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ABSTRACT

The fine-mode aerosol absorption optical depth (AAOD) retrieved from the Aerosol Robotic Network
(AERONET) has been used in previous studies to calculate the radiative forcing of black carbon (BC)
aerosol, assuming that the absorption by fine-mode aerosols (diameter < 1 um) is primarily from BC
while the absorption by larger particles (diameter > 1 um) is principally from dust. In the present
study, the Community Earth System Model was used to simulate and quantify the contribution
of fine-mode dust to fine-mode AAOD in eastern China (29-41°N, 104-122°E)—an area where
concentrations of BC are high. The simulated fine-mode dust concentrations were constrained by
observations from nine sites belonging to the Chinese Meteorological Administration Atmosphere
Watch Network. Averaged over eastern China, the simulated annual mean fine-mode dust AAOD was
3.6 X 1073, with the maximum AAOD in spring and the minimum value in winter. The contribution
of fine-mode dust to the total fine-mode AAOD (sum of fine-mode dust, BC, and organic carbon)
in winter, spring, summer, and autumn was 3.4%, 25.2%, 12.5%, and 14.9%, respectively, with an
annual mean value of 15.1%. The results indicate the importance of removing fine dust AAOD when
the AERONET fine-mode AAOD is used for calculating the radiative forcing of BC in eastern China.
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1. Introduction

Aerosol absorption optical depth (AAOD) represents
column aerosol light absorption and is a key parameter
in evaluating aerosol radiative forcing (e.g. Huang et al.
2006; Park and Sohn 2010; Kirillova et al. 2014; Koike et
al. 2014) and atmospheric heating (e.g. Lau et al. 2006;
Xia et al. 2007; Huang et al. 2009). AAOD is calculated as
(1-SSA) x AOD, where SSA and AOD are the column single
scattering albedo and aerosol optical depth, respectively.
Aerosol species that contribute to AAOD include mineral
dust, black carbon (BC), and organic carbon (OC).

Kt EHERBBCRARN B BEN - ERAESDVLUWFREMESLNEE -

AAOD values have been retrieved by the Aerosol
Robotic Network (AERONET) (Holben et al. 1998; Dubovik
and King 2000), whose datasets provide fine-mode (diame-
ter <1 um) and coarse-mode (diameter > 1 um) AAOD val-
ues. By analyzing AERONET datasets over specific regions,
Dubovik et al. (2002) reported that fine-mode and coarse-
mode particles dominate over biomass-burning and
desert regions, respectively. Bond et al. (2013) calculated
the direct radiative forcing of BC by adjusting the median
AAOD in the Aerosol Comparisons between Observations
and Models to be consistent with the AERONET fine-mode
retrieval. They obtained a global mean AAOD of 0.006.
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However, such an approach to derive the BC AAOD is
positively biased because the AERONET AAOD includes
absorption by BC, organic matter, and fine-mode dust
(Bond et al. 2013).

Several previous studies have reported the AAOD of
total aerosols (fine-mode plus coarse-mode) retrieved
from AERONET in dusty weather in China (Yu et al. 2006;
Yuetal.2011;Yuetal.2013). Yu et al. (2006) presented the
average AOD and SSA on dusty days during 2001-2005
at 10 AERONET sites in East Asia. The AAOD values of all
aerosol species at 675 nm averaged over four sites in China
(Dunhuang, Yulin, Beijing, and Inner Mongolia), three sites
in Korea (Gosan, Gwangju, and Anmyon), and three sites in
Japan (Osaka, Shirahama, and Noto) were 0.061, 0.032, and
0.023, respectively. Similarly, Yu et al. (2013) showed that
the average AAOD of all aerosol species calculated from
the observed AOD and SSA from AERONET on dusty days
in Beijing during 2001-2010 were 0.186 and 0.084 at 440
and 670 nm, respectively. These studies, however, did not
examine the fine-mode dust AAOD.

Large uncertainties exist in simulations of emissions
and concentrations of dust (Generoso et al. 2008; Johnson
et al. 2012; Ridley et al. 2012). For example, global dust
emissions were simulated to be in the range of 514-4313
Tg year™' (Textor et al. 2006; Huneeus et al. 2011). Cakmur
et al. (2006) constrained the global emissions of clay dust
particles (0.2 um < diameter < 2 um) in the ModelE ver-
sion of NASA Goddard Institute for Space Studies atmos-
pheric general circulation model by using observed AOD
retrieved from AERONET, Advanced Very High Resolution
Radiometer, and Total Ozone Mapping Spectrometer, as
well as the volume particle size distribution retrieved from
AERONET. A similar approach can be used to constrain the
emissions of fine-mode dust, but it requires size-resolved
observations of concentrations or optical properties of
mineral dust.

The present study simulated the fine-mode dust AAOD
in eastern China (29-41°N, 104-122°E)—where concentra-
tions of BC are high—using the Community Earth System
Model (CESM), to quantify the contribution of fine-mode
dust to fine-mode AAOD. Section 2 describes the model
and numerical experiments. Sections 3 and 4 present the
simulated concentrations and fine-mode dust AAOD,
respectively. Section 5 examines the contribution of fine-
mode dust to the AAOD of total fine-mode aerosols.

2. Model description and numerical
experiments

2.1. Mineral dust in the CESM model

The simulation of mineral dust aerosol was carried out
using CESM, version 1.2.0 (http://www2.cesm.ucar.edu/),

developed by National Center for Atmospheric Research.
The model has a horizontal resolution of 1.9 x 2.5°and 30
vertical layers from the surface to 4 hPa. The simulation
of dust in CESM has been described in Liu et al. (2012).
The dust emission scheme follows the Dust Entrainment
and Deposition Module (Zender 2003), which allows dust
emissions over dry and non-vegetated regions with strong
winds. Dust emissions are calculated online depending on
the simulated meteorological parameters. The three-mode
version of the modal aerosol module (MAM-3) scheme
used in this work includes the Aitken, accumulation, and
coarse modes. Therefore, the emissions of dust were allo-
cated into the accumulation and coarse modes of MAM-3
with cut-off size ranges of 0.1-1.0 and 1.0-10 um, respec-
tively. Mineral dust was assumed to be internally-mixed
with other aerosol species within a mode but external-
ly-mixed with other modes. As described by Ghan and
Zaveri (2007), the mass absorption coefficient for each
mode at each model layer was calculated using Mie the-
ory as a function of refractive index and the surface mode
radius of wet aerosol particles. The AAOD for each mode
was the integration of the absorption coefficient (product
of mass concentration and mass absorption coefficient)
over all model layers. The refractive index of dust in CESM
1.2.0is 1.53-0.00627i at 550 nm, which was measured in
Barbados by Volz (1973).

2.2. Constrained emissions of fine-mode dust

The simulated emissions of fine-mode dust were con-
strained using the observed annual mean dust con-
centrations over the two-year period of 2006-2007,
averaged over nine sites of the Chinese Meteorological
Administration Atmosphere Watch Network (CAWNET)
(Zhang et al. 2012). Considering that fine-mode dust can
be transported far away to downwind regions (e.g. Han
et al. 2004; Chin et al. 2007; Fairlie et al. 2007), the nine
sites in eastern China (Figure 1) were selected. Because the
observed dust concentrations in Zhang et al. (2012) did
not distinguish between fine- and coarse-mode fractions,
a mass ratio of fine-mode dust to total dust of 18.2% was
obtained by averaging the size-resolved dust concentra-
tions measured during 18 dust events during 2004-2006
in Beijing (Wu et al. 2009). As a result, the emissions of
fine-mode dust were calculated as:
18.2% x C

_ measured
Econstrained - Edefault X C (1)
simulated

whereE, . andE_ . . arethesimulated emissions
of fine-mode dust before and after constraining, respec-

tively, over all grid cells with dust emissions. C____ . was
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Figure 1. Locations of the nine CAWNET sites (black dots) from which observed surface dust concentrations were used to constrain the
simulated dust emissions. These nine CAWNET sites were: Gaolanshan (GLS) (36°0’N, 105°51’E); Gucheng (GC) (39°7.8’N, 115°48'E); XiAn
(XA) (34°25.8'N, 108°58.2'E); Zhengzhou (ZZ) (34°46.8’N, 113°40.8'E); Taiyangshan (TYS) (29°10.2'N, 111°42.6E); Jinsha (JS) (29°37.8'N,
114°12'E); LinAn (LA) (30°18’N, 119°44'E); Dalian (DL) (38°54'N, 121°37.8'E); and Chengdu (CD) (30°39’N, 104°2.4’E). The mass ratio of
fine to coarse dust was obtained from the size-resolved observations of dust at Beijing (BJ) (39°55'N, 116°24'E) (red star). Eastern China

was defined as per the red rectangle (29-41°N, 104-122°E).

the measured annual mean surface dust concentration
averaged of two years’ (2006-2007) dust concentrations
over the nine CAWNET sites (Zhang et al. 2012), and
Ceimulateq Was the simulated annual mean surface concen-
tration of fine-mode dust averaged over the same CAWNET
sites for the present day. Based on the measurements and
model, the ratio of the measured to simulated annual
mean surface concentration of fine-mode dust over the

nine CAWNET sites was calculated to be 3.29.

2.3. Numerical simulations

CESM was run for six model years to simulate the fine-
mode dust concentrations for the present day, with the
initial conditions downloaded from https://svn-ccsm-in-
putdata.cgd.ucar.edu/trunk/inputdata. The first model
year was treated as spin-up, and the model results from
the last five years were analyzed.

3. Simulated concentrations of fine-mode dust

Figure 2a shows the simulated surface-layer concentra-
tions of fine-mode dust in China. High concentrations of
fine-mode dust were simulated over the northern border
of China and western China. Over the Taklimakan and
Gobi deserts, concentrations of fine-mode dust ranged
between 250 and 350 ug m=3 in March-April-May (MAM)
and June-July-August (JJA), and between 100 and
250 pg m=3in September-October—-November (SON) and

December—January-February (DJF). Over eastern China
(29-41°N, 104-122°E), the simulated surface-layer concen-
trations of fine-mode dust gradually decreased from the
northwest to the southeast of the domain. Averaged over
eastern China, the simulated surface-layer concentrations
of fine-mode dust in DJF, MAM, JJA, and SON were 5.0, 31.6,
14.2, and 24.1 ug m=3, respectively, with an annual mean
value of 19.2 ug m=3.The seasonal distributions in column
burdens of fine-mode dust generally reflected those in the
surface-layer concentrations (Figure 2b). Note that over
the Taklimakan desert the maximum burden occurred
in JJA, while the maximum surface-layer concentration
occurred in MAM, as a result of the stronger convection
in JJA than in MAM. With the emissions of fine-mode dust
over the Taklimakan desert simulated as slightly larger in
JJA than in MAM, the stronger convection in JJA trans-
ported fine-mode dust to higher altitudes.

Figure 3 compares the simulated monthly variations
in surface-layer fine-mode dust concentrations with the
observations at the nine CAWNET sites in eastern China.
Note that the observations from Zhang et al. (2012) were
all multiplied by 18.2% to be consistent with the treatment
described above. After constraining the emissions, the
simulated surface-layer concentrations of fine-mode dust
showed two peaks, in spring and autumn. The simulated
peakin spring agreed well with observations at all sites, but
the second observed peak occurred in different months
during September-December. Bias between the monthly
mean simulated and observed dust concentrations at a
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Figure 2. Simulated seasonal mean values of the (a) surface-layer concentrations (ug m=3) of fine-mode dust, (b) column burdens
(x107> kg m~) of fine-mode dust, (c) AAOD (x1073) of fine-mode dust, (d) AAOD (x1073) of BC, (e) AAOD (x1073) of OC, (f) AAOD (x1073)
of total fine-mode aerosols (sum of dust, BC, and OC), and (g) ratio (x10~?) of fine-mode dust AAOD to that of total fine-mode aerosols
(%). Notes: Eastern China (29-41°N, 104-122°E) was defined as per the red rectangles in (c) and (g). The number in the top right-hand
corner of each panel is the averaged value over eastern China.

CAWNET site was calculated by normalized mean bias where x. and y, were the simulated and observed dust
(NMB) defined as: concentrations, and n represented 12 months. At the
ZL =) sites of XiAn, Zhengzhou, Taiyangshan, Jinsha, LinAn,

NMB = T X 100%, 2 Dalian, and Chengdu, the NMBs between the simulated
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Figure 3. Comparisons of observed and simulated surface-layer fine-mode dust concentrations (ug m=3) at the nine CAWNET sites.
Simulated values before and after constraining the emissions both are shown. Notes: NMB1 and NMB2 represent the NMB between the
observed and simulated dust concentrations before and after constraining, respectively. R is the correlation coefficient between the
observed and simulated monthly dust concentrations after constraining.

and observed surface-layer fine-mode dust concentra-
tions were in the range of —88.2% to —71.3%; whereas,
after constraining, the range was —64.9% to —18.1%,
indicating that the simulated fine-dust concentrations
were improved after constraining at these sites, where
BC concentrations were also high. However, at the two
sites those were close to dust source regions (Gucheng
and Gaolanshan), the NMBs increased from —25.8% and
—58.7% to +107.2% and +12.4%, respectively, which can
be explained by the fact that the constraining factor was
the mean value over the nine sites. With all of the nine sites
considered, the NMB increased from —69.2% to —11.9%.
With emissions constrained, the correlation coefficients
between the monthly simulated and observed fine-mode
dust surface concentrations at the nine sites were in the
range of +0.4 to +0.81.

4, Simulated fine-mode dust AAOD

Figure 2c shows the simulated fine-mode dust AAOD in
China. Over the Taklimakan and Gobi deserts, the fine-
mode dust AAOD reach 10 x 1073, 40 x 1073, 50 x 1073,
and 20 x 1073 in DJF, MAM, JJA, and SON, respectively.
Over eastern China, the simulated fine-mode dust AAOD
values are the highest in MAM, consistent with the highest

concentrations and burdens of fine-dust in this season.
Averaged over eastern China, simulated fine-mode dust
AAODare0.6x1073,6.6x1073,3.1x1073,and3.8x 1073in
DJF, MAM, JJA, and SON, respectively, with an annual mean
value of 3.6 x 1073. Our simulated annul mean fine-mode
dust AAOD is smaller than the observed AAOD values of
6.1 X 1073 and 8.4 x 1073 of total aerosols in dusty days
averaged over four sites in China (Dunhuang, Yulin, Beijing,
and Inner-Mongolia) (Yu et al. 2006) and Beijing (Yu et al.
2013), respectively.

5. Contribution of fine-mode dust to the AAOD
of total fine-mode aerosols

CESM can perform default simulations of mineral dust, BC,
OC, sulfate, and sea-salt aerosols, as described by Liu et al.
(2012), which allows us to examine the contribution of fine-
mode dust to AAOD, as compared to all other aerosol types.
Fine-mode absorbing aerosols (diameter < 1 pm) in CESM
include fine-mode dust, BC,and OC. Figures 2d and 2e pres-
entthe AAOD of BC and OC simulated in CESM, respectively.
Note that the simulation of BC and OC was based on the
present day monthly anthropogenic and biomass-burning
emissions from the Intergovernmental Panel on Climate
Change Fifth Assessment Report emissions datasets
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(Lamarque et al.2010). The AAOD values of BCand OC were
high over polluted eastern China, with annual mean values
of 18.6 x 1073 and 1.5 x 1073, respectively. The spatial dis-
tributions of the total AAOD of fine-mode aerosols (sum of
fine-mode dust, BC, and OC) (Figure 2f) indicate that fine-
mode dust and BC dominate the AAOD of fine-mode aero-
sols in northwestern China and eastern China, respectively.

Figure 2g shows the ratios of fine-mode dust AAOD to
that of all fine-mode aerosols. High ratios were simulated
over the northern border of China and western China, corre-
sponding to the high fine-mode dust AAOD. The ratios were
high in the northwest corner of eastern China, at approxi-
mately 70%-100% in MAM, 50%-70% in JJA and SON, and
30%-50% in DJF. The ratios gradually reduced to less than
5% in the southeast corner of eastern China in all seasons.
Averaged over eastern China, the ratios of fine-mode dust
AAOD to that of all fine-mode aerosols were 3.4%, 25.2%,
12.5%, and 14.9% in DJF, MAM, JJA, and SON, respectively,
with an annual mean value of 15.1%. Similarly, the ratios of
the AAOD of OC to that of all fine-mode aerosols (not shown)
were 5.3%, 5.1%, 8.5%, and 5.7% in DJF, MAM, JJA, and SON,
respectively, with an annual mean value of 6.2%. Therefore,
if the fine-mode AAOD derived from AERONET is treated as
BC AAOD, it would lead to an overestimation of BC AAOD of
21.3% (15.1% plus 6.2%) over eastern China, which would in
turn lead to a considerable overestimation of the radiative
forcing of BC in these regions.

It should be noted that the uncertainties in the sim-
ulated concentrations of BC and OC may influence the
conclusion. For example, comparing the simulated sur-
face-layer BC and OC concentrations in the present study
with the observations of Zhang et al. (2012) indicates that
CESM underestimated the BC and OC concentrations at the
nine CAWNET sites in eastern China, with NMBs of 61.6%
and 48.2%, respectively. Assuming that concentrations of
BC and OC contribute linearly to AAOD, the annual mean
AAOD of BC would increase from the value of 18.6 x 1073
in this work to 47.9 x 1073, and that of OC would increase
from 1.5 x 1073 to 2.8 x 1073, Considering that fine-mode
dust concentrations were underestimated by 11.9% after
constraining emissions, the annual mean fine-mode dust
AAOD would increase from 3.6 x 1073 t0 4.1 x 1073. As a
result, the annual mean ratio of fine-mode dust AAOD to
that of all fine-mode aerosols averaged over eastern China
would decrease from 15.1% to 7.4%.

6. Conclusion

This study simulated the fine-mode dust AAOD in
eastern China (29-41°N, 104-122°E) using CESM, ver-
sion 1.2.The simulated emissions and concentrations

of fine-mode dust were constrained using observa-
tions from nine CAWNET sites averaged over the two-
year period of 2006-2007. Using these measurement
constraints, the simulated fine-mode dust concentra-
tions averaged over eastern China in DJF, MAM, JJA,
and SON were 5.0, 31.6, 14.2, and 24.1 ug m=3, respec-
tively, with an annual mean value of 19.2 ug m=3.
Considering all of the nine sites with dust measure-
ments in eastern China, the NMB between the sim-
ulated and observed monthly mean surface-layer
fine-mode dust concentrations was —11.9%, indicat-
ing that the model is able to capture the magnitude
of fine-mode dust in eastern China.

The horizontal distribution of simulated fine-mode dust
AAOD was similar to that of the column burden of fine-
mode dust. Averaged over eastern China, the simulated
annual mean fine-mode dust AAOD was 3.6 x 1073, The
contribution of fine-mode dust to the AAOD of total fine-
mode aerosols was simulated to be 3.4%, 25.2%, 12.5%,
and 14.9% in DJF, MAM, JJA, and SON, respectively, with
an annual mean value of 15.1%.

The present results indicate that it is important to
remove the contribution of fine-mode dust to AAOD when
fine-mode AAOD derived from AERONET is used for the
calculation of the radiative forcing of BC. However, it is
important to note that this study was limited by the availa-
bility of mineral dust aerosol measurements. Simultaneous
measurements of size-resolved mineral dust, BC, OC, and
AAQOD are required to estimate the contribution of fine-
mode dust to the fine-mode AAOD of all aerosols more
accurately.
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