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Abstract. We simulated elemental carbon (EC) and or-
ganic carbon (OC) aerosols in China and compared model
results to surface measurements at Chinese rural and back-
ground sites, with the goal of deriving “top-down” emis-
sion estimates of EC and OC, as well as better quantify-
ing the secondary sources of OC. We included in the model
state-of-the-science Chinese “bottom-up” emission invento-
ries for EC (1.92 TgC yr−1) and OC (3.95 TgC yr−1), as well
as updated secondary OC formation pathways. The average
simulated annual mean EC concentration at rural and back-
ground sites was 1.1 µgC m−3, 56 % lower than the observed
2.5 µgC m−3. The average simulated annual mean OC con-
centration at rural and background sites was 3.4 µgC m−3,
76 % lower than the observed 14 µgC m−3. Multiple re-
gression to fit surface monthly mean EC observations at ru-
ral and background sites yielded the best estimate of Chi-
nese EC source of 3.05± 0.78 TgC yr−1. Based on the top-
down EC emission estimate and observed seasonal primary
OC/EC ratios, we estimated Chinese OC emissions to be

6.67± 1.30 TgC yr−1. Using these top-down estimates, the
simulated average annual mean EC concentration at rural and
background sites was significantly improved to 1.9 µgC m−3.
However, the model still significantly underestimated ob-
served OC in all seasons (simulated average annual mean OC
at rural and background sites was 5.4 µgC m−3), with little
skill in capturing the spatiotemporal variability. Secondary
formation accounts for 21 % of Chinese annual mean surface
OC in the model, with isoprene being the most important pre-
cursor. In summer, as high as 62 % of the observed surface
OC may be due to secondary formation in eastern China. Our
analysis points to four shortcomings in the current bottom-up
inventories of Chinese carbonaceous aerosols: (1) the anthro-
pogenic source is underestimated on a national scale, partic-
ularly for OC; (2) the spatiotemporal distributions of emis-
sions are misrepresented; (3) there is a missing source in
western China, likely associated with the use of biofuels or
other low-quality fuels for heating; and (4) sources in fall are
not well represented, either because the seasonal shifting of
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emissions and/or secondary formation are poorly captured or
because specific fall emission events are missing. In addition,
secondary production of OC in China is severely underesti-
mated. More regional measurements with better spatiotem-
poral coverage are needed to resolve these shortcomings.

1 Introduction

Carbonaceous aerosols, including elemental carbon aerosol
(EC) and organic carbon aerosol (OC), are important com-
ponents of atmospheric particulate matter, affecting air qual-
ity and climate. EC, alternatively referred to as black car-
bon aerosol (BC), is emitted directly into the atmosphere
from combustion associated with anthropogenic activities
and biomass burning. OC can either be emitted as primary
particles from combustion or produced in the atmosphere as
part of secondary organic aerosol (SOA) from gaseous or-
ganic compounds. In this study, we use surface observations
to constrain the primary and secondary sources of carbona-
ceous aerosols in China.

Estimates of Chinese EC and OC emissions are highly un-
certain (Streets et al., 2003a; Ohara et al., 2007; Zhang et al.,
2009; Lei et al., 2011; Lu et al., 2011). Emission inventories
are traditionally constructed from the “bottom up” approach
based on activity data and emission factors. However, ac-
curate and detailed activity statistics are often unavailable in
China. Emission factors representative of local conditions
are scarcely measured, and the values are highly variable
depending on fuel type and combustion conditions. Some
emission factors differ by orders of magnitude from western
values (Streets et al., 2001, 2003a; Bond et al., 2004; Cao
et al., 2006; Ohara et al., 2007; Zhang et al., 2009; Lei et
al., 2011; Qin and Xie, 2011; and references therein). As a
result, there are large uncertainties associated with Chinese
emissions from small industries (such as coke and brick pro-
duction), residential combustion, and transportation (Zhang
et al., 2009; Lu et al., 2011); all three activities are important
sources of carbonaceous aerosols.

Only a few studies have examined the validity of Chi-
nese carbonaceous aerosol emission inventories by apply-
ing them to numerical models and comparing results against
observations. Hakami et al. (2005) used an adjoint model
and surface measurements in and around Korea and Japan in
spring 2001 to test the anthropogenic and biomass burning
EC emission inventories developed by Streets et al. (2003a,
b). They concluded that while the estimated emission to-
tals for East Asia were consistent with observations, there
were sizable sub-regional differences. In particular, anthro-
pogenic emissions from northeastern China and Japan were
underestimated, while those from southeastern China were
overestimated. Z. Han et al. (2008) also used the anthro-
pogenic and biomass burning emission inventories developed
by Streets et al. (2003a, b) to simulate summertime primary

and secondary carbonaceous aerosols in eastern China. They
compared model results against surface observations at 14
urban and 3 rural sites in summer 2003 and found both EC
and OC to be underestimated at almost all sites. Matsui et
al. (2009) calculated the anthropogenic EC and OC emis-
sions for northern China for the year 2004, applied their in-
ventory in a regional model, and compared simulated con-
centrations to observations in Beijing in summer 2006. They
found that the model overestimated EC at one urban site and
one suburban site in Beijing, as well as overestimated OC
at the suburban site. Kondo et al. (2011) measured year-
round BC concentrations on a remote island in East China
Sea, downwind from China. They selectively analysed data
strongly impacted by transport from China (mostly in winter
and spring) and estimated Chinese annual anthropogenic BC
emission to be 1.92 TgC yr−1, similar to the 1.81 TgC yr−1

estimated by Zhang et al. (2009). Each of these previous
studies was limited to a particular location and/or a particu-
lar season. Koch et al. (2009) analyzed results from 17 global
models using different emission inventories. They found that
16 out of the 17 models severely underestimated the observed
annual mean surface EC concentrations in China. To the best
of our knowledge, no detailed evaluation has been conducted
on Chinese carbonaceous aerosol emission estimates at the
national scale for all seasons.

Very little is known about the secondary sources of OC in
China. Zhang et al. (2005) measured EC and OC at a coastal
site in eastern China from June to December 2003 and at an
inland site in northeastern China from June to August 2003.
Based on trajectory analyses and the minimum OC/EC ratios
observed in clean air masses, they found that 37–57 % of the
total OC could be attributed to secondary sources. Cao et
al. (2007) measured EC and OC concentrations in 14 Chi-
nese cities in January and July 2003. They estimated that
40 % of Chinese urban surface OC is secondary. X. Y. Zhang
et al. (2008) analyzed year-round EC and OC measurements
at 18 urban, rural, and background sites. They estimated that
secondary OC (SOC) accounts for 48–62 % and 53–80 % of
urban and rural annual surface OC, respectively, based on
the observed annual minimum OC/EC ratios at each site.
X. Wang et al. (2009) simulated SOA in a regional chemistry
model and found that 55 % to 65 % of SOA came from aro-
matic volatile organic compounds (VOC) in the Pearl River
Delta region in spring. Also using a regional chemistry
model, Liu et al. (2010) concluded that SOC produced from
biogenic and anthropogenic VOC accounted for 20 % of an-
nual mean surface OC in eastern China. Neither X. Wang
et al. (2009) nor Liu et al. (2010) compared model results
with observations. Z. Han et al. (2008) simulated sum-
mertime SOC produced by biogenic VOC in eastern China.
They found that SOC made up 50 % of the simulated surface
OC in the forested areas of southeastern, southwestern and
northeastern China in summer, although their simulated to-
tal OC concentrations are 40 % lower than observed values.
Monoterpenes, isoprene, and aromatics accounted for 48 %,
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35 %, and 17 % of their simulated SOC, respectively. All of
the modeling studies described above considered only SOC
produced by equilibrium-partitioning of semi-volatile oxida-
tion products of VOC precursors (Pankow et al., 1994a, b;
Odum et al., 1996). Recent studies indicate that additional
secondary formation pathways, such as the aqueous reactions
of dicarbonyls and the condensation of semi-volatile and in-
termediate volatility organic compounds, may be important
(Robinson et al., 2007; Carlton et al., 2009; Hallquist et al.,
2009; Jimenez et al., 2009).

A major obstacle in understanding the sources and distri-
butions of Chinese carbonaceous aerosol is the lack of a con-
sistent measurement network in China with good spatiotem-
poral coverage, such as the IMPROVE network in the United
States (Malm et al., 1994). In the past decade, many studies
have measured EC and OC at Chinese urban and rural sites.
However, most of such measurements were conducted at a
single location for a short period of time. Only two recent
published studies measured carbonaceous aerosols simulta-
neously at multiple locations across China in winter and sum-
mer (Cao et al., 2007) or over an entire year (X. Y. Zhang et
al., 2008). The spatial and seasonal variability of these mea-
surements provide important information about the sources
of carbonaceous aerosols.

The goal of this study was to quantify the primary and sec-
ondary sources of Chinese carbonaceous aerosols by com-
paring numerical simulations against observations country-
wide for all seasons. A database of surface EC and OC
measurements at background, rural, and urban locations was
compiled from previous studies to represent the spatial and
seasonal variability. We conducted a year-long simulation
of carbonaceous aerosols in China, incorporating the cur-
rent knowledge of primary sources and secondary formation
pathways. The simulated results were then compared to sea-
sonal surface observations at background and rural sites in
China to derive “top-down” estimates for the primary EC and
OC sources and to quantify the secondary formation of OC.

2 Model and data description

2.1 GEOS-Chem model

We simulated carbonaceous aerosol over East and South
Asia using the one-way nested-grid capability of the GEOS-
Chem 3-D chemical transport model (version 8.1.3;http:
//acmg.seas.harvard.edu/geos/). GEOS-Chem is driven by
assimilated meteorological data from the Goddard Earth Ob-
serving System (GEOS-5) of the NASA Global Modeling
Assimilation Office (Bey et al., 2001). Meteorology fields
in GEOS-5 have a temporal resolution of 6 h (3 h for surface
variables), a horizontal resolution of 0.667◦ longitude× 0.5◦

latitude, and 72 hybrid eta levels in the vertical direction ex-
tending from the surface to 0.01 hPa. To drive GEOS-Chem,
the number of vertical levels was reduced to 47 by merging

layers in the stratosphere. The lowest 2 km of the atmosphere
was resolved by 14 levels. For global simulations, the hori-
zontal resolution of meteorology fields was reduced to either
5◦ longitude× 4◦ latitude or 2.5◦ longitude× 2◦ latitude.

The one-way nested-grid capability of GEOS-Chem for
East and South Asia (70–150◦ E, 10◦ S–55◦ N) was devel-
oped by Wang et al. (2004) and updated by Chen et al. (2009)
for GEOS-5 using the native horizontal resolution (0.667◦

longitude× 0.5◦ latitude). Tracer concentrations at the lat-
eral boundaries were provided by a global GEOS-Chem sim-
ulation at 5◦ longitude× 4◦ latitude horizontal resolution
and updated in the nested-grid model every 3 h. Chen et
al. (2009) simulated the summertime distribution and trans-
port of CO in China. They showed that the nested-grid model
is able to resolve individual cities associated with high emis-
sion intensities, as well as reproduce the transport of urban
plumes to a suburban site near Beijing. Y. Wang et al. (2009)
compared results from the nested-grid model against O3, CO,
NOy, and SO2 measurements at a rural site downwind of Bei-
jing. They found that the model is able to reproduce the ob-
served pollution level changes associated with emission re-
ductions in Beijing.

Carbonaceous aerosols in the standard GEOS-Chem
model include primary EC, primary OC, as well as SOC as
part of SOA produced from VOC precursor oxidation. The
terms “elemental carbon aerosol” (EC) and “black carbon
aerosol” (BC) are often used interchangeably in emission
and modeling literature, and there are currently no univer-
sally accepted definitions for the two terms. From a measure-
ment stand point, EC mostly refers to aerosol measured with
thermal/optical techniques, while BC mostly refers to aerosol
measured with photo-absorption techniques. The mass con-
centrations determined using these two techniques can some-
times be significantly different (Jeong et al., 2004). For the
purpose of this study, we considered EC and BC to be equiv-
alent. The “bottom-up” emission inventories of EC and OC
and VOC precursors used to drive our model are described
in Sect. 2.2. EC and OC are separated into hydrophilic and
hydrophobic components and are removed by dry deposition
(Wesley, 1989; Wang et al., 1998) and wet deposition (Liu
et al., 2001; Mari et al., 2000). Freshly emitted EC and OC
are assumed to be 20 % and 50 % water-soluble, respectively
(Cooke et al., 1999; Park et al., 2005). The water-insoluble
fraction is converted to water-soluble in the atmosphere with
an e-folding lifetime of 1.15 days, constrained by observed
export efficiency vertical profiles (Park et al., 2005). We con-
ducted a sensitivity test by tripling this conversion lifetime
in the nested-grid model but found the change in simulated
monthly mean Chinese surface EC and OC concentrations to
be less than 5 %.

GEOS-Chem simulates SOA formation by equilibrium
partitioning of semi-volatile oxidation products from bio-
genic terpenes, (Liao et al., 2007), biogenic isoprene (Henze
and Seinfeld, 2006), as well as aromatics from anthropogenic
activities and biomass burning (Henze et al., 2008). The
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equilibrium partitioning was as described by Chung and Se-
infeld (2002), except that in this study the semi-volatile SOA
was allowed to partition onto all preexisting OC and inor-
ganic aqueous aerosols. This provided an upper estimate of
semi-volatile SOA production. We assumed that all semi-
volatile SOA have an aerosol-to-carbon (SOA/SOC) mass ra-
tio of 2.1 (Turpin and Lim, 2001) and are 80 % water-soluble
following Chung and Seinfeld (2002).

GEOS-Chem also simulates SOA produced from the ir-
reversible uptake of glyoxal and methylglyoxal by aqueous
particles as described in Fu et al. (2008, 2009). Glyoxal and
methylglyoxal are two dicarbonyls produced during the oxi-
dation of many biogenic and anthropogenic VOCs, including
most importantly isoprene, with minor contributions from
acetone, acetylene, alkenes, and aromatics (Fu et al., 2008;
Myriokefalitakis et al., 2008). Recent laboratory studies and
in situ measurements indicate uptake of glyoxal and methyl-
glyoxal by aqueous particles to form SOA (Schweitzer et al.,
1998; Liggio et al., 2005a, b; Volkamer et al., 2007, 2009;
Galloway et al., 2009; Sareen et al., 2010; De Haan et al.,
2011). We represented this process as a first-order reactive
uptake by aqueous aerosols and cloud droplets with a re-
active uptake coefficient ofγ = 2.9× 10−3, following the
chamber study by Liggio et al. (2005) for glyoxal. The same
uptake coefficient was adopted for methylglyoxal, consistent
with the laboratory results by Zhao et al. (2006). Although
uncertainty remains regarding the mechanism of SOA for-
mation by dicarbonyls (Kroll et al., 2005), our model rep-
resentation provides a state-of-the-science estimate of this
secondary OC source. Dicarbonyl SOA is assumed to be
fully water-soluble. Additional SOA production from semi-
volatile and intermediate volatility organic compounds have
recently been developed for GEOS-Chem (Pye and Seinfeld,
2010), but that pathway was not included in the present study.

Our simulation was conducted from July 2005 to Decem-
ber 2006; the first six months initialized the model. Re-
sults from January to December 2006 were analyzed. We
also conducted sensitivity tests by turning off Chinese EC
and OC emissions from each of the three source sectors (an-
thropogenic non-residential, anthropogenic residential, and
biomass burning), in turn and all at once. This was done
to evaluate the contributions to surface concentrations from
each source sector and from non-Chinese sources.

2.2 Bottom-up emission inventories of EC, OC, and
VOC precursors

As a starting point for our analysis, we used state-of-the-
science bottom-up emission inventories for EC, OC, and
VOC precursors over China and the rest of East and South
Asia to drive our model simulation. Table 1 summarizes
the bottom-up emission estimates for Chinese carbonaceous
aerosols. Table 2 summarizes the bottom-up Chinese emis-
sions of VOC that are precursors to SOC in our model.

Anthropogenic emissions of EC and OC for China and
the rest of East and South Asia were taken from Zhang
et al. (2009), developed for the year 2006, including non-
residential and residential sources. Non-residential sources
included power generation, industry, and transportation.
Residential sources included combustion of fossil fuel and
biofuel, as well as non-combustive activities. The inven-
tory was based on national and provincial (for China) statis-
tics for the year 2006 or extrapolated statistics from the
years 2004 and 2005, then spatially allocated to 0.5◦ lon-
gitude× 0.5◦ latitude resolution using spatial surrogates.
Emission factors were developed using a combination of
Chinese measurements, estimates, and data from western
sources (Zhang et al., 2007). The estimated anthropogenic
non-residential emissions of EC and OC were 0.81 TgC yr−1

and 0.61 TgC yr−1, respectively, with industry being the
largest non-residential source for both EC and OC (mostly
from coke and brick production), followed by transporta-
tion and power generation. The estimated Chinese resi-
dential emissions of EC and OC were 1.00 TgC yr−1 and
2.61 TgC yr−1, respectively. Total anthropogenic EC emis-
sion was 1.81 TgC yr−1 with ±208 % uncertainty (95 % con-
fidence interval). Total anthropogenic OC emission was
3.22 TgC yr−1 with ±258 % uncertainty. Seasonal variations
of anthropogenic emissions in China were calculated by as-
suming a dependence of stove operation on regional monthly
mean temperatures for the residential sector, and by using
provincial level monthly activity data for the non-residential
sector (Zhang et al., 2009). We assumed no seasonal varia-
tion of anthropogenic emissions outside of China.

Biomass burning emissions of EC and OC for China and
rest of East and South Asia were taken from Streets et
al. (2003b), which represents average burning activities for
the mid-1990s. Several biomass burning emission invento-
ries have been developed more recently based on satellite
burnt area observations (van der Werf et al., 2006, 2010;
Song et al., 2010). However, these inventories either un-
derestimate or entirely exclude the contribution from in-field
crop residue burning, which has been shown to be an im-
portant seasonal biomass burning source of carbonaceous
aerosols in China (Yang et al., 2008; T. Zhang et al., 2008;
Huang et al., 2012). We used the inventory developed by
Streets et al. (2003b) for the sake of completeness in the
present study. A very recent study by Huang et al. (2012)
provided new emission estimates for the in-field crop residue
burning in China, and we will explore the use of that inven-
tory in a future study. However, as will be shown in Sect. 4.1,
the measurements that we used to constrain EC sources are
not sensitive to biomass burning emissions. Thus, the choice
of biomass burning emission inventories did not have a large
impact on the top-down estimates of anthropogenic EC emis-
sions presented in Sect. 4.1.

We compounded the annual biomass burning fluxes from
Streets et al. (2003b) with the monthly variation from Dun-
can et al. (2003), which was based on the Along Track
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Table 1. Chinese carbonaceous aerosol emission estimates.

Source sectors EC [TgC yr−1] OC [TgC yr−1]

Bottom-up Top-down Bottom-up Hybride Top-down

Anthropogenic 2.94±0.60 (±40 %)c 3.41 6.42±1.10 (±34 %)c

non-residential 0.81a 0.61a

residential 1.00a 2.61a

Biomass burning 0.11b 0.11±0.50 (±450 %)d 0.73b 0.73d 0.25±0.69 (±540 %)c

China total 1.92 3.05±0.78 (±50 %)c 3.95 4.14 6.67±1.30 (±38 %)c

a From Zhang et al. (2009). Uncertainties, represented as 95 % confidence intervals (CI), are±208 % for EC and±258 % for OC.
b From Streets et al. (2003b). Uncertainties, represented as 95 % CI, are±450 % for EC and±420 % for OC.
c Uncertainties are represented as±standard deviations. The corresponding 95 % CI are calculated assuming normal distribution and are shown in parentheses. See text for details.
d Bottom-up emissions and uncertainties are adopted since observational constraints are not available.
e Uncertainties are not calculated but are expected to be similar to those of the bottom-up emissions.

Table 2. Volatile organic compound (VOC) precursors of secondary organic carbon aerosols (SOC) in China.

Simulated contribution to annual mean surface
VOC precursor Chinese emissiona [Tg yr−1] OC concentration in Chinab [µgC m−3]

Anthropogenicc Biomass burning Biogenic Total Semi-volatile SOC Dicarbonyl SOCd Total SOC

Isoprene – – 10.5 10.5 0.10 0.29 0.39
Monoterpenes – – 5.6 5.6 0.21 0.01 0.23
Aromaticse 5.3 0.11 – 5.4 0.09 0.08 0.17
Ethylene 2.2 1.6 0.2 4.1 – 0.04 0.04
Sesquiterpenes – – 0.6 0.6 0.04 – 0.04
Alcohols – – 1.6 1.6 0.03 – 0.03
≥C4 alkanes 4.8 0.1 – 4.8 – 0.02 0.02
Acetylene 2.4 0.1 – 2.5 – 0.02 0.02
Acetone 0.2 0.3 1.6 2.1 – 0.02 0.02
≥C3 alkenes 0.6 1.7 0.3 2.6 – 0.01 0.01
Glyoxal – 0.2 – 0.2 – 0.01 0.01
Methylglyoxal – 0.1 – 0.1 – 0.01 0.01
Hydroxyacetone – 0.1 – 0.1 – 0.006 0.006
Propane 0.4 0.1 – 0.5 – 0.005 0.005
Glycolaldehyde – 0.2 – 0.2 – 0.001 0.001

Total 15.9 4.6 20.4 40.9 0.48 0.53 1.01

a Represents primary emissions only.
b From GEOS-Chem simulation using the top-down EC and OC emission estimates described in the text.
c Includes anthropogenic residential and non-residential sources.
d Relative contributions to dicarbonyl SOC from individual VOC precursors are estimated using dicarbonyl molar yields calculated by Fu et al. (2007) based on a one-year GEOS-
Chem global simulation.
e Includes benzene, toluene, and xylenes.

Scanning Radiometer (ATSR) satellite hot spot counts from
1996 to 2000. Total Chinese biomass burning emission of
EC was estimated to be 0.11 TgC yr−1, including 66 % from
crop residue, 22 % from grassland, and 12 % from forest. To-
tal Chinese biomass burning emission estimate for OC was
0.71 TgC yr−1, including 50 % from crop residue, 26 % from
forest, and 24 % from grassland. The uncertainties for these
estimates were±450 % (EC) and±420 % (OC) (Streets et
al., 2003b).

Figures 1 and 2 show the spatial distributions of annual
EC and OC emissions in the bottom-up inventories. The spa-
tial distributions for EC and OC emissions are very similar
in each sector, reflecting their common combustive origin.
Non-residential anthropogenic emissions are highest over the
heavily industrialized areas of northern China, as well as
over the Yangtze River Delta (YRD) and Pearl River Delta
(PRD) megacity clusters. Residential emissions are high over
densely populated areas, including northern China, Sichuan
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Fig. 1. Annual emissions of EC from China. Left panel: bottom-
up inventories of Zhang et al. (2009) (anthropogenic) and Streets et
al. (2003b) (biomass burning). Right panel: emissions inferred from
surface EC obserations on the basis of the multiple regression anal-
ysis in this study. Biomass burning emission is unchanged because
no observational constrain is available. Chinese annual emission
totals are shown inset in red.

Basin, Northeastern China Plain, and the YRD and PRD
megacity clusters, largely overlapping with industrialized ar-
eas. Within China, biomass burning emissions are highest
over central and northeastern China from crop residue burn-
ing. Outside China, biomass burning emissions are high over
the Indochina Peninsula due to land clearing before the local
growing season (spring), which can affect the air quality in
southern China through transport (Deng et al., 2008).

Table 2 summarizes the emissions of VOC species that
are SOC precursors in our model. Biogenic isoprene emis-
sions were calculated with the MEGAN algorithm (Guen-
ther et al., 2006), then scaled to match satellite formalde-
hyde observations (Fu et al., 2007) to an annual emis-
sion of 10.5 Tg yr−1. Biogenic monoterpenes, alcohol, and
sesquiterpene emissions were based on the GEIA inven-
tory (Guenther et al., 1995). Other biogenic VOC precur-
sors included acetone, emissions of which followed Jacob
et al. (2002), as well as ethylene and higher alkene emis-
sions, which were scaled to isoprene using emission ratios
from Goldstein et al. (1996). Anthropogenic VOC emis-
sions were from the Zhang et al. (2009) inventory described
above, with the VOC species mapped to match the GEOS-

Fig. 2. Annual emissions of OC from China. Left panel: bottom-
up inventories of Zhang et al. (2009) (anthropogenic) and Streets et
al. (2003b) (biomass burning). Right panel: OC emissions inferred
by scaling top-down EC emission estimates with observed primary
OC/EC ratios by Cao et al. (2007). See text for details. Chinese
annual emission totals are shown inset in red.

Chem chemical mechanism. Biomass burning VOC emis-
sions were from Streets et al. (2003b), with alkene, xylenes,
and formaldehyde emissions scaled to match satellite con-
straints (Fu et al., 2007). Biomass burning glyoxal, methyl-
glyoxal, glycolaldehyde, and hydroxyacetone were scaled to
biomass burning CO emissions (Streets et al., 2003b) follow-
ing Fu et al. (2008).

Figure 3 shows the spatial distributions of isoprene,
monoterpenes, and toluene emissions. Biogenic VOC are
mostly emitted in eastern China, reflecting the distribution
of vegetation and precipitation. Highest emissions are found
over the forested areas in northeastern, central, and south-
eastern China. Toluene emissions (mostly anthropogenic) are
highest over the heavily populated and industrialized North
China Plain and Sichuan Basin, as well as over the coastal
megacities.

2.3 Carbonaceous aerosol measurements

To constrain the annual sources of carbonaceous aerosols at
the country-wide level, we needed measurements with suf-
ficient coverage in time and space to allow assessment of
seasonal variation and spatial distribution. At the time of
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Fig. 3. Annual emissions of(a) biogenic isoprene,(b) biogenic monoterpene, and(c) anthropogenic and biomass burning toluene in the
model. Chinese annual emission totals are shown inset in red.

this study, there was one carbonaceous aerosol measurement
network in China (X. Y. Zhang et al., 2008), but only one
year’s worth of data was published and there were gaps in
the spatial coverage. Therefore, we compiled a database of
monthly mean EC and OC surface measurements from pre-
vious studies. Our data selection criteria were that the mea-
surements (1) provided information on seasonal variation, (2)
combined to cover different parts of China, (3) were analyzed
in a consistent manner, and (4) preferably were conducted at
background or rural locations to represent regional pollutant
levels.

Based on the above criteria, we selected measurements
from five studies conducted between the years 2003 and
2006, including three background sites, seven rural sites, and
twenty-one urban sites (X. Y. Zhang et al., 2008; Qu et al.,
2008; Cao et al., 2007, 2009; Y. M. Han et al., 2008). Table 3
lists the details of the measurements. Figure 4 shows the spa-
tial distribution of the measurement sites. Two of these stud-
ies (X. Y. Zhang et al., 2008; Qu et al., 2008) sampled PM10
and analyzed EC and OC contents in the same laboratory at
the Chinese Academy of Meteorological Sciences. The other
three studies sampled PM2.5 (Cao et al., 2007; Y. M. Han
et al., 2008) or total suspended particles (TSP) (Cao et al.,
2009) and analyzed the EC and OC contents at the Institute
of Earth Environment, Chinese Academy of Sciences. All
analyses followed the IMPROVE (Interagency Monitoring of
Protected Visual Environments) thermal/optical reflectance
(TOR) protocol (Chow et al., 1993, 2004) using DRI model
2001 Carbon Analyzer. Thus, there was some level of con-
sistency and comparability across the measurements. Only
EC concentrations at background and rural sites (all sam-
pled as PM10 or TSP) were used in the multiple regression
to constrain emissions as described in Sect. 4. Both EC and
OC concentrations had considerable day-to-day variability at
all sites. The normalized standard deviations of the monthly
mean concentrations at background and rural sites were 46 %
for EC and 33 % for OC.

Table 3 summarizes the annual mean surface EC and
OC concentrations measured at the 31 background, rural
and urban sites. Urban annual mean surface concentrations

Fig. 4. Locations of the Chinese surface measurement sites used
in this study, including three background sites (red squares), seven
rural sites (red circles), and twenty-one urban sites (black triangles).

ranged from 2.7–14 µgC m−3 for EC and 8.2–52 µgC m−3

for OC. Rural annual mean surface concentrations ranged
from 2.4–4.7 µgC m−3 for EC and 12–40 µgC m−3 for OC.
These values are significantly higher than the range of annual
mean concentrations measured in urban (0.9–1.8 µgC m−3

EC, 2.0–5.9 µgC m−3 OC) and rural (0.02–1.8 µgC m−3 EC,
0.07–7.8 µgC m−3 OC) air in North America and in Europe
(Hand et al., 2011; Yttri et al., 2007).

3 Model evaluation

We compared simulated surface carbonaceous aerosol con-
centrations against observations to evaluate our model. In
general, model results cannot be evaluated on a 24-h-average
basis in continental surface air, because nighttime stratifica-
tion is often poorly resolved (Jacob et al., 1993). This was
not an issue in our case because our model had high verti-
cal resolution near the surface. The situation that our model
could not resolve was where the nighttime Obukhov length
is positive and shallower than the bottom model layer (in our
case approximately 100 m). We conducted a sensitivity test
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Table 3. List of Chinese surface EC and OC concentration observations used in this study.

Simulated annual mean EC/OC surface
concentrationsd [µgC m−3]

Sitea Aerosol
size
sampledb

Filter accumulation
period/sampling
frequency

Observation
period

Observed
annual mean
EC/OC surface
concentrationsc

[µgC m−3]

using “bottom-
up” emission
inventoriesd

using “top-
down”
emission
estimates

Used in
multiple
regression to
constrain EC
emissions?

Referencee

Background

Akdala
(47.1◦ N,
87.97◦ E)

PM10 72 h/every 3–10 days Aug, Sep, Nov,
and Dec 2004;
Jan–Mar 2005

0.33/2.8 0.23/0.78 0.23/0.83 Yes [1]

Muztagh Ata
(38.3◦ N,
75.01◦ E)

TSP ∼ 7 daysf /weekly 2005g 0.051/0.51 0.093/0.49 0.10/0.47 Yes [2]

Zhuzhang
(28◦ N,
99.72◦ E)

PM10 72 h/every 3–4 days Aug–Dec 2004;
Jan–Feb 2005

0.35/3.1 0.15/1.1 0.18/0.98 Yes [1]

Rural

Dunhuang
(40.15◦ N,
94.68◦ E)

PM10 24 h/every 3 days 2006 4.1/29 0.19/0.88 0.22/0.82 Yes [3]

Gaolanshan
(36◦ N,
105.85◦ E)

PM10 24 h/every 3 days 2006 3.7/18 1.0/2.7 1.3/4.1 Yes [3]

Wusumu
(40.56◦ N,
112.55◦ E)

PM10 24 h/daily Sep 2005; Jan
and Jul 2006;
May 2007

3.7/27 1.8/4.3 3.2/8.9 Yes [4]

Longfengshan
(44.73◦ N,
127.6◦ E)

PM10 24 h/every 3 days 2006 2.4/16 1.6/4.7 2.3/7.4 Yes [3]

Taiyangshan
(29.17◦ N,
111.71◦ E)

PM10 24 h/every 3 days 2006 2.4/12 2.5/7.5 3.9/11 Yes [3]

Jinsha
(29.63◦ N,
114.2◦ E)

PM10 24 h/every 3 days Jun–Nov 2006 3.0/14 1.9/6.8 3.5/10 Yes [3]

LinAn
(30.3◦ N,
119.73◦ E)

PM10 24 h/every 3 days 2004–2005 4.8/15 2.0/4.9 4.1/9.4 Yes [3]

Urban

Jinchang
(38.3◦ N,
101.1◦ E)

PM2.5 24 h/daily Jan, Jul, and
Aug 2003

3.4/16 0.40/1.5 0.43/1.6 No [5]

Yulin (38.3◦ N,
109.8◦ E)

PM2.5 24 h/daily Jan, Jul, and
Aug 2003

6.2/24 1.4/4.4 1.8/6.2 No [5]

Guchengh

(39.13◦ N,
115.8◦ E)

PM10 24 h/every 3 days 2006 12/40 4.9/9.0 8.1/22 No [3]

Beijing
(39.9◦ N,
116.4◦ E)

PM2.5 24 h/daily Jan and Jul
2003

6.2/23 6.9/13 9.3/27 No [5]

Tianjin
(39.1◦ N,
117.2◦ E)

PM2.5 24 h/daily Jan and Jul
2003

6.1/28 4.5/8.9 7.0/20 No [5]

Dalian
(38.9◦ N,
121.63◦ E)

PM10 24 h/every 3 days 2006 5.4/18 1.5/4.1 2.4/7.2 No [3]

Changchun
(43.9◦ N,
125.3◦ E)

PM2.5 24 h/daily Jan, Jul, and
Aug 2003

8.2/26 3.2/7.0 4.7/14 No [5]
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Table 3. Continued.

Simulated annual mean EC/OC surface
concentrationsd [µgC m−3]

Sitea Aerosol
size
sampledb

Filter accumulation
period/sampling
frequency

Observation
period

Observed
annual mean
EC/OC surface
concentrationsc

[µgC m−3]

using “bottom-
up” emission
inventoriesd

using “top-
down”
emission
estimates

Used in
multiple
regression to
constrain EC
emissions?

Referencee

XiAn
(34.43◦ N,
108.97◦ E)

PM10 24 h/every 3 days Jan–Aug 2006;
Oct–Dec 2006

14/42 2.9/6.1 4.7/14 No [3]

Zhengzhou
(34.78◦ N,
113.68◦ E)

PM10 24 h/every 3 days Jan–Aug 2006 9.5/25 4.7/10 7.8/21 No [3]

Qingdao
(36◦ N,
120.3◦ E)

PM2.5 24 h/daily Jan and Jul
2003

3.9/16 1.9/4.7 3.0/8.5 No [5]

Lhasa
(29.67◦ N,
91.13◦ E)

PM10 24 h/every 3 days 2006 3.7/21 0.20/1.1 0.20/0.97 No [3]

Chengdu
(30.65◦ N,
104.03◦ E)

PM10 24 h/every 3 days 2006 11/33 2.7/7.0 3.8/8.5 No [3]

Chongqing
(29.5◦ N,
106.5◦ E)

PM2.5 24 h/daily Jan and Jul
2003

12/52 4.7/13 4.9/11 No [5]

Wuhan
(30.5◦ N,
114.2◦ E)

PM2.5 24 h/daily Jan and Jul
2003

5.6/26 4.0/10 5.4/13 No [5]

Hangzhou
(30.2◦ N,
120.1◦ E)

PM2.5 24 h/daily Jan, Jul, and
Aug 2003

6.5/24 1.7/4.6 3.2/7.6 No [5]

Shanghai
(31.2◦ N,
121.4◦ E)

PM2.5 24 h/daily Jan and Jul
2003

5.6/21 1.8/2.9 3.5/6.8 No [5]

Nanning
(22.82◦ N,
108.35◦ E)

PM10 24 h/every 3 days 2006 3.7/15 1.5/5.8 2.4/7.0 No [3]

Guangzhou
(23.1◦ N,
113.2◦ E)

PM2.5 24 h/daily Jan and Jul
2003

8.9/26 2.4/7.0 4.3/9.2 No [5]

Panyu (23◦ N,
113.35◦ E)

PM10 24 h/every 3 days 2006 8.9/21 2.5/7.3 4.6/11 No [3]

Hong Kong
(22.2◦ N,
114.1◦ E)

PM2.5 24 h/daily Jan, Jul, and
Aug 2003

4.7/9.3 1.1/3.6 1.8/4.8 No [5]

Xiamen
(24.4◦ N,
118.1◦ E)

PM2.5 24 h/daily Jan, Jul, and
Aug 2003

3.3/11 1.3/4.3 1.7/4.1 No [5]

a Geographical locations of these observation sites are shown in Fig. 4.
b Aerosol size sampled: particulate matter with aerodynamic diameter<10 µm (PM10), particulate matter with aerodynamic diameter<2.5 µm (PM2.5), and total suspended particles
(TSP).
c Observed annual mean concentrations are calculated by averaging available monthly mean observations. For observations by Cao et al. (2007), January and July concentrations
are averaged to calculate each annual mean.
d Simulated annual mean concentrations are calculated by averaging results from the months used to calculate the observed annual means at each site.
e [1] Qu et al. (2008); [2] Cao et al. (2009); [3] X. Y. Zhang et al. (2008); [4] Y. M. Han et al. (2008); [5] Cao et al. (2007).
fAt Muztagh Ata each filter sample was nominally collected over a one week period. However, during periods when the solar power supply was insufficient, the samples were
regarded as valid and analyzed when the sampling standard air volume was larger than 30 m3 (Cao et al., 2009).
g Measurements were made at Muztagh Ata from Dec 2003 to Feb 2006. Only data from 2005 is used in this study.
h Gucheng site is at a rural location but within an area of rapid urbanization according to X. Y. Zhang et al. (2008). Its EC and OC concentrations are very high and show obvious

influence from local sources. We categorize it as an urban site for this study.
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Fig. 5. Observed surface EC (top) and OC (bottom) concentrations
in January and July at background (squares), rural (circles), and
urban (triangles) Chinese sites. Underlain are simulated EC and
OC monthly mean concentrations for January and July 2006 using
bottom-up emission inventories.

by suppressing dry deposition when this happened, but we
found the difference in monthly mean surface concentrations
to be less than 5 %. In addition, our top-down emission es-
timates (Sect. 4) were derived using only measurements at
non-urban (rural and background) locations, which are gen-
erally far from strong surface sources. We will return to the
issue of model resolution in Sect. 6.

Figure 5 compares the spatial distributions of observed
and simulated surface mean EC and OC concentrations for
January and July. Highest concentrations were observed in
the densely populated and industrialized areas of northern
China, the Sichuan Basin, and the YRD and PRD megac-
ity clusters. Two sites in western China (rural Dunhuang and
urban Lasha) showed high concentrations in January. Ur-
ban sites were consistently more polluted than nearby rural
sites, reflecting strong local emissions. At all sites where
both January and July measurements were available, EC and
OC concentrations were higher in winter than in summer,
except at Panyu where the OC concentrations were simi-
lar. Although meteorological factors such as boundary layer
compression in winter or enhanced wet deposition in sum-
mer may lead to such seasonal differences, we found that
these effects are small based on the model analysis described
below. Instead, stronger anthropogenic emission during the
cold months was the main cause for the higher surface con-
centrations observed in winter.

The simulated EC and OC concentrations showed a west-
to-east gradient, reflecting the strong emissions in eastern

China in the bottom-up inventories, with highest concentra-
tions over northern China and the Sichuan Basin. The model
showed higher EC and OC concentrations in winter than in
summer, similar to the observations. Understandably, the
model was unable to resolve individual urban hotspots. How-
ever, the model also underestimated EC and OC concentra-
tion at almost all rural sites, particularly in January (with the
exception of EC at Taiyangshan). This indicates a region-
wide underestimate of carbonaceous aerosol sources associ-
ated with anthropogenic activities.

Figures 6 and 7 examine in detail the seasonal variations of
surface EC and OC concentrations observed at the ten back-
ground and rural sites. At the two background sites in west-
ern China, Muztagh Ata and Akdala, EC and OC concentra-
tions were significantly lower than those observed at other
Chinese rural sites throughout the year. This indicates that
foreign pollution transported from the west is not a signif-
icant contributor to the high levels of surface EC and OC
observed at interior Chinese sites. Winter, summer, and fall
measurements were also low at the Zhuzhang background
site in southwestern China. However, data were missing
for spring when the impact of transported biomass burn-
ing plumes from Southeast Asia to air quality in southern
China may be greatest (Deng et al., 2008). Surface concen-
trations of both EC and OC were higher in fall and winter
than in summer at most rural sites (except at Wusumu, where
data were available for only four months), again suggesting
strong region-wide emissions, likely associated with heating.
Both EC and OC concentrations at Dunhuang and Gaolan-
shan were extremely high and showed large enhancements
in fall and winter, suggesting that these sites are affected by
local anthropogenic activities.

Figure 6 also shows the simulated surface EC concen-
trations using the bottom-up emission inventories. The
simulation reproduced the relatively low concentrations ob-
served at the three background sites. The model agreed well
with summertime measurements at Taiyangshan, Jinsha, and
Longfengshan, overestimated wintertime measurements at
Taiyangshan, but otherwise underestimated observed rural
values. This suggests that the EC emissions in the model
are too low and misrepresented in space and time. Model
concentrations were higher in winter than in summer, simi-
lar to the observations. Model performance was poorest at
Dunhuang and Gaolanshan, where the bottom-up invento-
ries had very little emissions. The average simulated annual
mean EC concentration for all rural and background sites was
1.1 µgC m−3, 56 % lower than the observed 2.5 µgC m−3.

We further break down in Fig. 6 the contributions to simu-
lated surface EC concentrations from Chinese anthropogenic
residential and non-residential emissions, Chinese biomass
burning emissions, and transport from foreign sources. Con-
tributions from foreign sources were significant only at back-
ground sites, in particular at Zhuzhang in spring, which re-
flects the transport of biomass burning aerosols from South-
east Asia. Chinese biomass burning emissions have distinct
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Fig. 6. Monthly mean surface EC concentrations observed at ten Chinese background (grey squares) and rural (grey circles) sites. Thin
grey vertical lines indicate the standard deviations of the monthly mean observations. Solid lines indicate the simulated monthly mean
concentrations using bottom-up emission inventories (black) and top-down emission estimates (red). Also shown are simulated components
of surface EC concentrations: Chinese anthropogenic residential (orange dashed), Chinese anthropogenic non-residential (blue dashed),
Chinese biomass burning (purple dashed), and contributions from non-Chinese sources (gray dashed).

seasonal patterns (Duncan et al., 2003; Song et al., 2010;
Huang et al., 2012), but they have limited impacts at the
seven rural sites as simulated by the model. The simulated
EC concentrations at all seven rural sites were almost entirely
due to Chinese anthropogenic residential and non-residential
emissions. Residential emission had the most pronounced
seasonal pattern in the model, decreasing rapidly by mid-
spring and rising again in late fall, and it is the main driver
for the seasonal variation in the simulated surface EC con-
centrations. Emissions from the non-residential sector in our
model had a mild seasonal variation, and the simulated con-
tributions of that sector likewise did not change much season-
ally. Therefore, the observed higher concentrations in winter
are unlikely to be due to meteorological factors alone, since
these are accounted for in the model. Instead, the observed
higher wintertime levels are mainly due to stronger emissions
during the cold months, most likely associated with heating.

Figure 7 shows the seasonal variation of simulated sur-
face OC concentrations. Again the model reproduced the low
concentrations at background sites. The model severely un-
derestimated measured OC concentrations at all rural sites
year-round, except at Taiyangshan from January to March.
Moreover, the model failed to reproduce the seasonal pattern
at any of the rural sites. This suggests that primary emis-
sions and secondary formation of OC are both poorly repre-
sented in the model. Model performance at Dunhuang and
Gaolanshan was worse for OC than for EC, particularly dur-
ing cold months, suggesting that a source associated with a

high OC/EC emission ratio is missing in the bottom-up in-
ventories. The average simulated annual mean OC concen-
tration for all rural and background sites was 3.4 µgC m−3,
76 % lower than the observed 14 µgC m−3.

Figure 7 also shows the individual simulated OC com-
ponents, including OC from primary sectors, semi-volatile
SOC, and dicarbonyl SOC. Similar to EC, OC from foreign
sources were significant only at the three background sites.
Chinese biomass burning constituted 25 % of the simulated
surface OC at Taiyangshan and Jinsha in March, but other-
wise played a minor role in surface OC concentrations at
the rural sites in all seasons. From late fall to early spring,
the simulated surface OC concentrations were mainly due
to residential emission. Non-residential emission was rela-
tively less important to OC than to EC, reflecting the lower
OC/EC emission ratio from that sector. The semi-volatile
SOC and dicarbonyl SOC sources were comparable in mag-
nitude. SOC production was largest from early summer to
early fall, due to the combined effect of higher biogenic pre-
cursor emissions and stronger photochemistry in warmer sea-
sons.

Model performance can be summarized by the regression
slopes and correlations between model results and observa-
tions. Figures 8 and 9 show the scatter plots of simulated
versus observed monthly mean surface EC and OC concen-
trations at rural and background sites for each season. Using
the bottom-up inventories, the model underestimated EC ob-
servations in all seasons by 35 % to 60 % (reduced major axis
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Fig. 7. Monthly mean surface OC concentrations at ten Chinese background (grey squares) and rural (grey circles) sites. Thin grey vertical
lines indicate the standard deviations of the monthly mean observations. Solid lines indicate simulated monthly mean concentrations using
bottom-up emission inventories (black), top-down emission estimates (red), and hybrid emission estimates (blue). Also shown are simulated
components of surface OC concentrations: Chinese anthropogenic residential (orange dashed), Chinese anthropogenic non-residential (blue
dashed), Chinese biomass burning (purple dashed); semi-volatile SOC (green dotted), dicarbonyl SOC (red dotted), and contributions from
non-Chinese sources (gray dashed).

regression slopes between 0.40 and 0.65), with correlation
coefficientsr ranging from 0.41 to 0.48. This again shows
that the EC emissions in the model are underestimated, as
well as misrepresented in space and time. For OC, the sim-
ulation using bottom-up inventories severely underestimated
observed OC concentrations in all seasons, with regression
slopes ranging from 0.16 to 0.51. Moreover, the model could
not capture the observed OC variability. The correlation co-
efficientsr ranged from 0.08 to 0.26. This shows that (1)
the bottom-up OC emissions are too low and misrepresented
spatiotemporally, and (2) the representation of secondary for-
mation in the model is poor. Model performance for OC was
best in summer (slope= 0.51), albeit with very poor corre-
lation against observations (r = 0.26), because the combined
contributions from primary emissions and secondary forma-
tion brought the model concentrations closer to observed val-
ues. For both EC and OC, the comparison of model results
against observations was worst in fall. This may be because
the model failed to capture the onset of enhanced anthro-
pogenic emissions and/or the shut-down of biogenic SOC
formation as the country moves into colder seasons. Also,
there may be emission events in fall that are not currently
represented in the model, for example, in-field burning of
agricultural residues after the fall harvest (Yang et al., 2008).

Our analyses thus far show that Chinese surface OC con-
centrations at rural sites are strongly influenced by primary
emissions, especially in winter. This is further illustrated

in Fig. 10, which shows the correlations between monthly
mean concentrations of OC and EC in the observation and in
the model. Also shown are the reduced-major axis regres-
sion lines for OC versus EC measured at urban sites. At
urban sites, measured OC and EC are tightly correlated in
all seasons due to the overwhelming impact of local primary
sources to surface concentrations. Even at rural and back-
ground sites, measured OC is still well correlated with EC in
all seasons but especially in winter, indicating influence by
primary emissions. We further note in Fig. 10 that the mea-
sured rural OC versus EC scatter to form “fan-like” patterns,
and that the slopes of the lower-right edge of these “fans”
are similar to the slopes of the measured urban OC versus
EC regression lines. This suggests that Chinese rural and ur-
ban sites are affected by the same primary emission activities
and thus have similar primary OC/EC emission ratios. The
variability of rural OC away from the urban OC versus EC
regression line reflects additional secondary production not
represented in the model or primary OC sources not repre-
sented in the bottom-up inventories (e.g. at Dunhuang and
Gaolanshan).
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Fig. 8. Simulated versus observed monthly mean surface EC con-
centrations at rural (circles; Gaolanshan: G; Dunhuang: D) and
background (squares) sites and the reduced-major axis regression
lines (solid lines) for each season. Black: model results using
bottom-up emission inventories; red: model results using top-down
emission estimates. The reduced major-axis regression slope (S)
and correlation coefficient (r) between model and observation, and
number of data points (n) for each season are shown inset. Grey
dashed line indicate the 1:1 line.

4 “Top-down” estimate of carbonaceous aerosol sources

4.1 EC emission estimates

Based on the model evaluation presented in Sect. 3, we
wished to know how the bottom-up EC and OC emissions
should be adjusted to best reproduce the magnitude and spa-
tiotemporal patterns of the observations. We used multi-
ple regression to match the simulated EC contributions from
each sector against monthly mean observations at the ten ru-
ral and background sites. We assumed that the simulated
EC background (EC from non-Chinese sources) was correct,
and subtracted it from the observations. The assumption of a
correct EC background is valid, since the observed EC con-
centrations are low at Muztagh Ata and Akdala year-round,
as well as at Zhuzhang in summer, fall, and winter, and the
model reproduces these low concentrations. As previously
mentioned, biomass burning in Southeast Asia in spring may
affect air quality in southern China, but measurements were
not available at Zhuzhang in spring to constrain this. The
multiple regression model is

cobs−cbackground= β1cresidential+β2cnon−residential

+β3cbiomass+ε. (1)

Fig. 9. Scatterplots of simulated versus observed monthly mean sur-
face OC concentrations at rural (circles; Gaolanshan: G; Dunhuang:
D) and background (squares) sites and the reduced-major axis re-
gression lines (solid lines) for each season. Black: model results
using bottom-up emission inventories; red: model results using top-
down emission estimates. The reduced major-axis regression slope
(S) and correlation coefficient (r) between model and observation,
and number of data points (n) for each season are shown inset. Grey
dashed line indicate the 1:1 line.

In Eq. (1), cobs is the vector of observed monthly mean
EC concentrations. cbackground is the vector of simu-
lated EC background from non-Chinese sources.cresidential,
cnon-residential, andcbiomassare the vectors of simulated EC
contributions from Chinese anthropogenic residential, an-
thropogenic non-residential, and biomass burning sources,
respectively. ε is the regression model error vector.β1,
β2, andβ3 are the domain-wide scalar scale factors required
for the source sectors to best match the observations as con-
strained by the multiple regression.

In practice, the contribution from Chinese biomass burn-
ing could not be reliably fitted using available data. This
is seen in Fig. 6, where the observations do not reflect
the seasonal signatures of biomass burning emissions. We
conducted a lack-of-fit F-test and found that including the
biomass burning component does not significantly improve
the regression. Therefore, we also assumed Chinese biomass
burning EC emission to be correct and removed its contri-
bution prior to the regression. Since the rural EC measure-
ments mostly reflected the spatiotemporal variability of an-
thropogenic residential and non-residential sources (Fig. 6),
the estimates for these sources were not much affected.

The multiple regression gives a scale factor for the
anthropogenic residential sector (β1) of 0.64, with a
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Fig. 10. OC versus EC concentrations observed (grey circles; G:
Gaolanshan; D: Dunhuang) and simulated using bottom-up (black)
and top-down (red) emissions at rural and background sites for each
season. Also shown are observed OC versus EC concentrations
(blue triangles) and reduced major-axis regression lines at urban
sites (blue dashed lines) for each season.

standard deviation of±0.49 (bootstrap estimation) andp-
value = 0.08. The scale factor for the anthropogenic non-
residential sector (β2) is 2.85, with a standard deviation of
±0.42 andp-value< 0.001. The multiple regression ex-
plains 59 % of the observed variance (adjustedR2

= 0.59).

It may seem surprising that the multiple regression in-
dicates reduction of the residential emissions, given that
the observations show a stronger wintertime EC enhance-
ment compared to the simulation using bottom-up invento-
ries. This is partly because the non-residential emissions are
also slightly enhanced in winter, such that the combined ef-
fect of scaling the two anthropogenic sectors still increases
the cold-month emissions in our top-down estimate. More
importantly, the distinction between the residential and non-
residential sources in the multiple regression is somewhat
arbitrary, because the spatial patterns of the residential and
non-residential emissions are similar (Fig. 1). A better way
of understanding the results is that the regression adjusts the
two anthropogenic sectors simultaneously to best match both
the annual mean concentrations and the cold-month enhance-
ments in the observations. Thus only the total anthropogenic
emission is meaningfully constrained.

Table 1 shows our top-down EC emission estimate. To-
tal anthropogenic emission is 2.94 TgC yr−1. Adding the
unchanged biomass burning emission, the total Chinese EC
emissions is 3.05 TgC yr−1, 59 % larger from the bottom-up

estimate. The standard deviation of the top-down EC emis-
sion estimate is±0.78 TgC yr−1, calculated by combining
the top-down uncertainties (standard deviation of the scaling
factors from the multiple regression calculated by bootstrap-
ping) in quadrature and assuming the bottom-up uncertainty
for biomass burning emissions. For comparison with previ-
ous bottom-up inventories (Table 1), we calculate the 95 %
confidence interval of our top-down emission estimate to be
±50 %. This assumes that the emission estimate probabilities
are normally distributed, but the true probabilities are more
likely to be lognormally distributed (Streets et al., 2003a).

Figure 1 shows the spatial distribution of the top-down EC
emission estimate. Compared to the bottom-up inventories,
EC emissions are greatly enhanced in northern and central
China, Sichuan basin, and over the YRD and PRD megacity
clusters.

We conducted two sensitivity tests to evaluate the ro-
bustness of our multiple regression. First, we summed up
cresidentialandcnon-residentialin Eq. (1) and fitted the observa-
tions against the combined anthropogenic contribution. The
resulting estimate for the total anthropogenic EC emissions
was 2.91 TgC yr−1. In a second test, we removed the ob-
servations at Dunhuang and Gaolanshan from the multiple
regression. The resulting estimate for total anthropogenic
EC emissions was 2.58 TgC yr−1. Both estimates are within
12 % of our original top-down estimate shown in Table 1.

4.2 OC emission estimates

Constraining OC emissions from filter-based OC measure-
ments is challenging, because it is difficult to separate the
primary and secondary OC. One way to circumvent this is-
sue is to estimate OC emissions by scaling EC emissions with
OC/EC emission ratios. We experimented with two methods
for estimating OC emissions and summarize the results in
Table 1. Both methods provide traceability and can easily be
recalculated when updated OC/EC emission ratios become
available.

For the first method, we scaled the bottom-up anthro-
pogenic OC emissions with the same coefficientsβ1 andβ2
obtained from the multiple regression for anthropogenic EC
emissions. This is equivalent to applying the OC/EC emis-
sion ratios used in the Zhang et al. (2009) bottom-up inven-
tory, and hence can be considered as a “hybrid” approach,
combining “bottom-up” statistics with “top-down” observa-
tional constraints. The resulting estimate for anthropogenic
OC emission was 3.41 TgC yr−1. Adding the unchanged
biomass burning emission estimate of 0.73 TgC yr−1, the to-
tal Chinese OC emission was estimated to be 4.14 TgC yr−1,
only 5 % greater than the bottom-up estimate with very simi-
lar spatial distribution (not shown). The uncertainty is similar
to that of the bottom-up inventories.

A second, purely “top-down”, approach for constraining
OC emissions uses the primary OC/EC ratios derived from
ambient observations. This method is legitimate because,
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as argued previously, the distinction between the residential
and non-residential components in the EC multiple regres-
sion is not robust. Therefore, it is more appropriate to apply
an overall primary OC/EC ratio representative of the ambi-
ent air mixture. Cao et al. (2007) defined the 20th percentile
of observed OC/EC ratio as the primary OC/EC ratio for a
particular location in a given season. It is important to dis-
tinguish primary OC/EC ratios for different seasons, because
the relative strengths of source sectors can change through-
out the course of a year. For northern cities (>32◦ N), Cao et
al. (2007) observed primary OC/EC ratios of 2.81 in winter
and 1.99 in summer. For southern cities, their observed pri-
mary OC/EC ratios were 2.10 in winter and 1.29 in summer.
We adopted these values for rural emissions since Fig. 10
shows that rural and urban air are affected by the same pri-
mary sources. We used the summer primary OC/EC ratios
for April to September and the winter ratios for the rest of
the year.

Our top-down estimate for Chinese anthropogenic and
biomass burning OC sources are 6.42 TgC yr−1 and
0.25 TgC yr−1, respectively. Total OC emission is
6.67 TgC yr−1, 69 % higher than the bottom-up estimate. We
calculated the top-down OC uncertainties from the variance
of the product of two independent variables (top-down EC
emissions and primary OC/EC ratios) (Goodman, 1960). We
used two times the difference between the 20th percentile
and the 5th percentile of observed OC/EC ratio from Cao
et al. (2007) to represent the standard deviation of primary
OC/EC ratio. Uncertainties from each sector were added in
quadrature. The resulting overall standard deviation is±1.30
(TgC yr−1). The corresponding 95 % confidence interval is
calculated as±38 %, again assuming normality for the emis-
sion estimate probabilities.

Figure 2 shows the spatial distributions of top-down OC
emissions, which show large enhancements over northern
and central China, Sichuan basin, as well as YRD and PRD
megacity clusters, similar to the top-down EC emissions.

4.3 Evaluation of the “top-down” emission estimates

Figure 6 shows the simulated EC concentrations at the ten
background and rural sites using the top-down EC emission
estimates. Using the top-down emission estimates corrects
the model low bias at Wusumu, Longfengshan, Jinsha, and
LinAn, but the model now overestimates concentrations at
Taiyangshan. The adjustments in Chinese emissions have
little effect at the background sites. Overall, the simulated
average annual mean surface EC concentrations at back-
ground and rural sites is improved to 1.9 µgC m−3, in better
agreement with observations (2.5 µgC m−3). The regression
slopes for simulated versus observed EC concentrations are
greatly improved in all seasons (Fig. 8), with best slope as
high as 0.97 in summer, although the correlations are only
slightly increased. As shown in Fig. 8, the remaining low
bias relative to the observation is mostly due to the under-

estimation at Dunhuang and Gaolanshan, where emissions
are missing in the bottom-up inventories such that applying
domain-wide scaling factors do not bring about a great im-
provement.

Figure 7 shows the model performance for OC at back-
ground and rural sites using the hybrid and top-down OC
emission estimates. Applying the hybrid OC emission es-
timates does not lead to improvement in model performance,
since it is very similar to the original bottom-up emissions.
We will focus on the “pure top-down” OC emission estimates
from now on.

Using top-down emission estimates, our simulated OC
concentrations are improved vastly at Taiyangshan, Jinsha,
and LinAn, especially in winter. However, the model is still
biased low at Dunhuang, Gaolanshan, Wusumu, and Lon-
fengshan. Overall, the averaged simulated annual mean OC
at background and rural sites increases to 5.4 µgC m−3, al-
though still 61 % lower than observations (14 µgC m−3). As
shown in Fig. 9, the regression slopes for simulated versus
observed OC are improved for all seasons, but the model
remains unable to capture the variability in the observa-
tions. Again, this shows that both the primary emissions
and the secondary formations of OC are poorly simulated
in the model. Model low-bias is still worst in fall, because
the model either fails to capture the onset of cold-month
emissions or misses specific emission events. Neither of
these shortcomings can be corrected by applying domain-
wide scaling factors.

Figure 11 shows the simulated components of an-
nual mean surface OC using the top-down emission esti-
mates. The national simulated annual mean surface OC is
4.5 µgC m−3. Primary anthropogenic emission is the domi-
nant source of surface OC, contributing 3.2 µgC m−3 to the
Chinese annual mean and accounting for over 60 % of to-
tal OC over most of eastern China. Over western China,
the simulated contribution of primary anthropogenic emis-
sion is generally less than 50 %, although in reality this is
likely an underestimation due to missing OC emissions in
our top-down estimates. Primary OC from Chinese biomass
burning and non-Chinese sources each contributes less than
0.2 µgC m−3 to the national annual mean.

Figure 10 shows the slopes of simulated OC versus EC
concentrations in our model using the top-down emission es-
timates. The slopes of simulated non-urban OC versus EC
are brought closer to (1) the slopes of observed OC versus
EC at urban sites, and (2) the slopes of the lower-right edge
of the data point “fans” formed by observed OC versus EC at
non-urban sites. This indicates that the top-down estimates
better represent the EC and OC emissions affecting Chinese
urban and non-urban air, compared to the bottom-up inven-
tories.

Even when using top-down emission estimates, the model
still severely underestimates OC at rural and background
sites year-round (Figs. 7 and 9). Excluding Dunhuang and
Gaolanshan, we found that the remaining model OC low-bias
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Fig. 11. Simulated components of surface annual mean OC using top-down emission estimates:(a) Chinese anthropogenic primary OC
(including residential and non-residential sources);(b) Chinese biomass burning primary OC;(c) non-Chinese primary OC;(d) semi-volatile
SOC from biogenic and anthropogenic VOC precursors;(e)SOC from irreversible uptake of dicarbonyls by aqueous-phase particles (mainly
in clouds); and(f) total simulated OC. Simulated Chinese annual mean surface concentrations for each component are shown inset in red.

is not correlated with observed EC in summer (r = 0.39, not
significantly different from zero at 5 % significance level, not
shown). This suggests that the top-down inventory captures
most of the primary OC emissions in eastern China in sum-
mer, and that the remaining model OC low-bias is likely due
to missing SOC in the model. However, the model OC low-
bias is significantly correlated with observed EC in eastern
China for spring, fall, and winter, as well as in western China
year-round (not shown). This suggests that the primary OC
sources are still too low in our top-down estimate.

5 Contribution of secondary formation to OC

Finally, we quantified the contribution of secondary for-
mation to surface OC. As shown in Fig. 11, semi-volatile
SOC and dicarbonyl SOC each contributes 0.5 µgC m−3 to
the Chinese annual mean surface OC in our model. SOC
from both formation pathways are highest over southeast-
ern China, reflecting the combined impact of high precursor
emissions and strong photochemistry. On an annual basis,
SOC accounts for 21 % and 19 % of simulated surface OC
for the whole of China and in eastern China, respectively.
In summer, the simulated secondary fraction of surface OC
is 47 % for the whole of China and 45 % in eastern China.
This is likely an underestimation, because our simulated OC
concentrations are lower than observations (Figs. 7 and 9)
in summer. We mentioned previously that the remaining OC
differences between the top-down model results and observa-
tions at Longfengshan, Taiyangshan, Jinsha, Wusumu, and
LinAn in summer are not correlated with observed EC. As
an upper estimate, we assumed that these remaining OC dif-
ferences are entirely secondary, thus estimated that 62 % of

observed rural surface OC is due to secondary formation in
eastern China in summer.

Table 2 summarizes the simulated SOC produced by indi-
vidual VOC precursors in China. The most important pre-
cursor is isoprene, followed by monoterpenes and aromat-
ics, accounting for 39 %, 23 %, and 17 % of total simulated
SOC, respectively. In terms of source types, biogenic VOC
is the largest source of SOC in our model, accounting for
70 % of total simulated SOC. Anthropogenic and biomass
burning VOC accounts for 24 % and 6 % of total simulated
SOC, respectively. Our findings differ from the results of
Z. Han et al. (2008), who found monoterpenes to be the
largest sources of SOC in summer in China. This is partly
because we used larger isoprene emissions based on satellite
formaldehyde observations (Fu et al., 2007). More impor-
tantly, we included an additional SOA formation pathway via
aqueous uptake of dicarbonyls, of which isoprene is the dom-
inant source. As a result, our simulated SOC concentrations
in summer over eastern China are approximately twice their
simulated values, and our simulated total OC concentrations
are in better agreement with observations at the ten rural and
background sites.

6 Comparison with previous studies

Table 4 compares our top-down estimates for Chinese an-
thropogenic carbonaceous aerosol emissions with previous
bottom-up inventories for recent years. Previous bottom-
up estimates of Chinese anthropogenic emissions range
from 0.94 TgC yr−1 to 1.81 TgC yr−1 for EC and from
2.41 TgC yr−1 to 3.84 TgC yr−1 for OC. Our estimates for
both EC and OC are at least 60 % larger than all previous
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Table 4. Estimates of Chinese anthropogenic carbonaceous aerosol emissions after the year 2000.

Study Method EC/OC anthropogenic emissions (TgC yr−1)

2000 2001 2003 2004 2005 2006 2008 2010

Streets et al. (2003a) Bottom-up 0.94/2.66a

Cao et al. (2006) Bottom-up 1.40/3.84b

Ohara et al. (2007) Bottom-up 1.09/2.56b 1.14/2.62b

Nozawa et al. (2007) Bottom-up 1.60b/–
Lamarque et al. (2010) Bottom-up 1.30/2.80c

Zhang et al. (2009) Bottom-up 1.60/2.83b 1.81/3.22d

Lei et al. (2011) Bottom-up 1.18/2.54b 1.51/3.19e

Lu et al. (2011) Bottom-up 1.16/2.41f 1.47/3.13g 1.68/3.37h 1.74/3.44i

Qin and Xie (2011) Bottom-up 1.14b/– 1.20b/– 1.36b/– 1.35b/– 1.53j /– 1.55b/– 1.61b/–

Kondo et al. (2011) Top-down 1.92k/–
This work Top-down 2.94/6.42l

a Uncertainties, represented as 95 % confidence intervals (CI), were±484 % and±495 % for EC and OC, respectively.
b Uncertainties not reported in paper.
c Chinese anthropogenic EC and OC emissions taken from Bond et al. (2007) with updates from T. Bond (personal communication, 2011). Uncertainties were expected to be larger
than a factor of 2.
d Uncertainties (represented as 95 % CI) were±208 % for EC and±258 % for OC, respectively.
e Uncertainties (represented as 95 % CI) were±187 % and±229 % for EC and OC, respectively.
f Uncertainties (represented as 95 % CI) were 0.62–2.29 TgC yr−1 for EC and 1.22–4.70 TgC yr−1 for OC.
g Uncertainties (represented as 95 % CI) were 0.80–2.98 TgC yr−1 for EC and 1.57–6.22 TgC yr−1 for OC.
h Uncertainties (represented as 95 % CI) were 0.95–3.17 TgC yr−1 for EC and 1.73–6.57 TgC yr−1 for OC.
i Uncertainties (represented as 95 % CI) were 0.97–3.31 TgC yr−1 for EC and 1.73–6.78 TgC yr−1 for OC.
j Total Chinese EC emission, including 0.04 TgC yr−1 from biomass burning sources, is 1.57 TgC yr−1. Uncertainty (represented as 95 % CI) for total Chinese EC emission was
0.78–3.94 TgC yr−1.
k Top-down BC emission estimate based on measurements at Cape Hedo Observatory, Japan from February 2008 to May 2009. The estimated uncertainty is 40 %.
l Uncertainties, represented as standard deviations, are±0.60 TgC yr−1 for EC and±1.10 TgC yr−1 for OC. The corresponding 95 % CI (calculated assuming normal distribution)

are±40 % for EC and±34 % for OC, respectively. See text for details.

bottom-up inventories (Streets et al., 2003a; Bond et al.,
2007; Zhang et al., 2009; Lamarque et al., 2010; Lei et al.,
2011; Lu et al., 2011; Qin and Xie, 2011). In particular, our
emission estimates for the year 2006 for both EC and OC are
more than 120 % higher than the emission estimates devel-
oped by Lamarque et al. (2010) for the year 2000, which
were used in the Coupled Model Intercomparison Project
Phase 5 (CMIP5). Our top-down emission estimates for both
EC and OC for the year 2006 are within the range of uncer-
tainties reported by bottom-up inventories for the years 2005
to 2010 (Zhang et al., 2009; Lei et al., 2011; Lu et al., 2011;
Qin and Xie 2011).

Why are previous bottom-up estimates for Chinese car-
bonaceous aerosol emissions so similarly low? One possibil-
ity is that because bottom-up inventories are mostly based on
activity statistics from the same data sources, under-reporting
of activity levels and/or over-reporting of emission control
implementations would affect all bottom-up estimates in a
similar manner. Another reason may be because emission
factors specific to Chinese conditions are scarcely measured
and highly variable. Researchers, out of necessity, often
adopt middle-of-the-road emission factors from the litera-
ture, mostly measured in Western societies (Streets et al.,
2001, 2003a; Bond et al., 2004; Cao et al., 2006; Ohara et
al., 2007; Zhang et al., 2009; Lei et al., 2011; Lu et al., 2011;

Qin and Xie, 2011; and references therein). In particular,
the emission factors from residential combustion can vary by
an order of magnitude depending on the share of low- ver-
sus high-quality fuel (e.g. briquettes versus raw coal) (Zhang
et al., 2009; Lu et al., 2011), but there is currently no good
statistics for that information. As a result, the median esti-
mates from previous bottom-up inventories are all similarly
low, while the associated uncertainties are all similarly large.

Our top-down estimate for OC emission from biomass
burning is 0.25 TgC yr−1, lower than the bottom-up inven-
tory of Streets et al. (2003b). This is because the overall
primary OC/EC ratios we adopted from Cao et al. (2007)
represent urban air mixtures. Measured OC/EC emission ra-
tios from biomass burning are generally much higher (An-
dreae and Merlet, 2001), so our estimate is likely to be low,
although measurements are not available to constrain this
source in the present study.

Our conclusion that Chinese anthropogenic carbonaceous
aerosol emissions are underestimated is consistent with the
studies of Z. Han et al. (2008) and Koch et al. (2009). Us-
ing aircraft measurements conducted downwind from China
in April 2001, Hakami et al. (2005) found anthropogenic
EC emissions from northern and northeastern China to be
low by a factor of 2, and their derived emissions are con-
sistent with our results. However, they found anthropogenic
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EC emissions from southeastern China to be overestimated
by a factor of 2, inconsistent with our findings. Kondo et
al. (2011) measured BC concentration on a remote island in
East China Sea and selectively analysed data strongly influ-
enced by transport from China (mostly in spring and winter
of the years 2008 and 2009). They concluded that Chinese
annual anthropogenic BC emission is 1.92 TgC yr−1, similar
to the 1.81 TgC yr−1 estimated by Zhang et al. (2009). Both
Hakami et al. (2005) and Kondo et al. (2011) used obser-
vations far downwind from China during particular seasons,
thus they may not reflect the total annual emissions from the
entire country.

Matsui et al. (2009) simulated EC and OC in northern
China in summer 2006 using anthropogenic emissions simi-
lar to those estimated by Zhang et al. (2009). They found that
their simulated surface EC concentrations were too high at
one urban site and one suburban site in Beijing, and accord-
ingly concluded that EC emissions are overestimated around
Beijing. Their EC measurements showed a strong diurnal cy-
cle, which they attributed to the accumulation of pollutants
near the surface due to nighttime boundary layer compres-
sion. They pointed out that a model with coarser vertical
resolution would not be able to resolve this nighttime ac-
cumulation and would under-simulate the 24-h average EC
concentrations even if the emissions were correct.

Our purpose in this study was to constrain Chinese an-
nual carbonaceous aerosol sources on a national scale. We
made no attempt to resolve urban pollution, which would be
strongly influenced by local fluxes. Our top-down emission
estimates are derived from rural and background measure-
ments, which are less affected by local emissions and more
representative of regional pollutant levels. At Dunhuang and
Gaolanshan, where observations are clearly affected by local
emissions in winter, the difference between model results and
observations are too large to be explained by the coarseness
of model resolution alone. Also, excluding the data from
these two sites has little impact on our top-down emission
estimates (Sect. 4.1).

Our top-down emission estimates do lead to high biases at
Taiyangshan in central China. This indicates that the emis-
sions in southern China may be biased high in our top-down
estimate, potentially consistent with the findings of Hakami
et al. (2005). However, the overall annual mean performance
on a national scale is still much improved compared to that
of the bottom-up inventory. This highlights the critical point
that top-down emission estimates can only be derived from
measurements that fully represent the spatiotemporal vari-
ability for the domain and resolution of interest.

7 Conclusions

We simulated carbonaceous aerosols in China and com-
pared model results to surface measurements, with the
goal of deriving top-down emission estimates of EC and

OC for China, as well as better quantifying the secondary
sources of OC. We conducted a year-long simulation, driven
by the current Chinese bottom-up emission inventories for
EC (1.92 TgC yr−1) and OC (3.95 TgC yr−1). The model
contains updated SOC formation mechanisms, including
reversible-partitioning of semi-volatile oxidation products
from biogenic and anthropogenic VOC precursors, as well
as reactive uptake of dicarbonyls on aqueous particles.

A database of surface measurements was compiled from
previous studies to represent the spatial and seasonal vari-
ability of carbonaceous aerosols in China. Analyses of the
observations show that surface EC and OC at Chinese urban
and non-urban sites are strongly affected by anthropogenic
emissions.

The comparison of model results to observations at back-
ground and rural sites evaluates the bottom-up inventories.
The simulated average annual mean EC concentration for all
rural and background sites is 1.1 µgC m−3, 56 % lower than
the observed 2.5 µgC m−3. For OC, the model severely un-
derestimates observed values at all sites year-round, with a
simulated average annual mean OC concentration for rural
and background sites of 3.4 µgC m−3, 76 % lower than the
observed 14 µgC m−3. Moreover, the model fails to capture
the spatiotemporal variability in the OC observations. This
indicates that not only are the bottom-up OC emissions too
low and spatiotemporally misrepresented, but that the repre-
sentation of secondary formation in the model is also poor.
The model grossly underestimates EC and OC at Dunhuang
and Gaolanshan, where an anthropogenic source associated
with high OC/EC emission ratio is missing in the bottom-up
inventories. Model performances for EC and OC are both
worst in fall. Sensitivity simulations show that meteorologi-
cal factors and uncertainties in the aerosol removal rates can-
not explain the low biases in the simulated concentrations.
This suggests an underestimation of carbonaceous aerosol
sources on a national scale.

Our use of multiple regression derives top-down emis-
sion estimates of EC based on monthly observations at rural
and background sites. Only the total Chinese anthropogenic
emission could be robustly constrained given the available
observations. The resulting top-down estimate for Chinese
EC emissions is 3.05± 0.78 TgC yr−1.

We experimented with two approaches for scaling the
top-down EC emissions with OC/EC emission ratios to de-
rive OC emission estimates. A “hybrid” approach using
the OC/EC emission ratios from the bottom-up inventory of
Zhang et al. (2009) yields an estimate of total Chinese OC
emission of 4.14 TgC yr−1, but applying this emission es-
timate does not significantly improve model performance.
A second, purely “top-down”, approach uses the primary
OC/EC ratios derived from ambient observations by Cao et
al. (2007). The resulting top-down estimate for total Chinese
OC emission is 6.67± 1.30 TgC yr−1.

Applying the top-down emission estimates, the simulated
average annual mean concentrations at rural and background
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sites are improved to 1.9 µgC m−3 (EC) and 5.4 µgC m−3

(OC). For EC, the remaining low-bias relative to the obser-
vation is mostly due to missing emissions at Dunhuang and
Gaolanshan. Even when using the top-down emission es-
timates, the model is still significantly underestimating ob-
served OC concentrations in all seasons, with little skill in
capturing the variability. We find that the top-down inven-
tory is capturing most of the primary OC emissions in east-
ern China in summer. However, the primary OC sources are
still too low in our top-down estimate in eastern China for all
other seasons and in western China year-round.

Secondary formation accounts for 21 % of Chinese annual
mean surface OC in our model. In summer, as high as 62 %
of the observed surface OC may be due to secondary for-
mation in eastern China. SOC produced from semi-volatile
compounds and dicarbonyls are comparable in magnitude.
The most important SOC precursor is isoprene, followed by
monoterpenes and aromatics.

In summary, our analysis points to four shortcomings in
the current bottom-up inventories of Chinese carbonaceous
aerosols. Firstly, the anthropogenic source is underestimated
on a national scale, particularly for OC, likely due to uncer-
tainties in emissions from small industries, residential com-
bustion, and transportation (Zhang et al., 2009; Lu et al.,
2011; Qin and Xie, 2011). Secondly, the spatial and tem-
poral distributions of emissions are incorrect in the current
bottom-up inventories. Thirdly, there is a missing source in
western China, characterized by a high OC/EC emission ratio
and a strong enhancement during the colder months, likely
associated with the use of biofuels or other low-quality fu-
els for heating. The fourth issue is that sources in fall are
not well represented, either because the seasonal shifting of
emissions and/or secondary formation is poorly captured or
because specific fall emission events are missing. In addition,
the seasonal contributions from biomass burning in China
and in Southeast Asia may also be underestimated, but mea-
surements are not available to constrain these sources in this
study. Our analyses are based on surface measurements. Air-
craft observations of EC and OC concentrations may provide
additional constraints on the contribution of foreign sources.
Secondary production of OC is also underestimated in our
model, either due to error in precursor emissions or missing
secondary formation pathways.

Our top-down EC and OC emission estimates are at least
60 % higher than all previous bottom-up estimates. Two
questions arise. The first question is why are all previous
bottom-up estimates so similarly low? We speculate that the
use of activity statistics from the same data sources and the
adoption of emission factors from the literature may be the
cause. The second question is whether our emission esti-
mates are supported by other observations? Our results are
consistent with the findings from a few previous seasonal
studies. We plan to explore the use of other data, such as
satellite aerosol optical depth observations, to evaluate our
results. Many gaps remain in our understanding of Chinese

carbonaceous aerosol sources. More regional measurements
with better spatiotemporal coverage, especially over western
China, are needed to address these gaps.
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