0.04 (−9.8%). The simulated average AOD over eastern
China was 0.37, which falls within the AOD ranges of 0.26 from MISR
and 0.39 fromMODIS. Despite of the good overall performance, the neg-
ative biases in AODwere larger than 0.2 over central China, because the
simulated mineral dust concentrations were low and anthropogenic
aerosols were underestimated over there.

Over eastern China, the regional mean AAOD was simulated to be
0.027, which agreed closely with OMI AAOD of 0.025. At the 25 sites,
simulated AAOD showed average biases of −0.01 (−26.9%). The aver-
age SSA at 550 nmat the CSHNET sites was observed to be 0.86 in 2005–
e CAWNET observations of aerosol mass concentrations reduced by 40%. For each emission
ci
obs are the modeled and observed concentrations at station i, respectively.

POA SOA BC

6.2 8.3 3.6

.9%) −3.3 (−53.2%) −7.2 (−86.7%) −2.3 (−63.9%)

.5%) −2.7 (−43.5%) −7.1 (−85.5%) −1.8 (−50.5%)

.8%) −3.2 (−51.6%) −7.2 (−86.7%) −2.2 (−61.1%)

.8%) −3.4 (−54.8%) −7.2 (−86.7%) −2.1 (−58.3%)

.8%) −3.2 (−51.6%) −7.1 (−85.5%) −2.2 (−61.1%)



Fig. 4. Simulated annual mean values of single scattering albedo (SSA), total aerosol optical depth (AOD), and absorption AOD (AAOD) in China and their uncertainties (ratio of the stan-
dard deviation to themean value as a percentage) across the 2006 emission inventories of ACCMIP, HTAP, EDGAR and INTEX-B. The circles in the left panels show the locations and mag-
nitudes of the ground-based observations. The calculations of AOD, AAOD, and SSA accounted for all aerosol species (SO4

2−, NO3
−, NH4

+, OC, BC, sea salt, and mineral dust).
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2007, while the value simulated in the CACTUSmodel was 0.92 (higher
by ~7%). The model bias in AAOD is likely caused by the underestima-
tion of BC concentrations.

3.2. Impacts of the emission inventories for 2006

3.2.1. Surface-layer aerosol concentrations
Table 4 presents the uncertainties in the aerosol surface-layer concen-

trations due to the emission differences in CACTUS. The primary particu-
lates of BC and POA had approximately equivalent uncertainties in their
Table 4
Annual mean surface-layer aerosol concentrations (μg m−3) averaged over eastern China (100°
tom rows compare the uncertainties in the concentrations due to the differences in the four em
and physical processes.

Emission inventories Sulfate Nitrate A

ACCMIP 6. 8 1.6 2
HTAP 7.5 5.0 4
EDGAR 7.9 3.5 4
INTEX-B 7.3 3.8 3
Emissiona: Mean ± Std 7.6 ± 0.3 3.5 ± 1.4 3
Std/Mean × 100% 3.9% 40.0% 1
Modelb: Mean ± Std 5.2 ± 1.7 1.6 ± 0.7 2
Std/Mean × 100% 32.7% 43.8% 8

a Uncertainties in the concentrations due to the differences in the four emission inventories
b Uncertainties in the concentrations from the ACCMIP models due to the differences in che
concentrations (15.4% for BC and 11.1% for POA) and emissions (15.4%
for BC and 11.9% for OC). The uncertainty in sulfate concentrations
(3.9%) was close to the uncertainty in SO2 emission (5.3%). Locations
with high aerosol concentrations generally had lower uncertainties be-
cause the high polluted background air leaded to the fluctuation in con-
centration was not noticeable (Figs. 2 and 3).

Nitrate was different, with an uncertainty of 40.0% that was far higher
than the emission uncertainties of 18.4% and 6.6% for NH3 and NOx, re-
spectively. The nitrate chemistry is subject to sulfate formation in
which SO2 reacts preferentiallywith NH3 and reduces ammoniumnitrate
–120°E, 24°–44°N) in the CACTUSmodel based on the four emission inventories. The bot-
ission inventories with those in the ACCMIPmodels caused by the differences in chemical

mmonium POA SOA BC

.8 4.1 0.6 1.5

.4 3.4 0.5 1.2

.0 3.4 0.6 1.2

.8 3.4 0.6 1.4

.8 ± 0.7 3.6 ± 0.4 0.6 ± 0.1 1.3 ± 0.2
8.4% 11.1% 16.7% 15.4%
.0 ± 1.7 4.1 ± 0.7 4.2 ± 0.8 1.4 ± 0.4
5.0% 17.1% 19.0% 28.6%

.
mical and physical processes.



Table 5
Annual mean aerosol column burdens (mg m−2) averaged over eastern China (100°–120°E, 24°–44°N) in the CACTUS model based on the four emission inventories. The bottom rows
compare the uncertainties in the column burdens due to the differences in the four emission inventories with those of the ACCMIPmodels caused by the differences in chemical and phys-
ical processes.

Emission inventories Sulfate Nitrate Ammonium POA SOA BC

ACCMIP 10.7 1.5 3.8 4.5 1.2 1.5
HTAP 11.4 4.3 5.5 3.9 1.2 1.2
EDGAR 12.5 3.1 5.2 4.1 1.3 1.2
INTEX-B 12.2 3.2 5.1 3.5 1.1 1.3
Emissiona: Mean ± Std 11.7 ± 0.8 3.0 ± 1.2 4.9 ± 0.8 4.0 ± 0.4 1.2 ± 0.1 1.3 ± 0.1
Std/Mean × 100% 6.8% 40.0% 16.3% 10.0% 8.3% 7.7%
Modelb: Mean ± Std 11.9 ± 3.4 9.2 ± 8.7 4.0 ± 2.1 5.1 ± 0.8 5.0 ± 0.9 1.7 ± 0.8
Std/Mean × 100% 28.6% 94.6% 52.5% 15.7% 18.0% 47.1%

a Uncertainties in the column burdens due to the differences in the four emission inventories.
b Uncertainties in the column burdens from the ACCMIP models due to the differences in chemical and physical processes.
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production. As a result, nitrate had a high uncertainty in eastern China,
coexisting with high concentrations of sulfate. Besides, NH3 emission af-
fects nitrate production at large. The ACCMIP inventory had the lowest
NH3 emission and halved the nitrate concentration (1.6 μg m−3) com-
pared to other emission inventories. The HTAP inventory had the largest
NH3 emission and resulted in the maximum nitrate concentration
(5.0 μgm−3). Therewas amaximumuncertainty in nitrate in northwest-
ern China because the nitrate fluctuation stood out in the clean atmo-
sphere and because the uncertainty of NH3 emission over that location
was moderate (Fig. 1).

Compared with the results of the ACCMIP models, the differences in
surface-layer concentrations due to emissions were small. This is in
agreement with the conclusion of the global case by Textor et al.
(2007). The surface-layer nitrate concentration had an uncertainty of
40.0% due to emissions, which is comparable to the uncertainty of
43.8% due to the model difference. An optimal nitrate simulation re-
quires both improvements in emissions and the model.
3.2.2. Aerosol column burdens
Aerosol column burdens had geographical distributions that follow-

ed the surface-layer concentrations (figure not shown), and the uncer-
tainties were primarily attributed to differences in the models
themselves (Table 5). The uncertainty in the nitrate burden (40%)
equaled the uncertainty at the surface at which the maximum concen-
tration was located. The uncertainty in the nitrate burden due to the
ACCMIP model difference, however, was up to 94.6% because a few
models (e.g., GISS-E2-R, STOC-HadAM3) lofted ammonia in convective
plumes at tropical sources and produced unexpectedly high nitrate con-
centrations in the upper troposphere (Shindell et al., 2013). Discrepancy
in the vertical nitrate distribution enlarges the diversity of model
results.
Table 6
Annual single scattering albedo (SSA), absorption aerosol optical depth (AAOD) andfine-mode ae
CACTUS model with the four-year 2006 emission inventories. The impacts of mineral dust are n
The bottom rows compare the uncertainties in the optical properties due to the differences in th
chemical and physical processes.

Emission inventories Anth. SSA Anth. AAOD fAO

No

ACCMIP 0.95 0.013 0.25
HTAP 0.97 0.010 0.32
EDGAR 0.97 0.010 0.31
INTEX-B 0.96 0.011 0.30
Emissiona: Mean ± Std 0.96 ± 0.01 0.011 ± 0.001 0.30
Std/|Mean| × 100% 1.0% 9.0% 10.0
Modelb: Mean ± Std 0.93 ± 0.04 0.021 ± 0.007 0.27
Std/|Mean| × 100% 4.3% 33.3% 55.6

a Uncertainties in the aerosol optical properties due to the differences in the four emission i
b Uncertainties in the aerosol optical properties from the ACCMIP models due to the differen
3.2.3. Optical properties of aerosols
Natural aerosols are independent of the emission inventories and

were removed from this discussion. As shown in Table 6, the ACCMIP in-
ventory produced the lowest concentrations of sulfate and nitrate and
consequently led to the smallest fAOD (0.25). The uncertainty in the
fAOD from emissions was 10.0%, corresponding to one standard devia-
tion (0.03). This deviation is small because it is only onefifth of the stan-
dard deviation of the fAOD across the ACCMIP models and is smaller
than the minimum uncertainty (0.05) of the MODIS AOD over land
(Remer et al., 2005). Removing the mineral dust effect, the AAOD rele-
vant to the fine-mode particulates was 0.011, which is half less than
the total AAOD (0.027) in Section 3.1.2. The corresponding deviation
is less to 0.001 with the uncertainty of 9.0%. Because low AAOD benefits
lowAODandvice visa, their contemporary changemakes the uncertain-
ty in SSA quiet small (1%).

The geographical distributions of uncertainties in optical properties
were similar to the anthropogenic aerosols and the total aerosol partic-
ulates. As shown in Fig. 4, the total AOD and SSA had high uncertainties
in eastern China, illustrating their sensitivity to changes in aerosol col-
umn burdens and the BC fraction. The AAOD was rather uncertain in
India due to the strong local biomass burnings and also along the south-
ern coast of China likely due to the downwind transportation of BC par-
ticulates from biomass burning in the Indochina Peninsula.
3.2.4. Direct radiative forcing of aerosols
Table 7 shows the annualmean instantaneousDRFby anthropogenic

aerosols (ammonium sulfate, ammonium nitrate, POA, SOA and BC) be-
tween 1850 and 2006 over eastern China. We report the radiative forc-
ing under both clear-sky and all-sky conditions because the presence of
thick optical clouds above aerosols weakens the aerosol DRF and bright
clouds enhance aerosol absorption above it.
rosol optical depth (fAOD) at 550 nm associatedwith anthropogenic (Anth.) aerosols in the
ot included. All of the values were averaged over eastern China (100°E–120°E, 24°N–44°N).
e four emission inventories with those in the ACCMIP models caused by the differences in

D

assimilation Assimilated MODIS fAOD Assimilated MISR fAOD

0.27 0.25
0.33 0.31
0.31 0.30
0.31 0.29

± 0.03 0.31 ± 0.03 0.29 ± 0.03
% 9.7% 10.3%
± 0.15
%

nventories.
ces in chemical and physical processes.



Table 7
Anthropogenic aerosol direct forcings (Wm−2) between 1850 and 2006 and their uncertainties due to the four-year 2006 emission inventories. Also shown are aerosol direct forcings
between 1850 and 2000 recalculated based on aerosol dry mass concentrations from the ACCMIP models. All of the forcing values were averaged over eastern China (100°E–120°E,
24°N–44°N).

Clear-sky All-sky

No assimilation Assimilated MODIS fAOD Assimilated MISR fAOD No assimilation Assimilated MODIS fAOD Assimilated MISR fAOD

TOA forcing
Emissiona: Mean ± Std −6.95 ± 1.20 −7.28 ± 1.13 −6.92 ± 1.09 −3.63 ± 0.84 −3.83 ± 0.84 −3.67 ± 0.81
Std/|Mean| × 100% 17.3% 15.5% 15.8% 23.1% 21.9% 22.1%
Modelb: Mean ± Std −4.87 ± 1.36 −1.31 ± 1.37
Std/|Mean| × 100% 27.9% 104.5%

Atmospheric forcing
Emissiona: Mean ± Std 4.36 ± 0.52 4.62 ± 0.76 4.24 ± 0.73 3.91 ± 0.47 4.10 ± 0.70 3.74 ± 0.67
Std/|Mean| × 100% 11.9% 16.5% 17.2% 12.0% 17.1% 17.9%
Modelb: Mean ± Std 7.56 ± 3.76 7.10 ± 3.66
Std/|Mean| × 100% 49.7% 51.5%

Surface forcing
Emissiona: Mean ± Std −11.31 ± 0.68 −11.90 ± 0.38 −11.15 ± 0.38 −7.54 ± 0.37 −7.93 ± 0.15 −7.41 ± 0.14
Std/|Mean| × 100% 6.0% 3.2% 3.4% 4.9% 1.9% 1.9%
Modelb: Mean ± Std −12.43 ± 3.73 −8.41 ± 2.70
Std/|Mean| × 100% 30.0% 32.1%

a Uncertainties in the concentrations due to the differences in the four emission inventories.
b Uncertainties in the aerosol DRF in the CACTUS model using the dry mass concentrations of sulfate, nitrate, OA and BC from the ACCMIP models.
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Fig. 5 shows the geographical distribution of clear-sky DRF and its
uncertainty. The all-sky forcing map is not shown because it is similar
to the clear-sky DRF. The aerosol DRF attained amaximum in the north-
ern region of eastern China. Atmospheric forcing and surface forcing
showed relatively low uncertainties over eastern China where their
forcing values were high. The aerosol DRF at the top of the atmosphere
(TOA) is the small difference between the two large forcings in air and
at the surface, and showed a high uncertainty alongwith themaximum
forcing value.

The regional TOA DRF exceeded the global aerosol DRF
(−0.35 W m−2) between 1750 and 2011 (Myhre et al., 2013a). In
Fig. 5. Simulated annual mean clear-sky anthropogenic aerosol direct radiative forcing (Wm−

tween 1850 and 2006 (the 1st column) averaged over the emission inventories of ACCMIP, H
the standard deviation to the mean value as a percentage) in the direct radiative forcings wi
AOD, respectively. The white areas in the panels are locations of aerosol direct forcing that w
out for clarity.
clear-sky conditions, the regional TOA DRF was −6.95 W m−2 with a
standard deviation of 1.20Wm−2. Cloud cover weakened the TOA forc-
ing down to −3.63 W m−2 with a lesser standard deviation of
0.84Wm−2. The decreasedmean forcing values suppressed the forcing
variation. However, the DRF uncertainty was 17.3% in clear-sky condi-
tions and increased up to 23.1% in all-sky conditions. The larger uncer-
tainty with the presence of clouds agrees with the AeroCOM finding
that, due to the model differences, the all-sky aerosol DRF in the phase
I models had a larger uncertainty of 72% (56% in phase II models) com-
pared with the clear-sky DRF uncertainty of 35% (27% in phase II
models) (Schulz et al., 2006; Myhre et al., 2013b).
2) at the top of atmosphere (TOA), in the atmosphere (ATM) and at the surface (SRF) be-
TAP, EDGAR and INTEX-B. The 2nd, 3rd, and 4th columns are the uncertainties (ratio of
thout the assimilation of AOD, with assimilated MODIS AOD, and with assimilated MISR
as less than 0.5 Wm−2 in which the uncertainties were quiet large; these were masked



Fig. 6. Annual anthropogenic aerosol direct radiative forcing (Wm−2) at the top of the at-
mosphere (TOA), in the atmosphere (ATM) and at the surface (SRF) between 1850 and
2006 averaged over eastern China (100°E–120°E, 24°N–44°N),with each of the emission
inventories of ACCMIP, HTAP, EDGAR and INTEX-B. The forcing values in parentheses
are from simulationswith theMODIS fAOD assimilation, and the rest are from the simula-
tions without assimilation.
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We recalculated the anthropogenic aerosol DRF from the ACCMIP
aerosol mass concentrations within the CACTUS radiation module.
Again, the regional uncertainty in aerosol DRF was more sensitive to
the model differences than the emissions (Table 7). Besides, compared
to the uncertainties in global mean radiative forcing due to the differ-
ences in emissions, the uncertainties in regional mean forcing were
stronger. The global mean DRF values at the TOA were −0.70 ±
0.04 Wm−2 (6.4%) in clear-sky and −0.37 ± 0.03 Wm−2 (8.8%)
under all-sky conditions, while the values over eastern China were
−6.95 ± 1.20 Wm−2 (17.3%) and −3.63 ± 0.84 Wm−2 (23.1%),
respectively.

CACTUS basically captured the total AODbut the anthropogenic AOD
may still be biased. Assimilating MODIS fAOD slightly increased the
model fAOD (Table 6) and strengthened the mean aerosol DRF under
clear- and cloudy-sky conditions by approximately 5% (Table 7). The
MISR AOD had a systematically lower AOD than the actual value (Liu
et al., 2010) and could not significantly adjust the fAOD and DRF. Fur-
thermore, in spite of the changes in the mean values, neither of the
fAOD assimilations could substantially reduce the model uncertainties,
likely because the observation error of AOD was larger when the AOD
Table 8
Impacts of AAOD assimilation to the anthropogenic aerosol DRF under clear-sky conditions be

No Assimilation Ass

TOA forcing
Emission: Mean ± Std -6.95 ± 1.20 -7.2
Std/|Mean| × 100% 17.3% 15.

Atmospheric forcing
Emission: Mean ± Std 4.36 ± 0.52 4.6
Std/|Mean| × 100% 11.9% 16.

Surface forcing
Emission: Mean ± Std -11.31 ± 0.68 -11
Std/|Mean| × 100% 6.0% 3.2
value was higher (see the MODIS retrieval uncertainty in Section 2.4),
which discounted the effectiveness of assimilation.

Fig. 6 shows the aerosol DRF over eastern China based on the four
emissions inventories. The regional all-sky TOA DRF ranged from
−2.4 Wm−2 with the ACCMIP emissions to −4.3 Wm−2 with the
HTAP emissions, and, after AOD assimilation, the forcingswere between
−2.6 Wm−2 and −4.6 Wm−2, always at twice the difference. Zhuang
et al. (2013) discussed the impact of aerosol mixing of state and lateral
boundary conditions on aerosol DRF in regional models. They showed
that the TOA DRF ranged from −5.24 Wm−2 to −4.95 Wm−2 in
clear-sky and −0.78 Wm−2 to −0.61 Wm−2 in all-sky over China.
These deviation ranges are smaller than the differences induced by
emissions in the present study, suggesting the importance of an accu-
rate emission inventory in aerosol simulation.

4. Discussions on the impact of AAOD assimilation

In previous section we have calculated aerosol radiative forcing by
using assimilated AOD. It would be ideal to have assimilated AAOD in
forcing calculation, but it is difficult to estimate error in observed
AAOD (parameter eo in Eq. (3)). Here we can test an extreme situation
by assuming AAOD had no measurement error. Thus, the discussions
of AAOD assimilation here are qualitative.

Table 8 compares the effects of the fAOD assimilation alone with
thosewhen both fAODandAAODwere assimilated under clear-sky con-
ditions. The assimilation was based on the MODIS and OMI datasets.
With assimilation of both fAOD and AAOD, simulated aerosol DRF was
stronger in the atmosphere and at the surface. The assimilation of
AAOD increased AAOD in the model and allowed more sunlight to be-
come trapped in the air. It enhanced atmospheric warming and weak-
ened the TOA cooling. The uncertainty in the atmospheric forcing
decreased from 16.5% to 7.3%, but that in surface forcing increased
from 3.2% to 5%. Compared to the result with fAOD assimilation alone,
the assimilation of AAOD reduced the uncertainty in the TOA forcing
from 15.5% to 14.4%. Becausewe ignored the large error in AAOD obser-
vations, the realistic impact of AAOD assimilation should be smaller
than the impact reported here.

5. Conclusions

This study assessed the impact of uncertainties in four emission in-
ventories, ACCMIP, HTAP, EDGAR and INTEX-B, on anthropogenic aero-
sol fields over eastern China within the global chemistry–aerosol–
climate model. Those inventory lacking certain emission species or sec-
tors were combinedwith other inventories. We defined the uncertainty
as the percentage of the standard deviation divided by the mean value
across the simulations with the inventories. Over eastern China (100°–
120°E, 24°–44°N), the emission uncertainties in SO2, NH3, NOx CO, OC,
and BC in the simulations were 5.3%, 18.4%, 6.6%, 27.9%, 11.9% and
15.4%, respectively.

The uncertainties in surface-layer aerosol concentrations in eastern
China due to the four emission inventories were 3.9%, 40.0%, 18.4%,
tween 1850 and 2006 averaged over eastern China (100°E–120°E, 24°N–44°N).

imilated MODIS fAOD Assimilated MODIS fAOD + OMI AAOD

8 ± 1.13 -7.03 ± 1.01
5% 14.4%

2 ± 0.76 5.34 ± 0.39
5% 7.3%

.90 ± 0.38 -12.36 ± 0.62
% 5.0%
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11.1%, 16.7%, and 15.4% for sulfate, nitrate, ammonium, POA, SOA, and
BC, respectively. The high uncertainty in nitrate concentration is due
to the complex nitrate chemistry and the uncertainty in NH3 emissions.
The aerosol column burdens have comparable uncertainties to the
surface-layer concentrations from emissions, both of which are smaller
than those due to the model differences in chemical and physical pro-
cesses. The regional surface-layer nitrate concentration had an excep-
tionally high uncertainty of 40.0% in emissions, which is comparable
to the uncertainty of 43.8% across the ACCMIP models with a unified
emission inventory.

Due to the emission differences, the uncertainties in fAOD and AAOD
were 10% and 9%, and those in the TOA aerosol DRFs were 17.3%
(−6.95± 1.20Wm−2) and 23.1% (−3.63± 0.84Wm−2) over eastern
China. Both the forcing magnitudes and uncertainties were stronger
than the global mean values of −0.70 ± 0.04 Wm−2 (6.4%) under
clear-sky and−0.37 ± 0.03Wm−2 (8.8%) under all-sky conditions, re-
spectively. Compared to the MISR fAOD, the assimilation of the MODIS
fAOD was more effective in enhancing the aerosol DRF. On an annual
and regional mean basis, the all-sky DRF at the TOA ranged from
−2.4 Wm−2 with the ACCMIP inventory to −4.3 Wm−2 with the
HTAP inventory. This doubled forcinghighlights the importance of accu-
rate emission inventories. After the MODIS AOD assimilation, the range
limits changed to −2.6 Wm−2 and−4.6 Wm−2, respectively. Howev-
er, due to the fAOD uncertainty in observations, the assimilation had
limited effects in reducing the DRF uncertainty.

Overall, simulated aerosol concentrations showed low biases with
all of the four emission inventories. In terms of simulated aerosol con-
centrations in China, it is hard to conclude which emission inventory
is the best, because the biases in simulated aerosol concentrations
vary with aerosol species. For example, simulated aerosol concentra-
tions with the ACCMIP inventory showed the largest low biases in con-
centrations of sulfate and nitrate whereas the smallest low bias in
concentrations of POA. In terms of simulated aerosol DRF, the HTAP
emission inventory is found to lead to the strongest radiative forcing
at the TOA and surface.

There are a few limitations to this research. Comparisons with the
CAWNET aerosol measurements indicate an aerosol underestimation
in CACTUS. The negative biases are associated with the missing subgrid
pollutant variations in themodel resolution and the potential model de-
ficiency in chemistry. A regionalmodelwith advanced chemistrywill be
able to describe the emission impact in more detail. Seasonal variations
are particularly important for NH3 and BC in China, but these variations
were ignored in CACTUS and should be investigated in the future.
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