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Abstract. Asian aerosols are among the most complex yetas fine and coarse mode, weak and strong absorption, at the
widely studied components of the atmosphere not only dudour selected Asian sites.

to their seasonal variability but also their effects on cli-
mate change. Four Aerosol Robotic Network (AERONET)
sites have been selected to represent aerosol properties domi-

nated by pollution (Taihu), mixed complex particle types (Xi- 1  Introduction

anghe), desert-urban (SACOL), and biomass (Mukdahan) in

East Asia during the 20012010 period. The volume size disA€rosols originating from the Asian continent have been
tribution, aerosol optical depth @ndzapg), Angstrt')m expo- studied over recent decades and continue to be of great im-
nent ¢ andaapg, and the single scattering co-albedgsd portance due to their varying nature. Ongoing urbanization
parameters over the four selected sites have been used and industrialization in Asia have generated a wide variety
(a) illustrate seasonal changes in aerosol size and composf Pollution type aerosols in the atmosphere and have conse-
tion and (b) discern the absorptive characteristics of blackiuently added more uncertainty when evaluating global cli-
carbon (BC), organic carbon (OC), mineral dust particles,mate change (Hansen and Sato, 2001; Bergstrom et al., 2007;
and mixtures. A strongly absorbing mineral dust influenceEck et al., 2010). In addition, mineral dust and biomass burn-
is seen at the Xianghe, Taihu, and SACOL sites during thdng episodes can also contribute to the total aerosol loading
spring months (MAM), as given by coarse mode dominancein the atmosphere (Li et al., 2007a, b; Dubovik et al., 2002;
mean as4o_g70 < 1, and mearwapsaqo.s70 > 1.5. There is Gautam et al., 2012). Asian dust episodes are more probable
a shift towards weakly absorbing pollution (sulfate) and @nd intense during the spring months (Logan et al., 2010; Li
biomass (OC) aerosol dominance in the summer (JJA) an@t @l., 2007b; Huang et al., 2008a; Yang et al., 2008), while
autumn (SON) months, as given by a strong fine mode influiomass burning events generally occur as a result of defor-
ence,aa40-870 > 1, andaapsaso.870 < 1.5. A winter season estation, agricultural activities, and natural wildfires (Reid et
(DJF) shift toward strongly fine mode, absorbing particles@l-» 1999; Eck etal., 1999; Gautam et al., 2012).

(BC and OC) is observed at Xianghe and Taitst_g70 > 1 Studies have shown how different aerosol particles can in-
andaapsase.870 > 1.5). At Mukdahan, a strong fine mode in- teract during transport (Eck et al., 2005, 2010; Schuster et
fluence is evident year round, with weakly and strongly ab-al-» 2005). These particles can combine physically and in
sorbing biomass particles dominant in the autumn and wintegome cases chemically with one another, thus altering their
months, respectively, while particles exhibit variable absorp-Scattering and/or absorptive capabilities (Levin et al., 1996;
tion during the spring season. A classification method usingSchuster et al., 2005; McNaughton et al., 2009; Reid et al.,
440870 aNdwoabsascls developed in order to infer the sea- 1999; Streets et al., 2007; Clarke et al., 2004). Carbonaceous

sonal physico-chemical properties of the aerosol types, sucRarticles containing black carbon (BC) absorb across much
of the solar spectrum (between 0.38 and 1 um), while those
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containing organic carbon (OC) strongly absorb in the UV even biomass particles from Russia. Xin et al. (2007) used
and visible wavelengths but have weak absorption in the neatsgg and a440-650 to discern different aerosol types in sev-
IR (infrared) (Schuster et al., 2005; Lack and Cappa, 2010geral Chinese cities, including Xianghe, Taihu, and Lanzhou;
Eck et al., 2005; Lewis et al., 2008). Mineral dust has similarwhile Bi et al. (2010) usedsgo, 2440-870, @0, and the refrac-
absorptive properties to OC but has even weaker absorptiotive index to show how the SACOL site was seasonally in-
in the near IR (Bergstrom et al., 2007). As a result, the influ-fluenced by contributions from both dust and anthropogenic
ences of aerosols ultimately act as negative radiative forcingaerosols. Mukdahan is a poorly characterized region in Thai-
agents by reducing the amount of direct downwelling solarland with few studies. However, the Gautam et al. (2012)
radiation to the surface, creating a cooling effect (Li et al., study did show biomass and anthropogenic aerosol influ-
2007a, b; Bergstrom et al., 2007; Ramanathan et al., 2001ences using AERONET observations.
In addition, aerosols also indirectly affect climate by alter- The current study will use particle volume size distribu-
ing cloud microphysical properties such as cloud albedo, life-tion, the t440, Tabsa46 o, aaps o, and the single scattering
time and precipitation (Li et al., 2007a, b; IPCC, 2007; Ra- co-albedo (1w, or henceforth known asqan9 parameters
manathan et al., 2001). to (1) report the relative influence and seasonal variation of

The varying composition of the particles within aerosol aerosols at the four Asian AERONET sites, and (2) infer how
events is often difficult to measure directly but has beentheir composition is a likely combination of multiple con-
shown to have a regional and seasonal dependence in pastituents (e.g., BC, OC, sulfate, and mineral dust particles).
ticle size (Gobbi et al., 2007; Russell et al., 2010; Eck etA discussion of the methodology used in the retrieval and us-
al., 2005; Li et al., 2007b; Schuster et al., 2005; Dubovik age of AERONET observations is outlined in Sect. 2. A brief
et al., 2002). Recent research has emphasized that quantliscussion on how the overall mean extinctive and absorp-
fying aerosol effects on climate change requires much in-tive properties can be inferred by wavelength dependences
formation on not just the measurements of aerosol loadingf 7, Taps andwoeapsis detailed in Sect. 3. The seasonal vari-
but also on their physico-chemical properties (i.e., physicalations of aerosol size and absorptive properties are presented
properties due to their chemical composition) (Russell et al.and discussed in Sect. 4. The feasibility of using ¢hend
2010; Kaufman et al., 2002; Dubovik et al., 2002; Lewis et woaps parameters in a classification method is discussed in
al., 2008; Clarke et al., 2004). Rather than focusing solelySect. 4.3. This method will demonstrate how the absorptive
on particle size and concentration as a measure for aerosolature of the aerosols varies as a function of season and re-
climactic effects, the physico-chemical properties can be in-gion. Finally, Sect. 5 includes a brief summary and conclu-
ferred from their absorptive properties (Russell et al., 2010;sion of our results.
Schuster et al., 2005; Dubovik et al., 2002; Bergstrom et al.,
2007; Lack and Cappa, 2010; Clarke et al., 2004).

Previous studies have suggested that it is possible to rez Data and methodology
duce the ambiguities in identifying aerosol compaosition by
using the parameters aerosol optical deptth]], aerosol 2.1 AERONET
absorption optical depthcfpdA)], Angstrbm exponentd),
and the single scattering albeday,[A)] (Russell et al., 2010; The AErosol RObotic NETwork (AERONET) consists of
Lewis et al., 2008; Bergstrom et al., 2007; Jeong and Li,CIMEL sun/sky radiometers placed in a world-wide frame-
2005; Higurashi and Nakajima, 2002). These methods, howwork of observation stations (Holben et al., 1998). The in-
ever, are dependent upon the total volume extinction and abstruments are capable of retrieving aerosol optical products
sorption Bext and Bapg Of all particles present in an aerosol at discrete wavelengths ranging from 340 to 1020 nm (Schus-
mixture. This can introduce some uncertainties in identify-ter et al., 2006; Eck et al., 2005). This study uses level 2.0
ing the predominant aerosol composition in a mixture be-(cloud screened, quality assured) products to ensure data
cause pollution particles can have similar size distributionsquality and accuracy (Holben et al., 2006). The aerosol prod-
andt (1) values but not necessarily the same internal properucts were generated using the inversion techniques devel-
ties (Schuster et al., 2005; Higurashi and Nakajima, 2002). oped by Dubovik and King (2000) and Dubovik et al. (2000),

Four Asian AERONET sites — Xianghe, Taihu, SACOL, and quality assurance using Holben et al. (2006). Daily aver-
and Mukdahan — have been selected for this study becaussged data collected from the four AERONET sites span the
they represent regions affected primarily by mineral dust,following years: 2001-2010 (Xianghe), 2005—-2010 (Taihu),
pollution, biomass burning aerosols, and complex mixtures2006—2011 (SACOL), and 2003-2009 (Mukdahan).
of various particle types (Gautam et al., 2012; Eck et al., The AERONET products analyzed in this study include
2005; Xin et al., 2007; Bi et al., 2010). For example, Eck aerosol optical depthr{A)] (A between 440 and 1020 nm),
et al. (2005) found good agreement between the Beijing andingle scattering albedawf ()], particle effective radius
Xianghe AERONET data sets in the 2001 spring season an@-eff), and the volume particle size distribution. We ugg)
suggested that Xianghe can be influenced by locally generand wo(1) to calculate thetapsaag ®440-870, abs440-870s
ated pollution, mineral dust from nearby desert regions, andand woaps parameters. The uncertaintieswf.) andw, are
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Table 1. Summary of statistical data from the four AERONET sites. Yearly meangqodire calculated from the seasonal mean values due
to an uneven distribution of seasonal data.

Xianghe Taihu SACOL Mukdahan
For wo; t440> 0.4 Forwo; 440> 0.4 Forwo; 440> 0.4 Forwo; 440> 0.4
mean ¢) N& mean¢) N  mean¢) N  mean¢) N
T440 1.10 (0.60) 688 0.93(0.43) 435 0.63(0.28) 292 0.80(0.31) 394
Tabs440 0.10 (0.05) 0.09 (0.04) 0.05 (0.03) 0.07 (0.03)
Q440-870 1.12 (0.32) 1.19(0.28) 0.78 (0.38) 1.51 (0.18)
Year (ahs440-870 1.53(0.39) 1.49 (0.37) 1.32(0.49) 1.14 (0.29)
reff (fine mode) 0.17 0.17 0.16 0.18
reff (coarse mode) 2.26 2.19 2.05 2.51
7440 1.02 (0.55) 198 0.88(0.36) 162 0.69(0.34) 108 0.87(0.33) 191
Tabsdd0 0.10 (0.05) 0.08 (0.04) 0.06 (0.03) 0.07 (0.03)
) @440-870 0.93 (0.40) 1.05 (0.33) 0.47 (0.34) 1.58 (0.15)
SPiNg  .pea40-870 1.67 (0.45) 1.58 (0.38) 1.52 (0.56) 1.24 (0.26)
ref (fine mode) 0.15 (0.03) 0.15 (0.03) 0.13(0.04) 0.16 (0.02)
reff (coarse mode)  2.15 (0.28) 1.92 (0.25) 1.82 (0.23) 2.47 (0.42)
7440 1.28(0.73) 147 1.32(0.61) 36 0.68(0.39) 36 bn/a n/a
Tabs440 0.06 (0.04) 0.08 (0.04) 0.04 (0.02) n/a
440-870 1.24 (0.24) 1.27 (0.23) 1.01(0.33) n/a
Summer 140870 1.39(0.38) 1.37 (0.57) 1.30 (0.48) n/a
reff (fine mode) 0.20 (0.05) 0.21 (0.04) 0.19 (0.05) n/a
reff (Coarse mode) 2.43 (0.26) 2.49 (0.34) 2.01 (0.44) n/a
Ta40 1.04 (0.57) 180 0.91 (0.46) 126 0.53(0.12) 48 0.70(0.27) 63
Tabs440 0.10 (0.04) 0.07 (0.04) 0.04 (0.01) 0.04 (0.02)
0440-870 1.22 (0.23) 1.34 (0.18) 1.09 (0.15) 1.36 (0.18)
Autumn o 140870 1.41(0.28) 1.41(0.34) 1.18 (0.48) 0.97 (0.39)
reif (fine mode) 0.17 (0.04) 0.18 (0.03) 0.19 (0.03) 0.21 (0.02)
reff (coarse mode) 2.30 (0.22) 2.33(0.27) 2.24(0.35) 2.58 (0.37)
7440 1.09 (0.54) 163 0.88(0.38) 111 0.60(0.17) 100 0.73(0.27) 140
Tabs440 0.12 (0.05) 0.10 (0.04) 0.05 (0.02) 0.07 (0.03)
‘ 0440-870 1.14 (0.26) 1.21(0.22) 0.89 (0.27) 1.47 (0.16)
winter 1 ca40.870 1.62 (0.36) 1.47 (0.26) 1.19 (0.32) 1.09 (0.22)
reff (fine mode) 0.17 (0.04) 0.18 (0.04) 0.18 (0.04) 0.17 (0.02)
reff (coarse mode) 2.18 (0.24) 2.31(0.24) 2.23(0.34) 2.51(0.43)

2 Number of AERONET observationE,Only one data point for this season.

approximately+0.01 and+0.03, respectively, fotgso> 0.4 2010; Logan et al., 2010). The other three sites represent an
(Holben et al., 1998; Eck et al., 1999; Dubovik et al., 2002). urban region (Taihu), a desert-urban region (SACOL) and a
Though this threshold may bias our results, our conclusiondiomass dominant region (Mukdahan). Taihu is located in a
are not greatly affected by usingo> 0.4. It should be region heavily influenced by airflow from large urban centers
noted that the AERONET observations are usually discon{e.g., Shanghai and Hangzhou) and industry in each cardinal
tinuous and may only contain one almucantar in a day, thuglirection, and to a lesser extent the influences of the Gobi and
the number of samples over the four selected sites is includedaklamakan Deserts (Xin et al., 2007). SACOL, the Semi-

in Table 1. Arid Climate and Environment Observatory of Lanzhou Uni-
versity, is situated in central China (Gansu province) within
AERONET sites the reaches of the Loess Plateau (downwind of Gobi and Tak-

lamakan Deserts) (Xin et al., 2007; Huang et al., 2008b). The
site is just southeast of Lanzhou City, a large metropolitan
and industrial center~ 3.5 million inhabitants). Mukdahan

is located in extreme eastern Thailand near the Laotian bor-
der where crop and vegetation burning is prominent during
the dry season (Gautam et al., 2012).

The locations of the four selected AERONET sites, Xi-
anghe (39.75N, 116.96 E), Taihu (31.4N, 120.22 E) and
SACOL (35.95N, 104.12E) in China, and Mukdahan in
Thailand (16.61N, 104.68 E), are shown in Fig. 1. Xianghe
is located in a mixture region that is influenced by pollution,
biomass burning and mineral dust particles (Eck et al., 2005,

www.atmos-chem-phys.net/13/2253/2013/ Atmos. Chem. Phys., 13, 22585 2013
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2.2.2 Volume size distribution,wg, Tabs, ®oabs and aaps

We use the particle volume size distribution as a general
fingerprint for each region (Dubovik et al., 2002; Eck et
al., 2005). Bimodal distributions tend to suggest more than
one type of aerosol, and the total volume of the coarse and
fine modes will indicate the size dominance in that region
(Dubovik et al., 2002). However, this does not give infor-
mation on aerosol composition since pollution and biomass
particles can yield similar size distributions.

The single scattering co-albededpy (ratio of absorp-
tion to extinction aerosol optical depths) explains the loss of
photons to absorption, which is useful in identifying particle
composition, especially carbonaceous particles (Corrigan et
al., 2006). It is used along withto calculatexgpswhere this
parameter can (a) reduce ambiguities in aerosol composition
Fig. 1. Four selected AERONET observational sites used in thisand (b) reveal a correlation betweeg,s and aerosol com-
study. Note the proximities of Xianghe, SACOL and Taihu to the position (e.g., Russell et al., 2010; Bergstrom et al., 2002,
Gobi and Taklamakan deserts, while Mukdahan is not near any007: Eck et al., 2010; Giles et al., 2011). Tdags param-
desert or large urban areas. eter is calculated starting with the absorption aerosol optical
depth,tapdA), given by

&

2.2 Aerosol classification methodology Tabs(A) = (L — wo (1)) - T (V) 2)

2.2.1 Aerosol optical depth,Z\ngstrbm exponent, and  where we use. at 440 and 870 nm. The same equationdfor
spectral variation (Eq. 1 and samg range) is used to calculatgps

Aerosol optical depth is the amount of light extinction inte- In [%]

grated vertically through a column of atmosphere and is als®abs= T Tool (3)

the sum of the scattering and absorption optical depths of the In [(E]

medium (Eck et al., 1999). It can be retrieved from many and similarly,aapsis the log-slope relationship betweeg,
; _ ; ; "Yabs - S
observational platforms (e.g., ground based, sub-orbital in d. which relates absorption wavelength dependence with

situ, and space based) and is used as a primary paramet i "
in quantifyiﬁg the magr:itude of aerosol Ioaging inyaﬁ atmo- particle composition (Bergstrom et al., 2004, 2007; Russell
etal., 2010).

spheric column (Holben et al., 1998; Eck et al., 1999; Li et .
A range ofaapsaqo-870 Values has been previously deter-

al., 2007a, b). ThAngstiom exponenty, is a good indicator ined which ds t . 't F
of the size of particles and is given by the following equation: mined-which corresponds 1o various aerosol types. For ex-
ample, black carbon (submicron) particles haygs440-870

close to unity (Russell et al., 2010; Bergstrom et al., 2007,

In [r(h)] Gyawali et al., 2009). Urban pollution and biomass particles
o= _ﬂ, (1) typically haveaaps4a0-g70 ranging from~ 1 to 2 or greater,
In [%] depending on the relative amounts of BC, OC, and sulfate,

while mineral dust particles can be 1.5 or higher depend-
where the log—slope relationship betweaeandy is synony-  ing on chemical composition (Giles et al., 2011; Lack and
mous with wavelength dependence due to particle size (Eckcappa, 2010; Russell et al., 2010; Xin et al., 2007; Schus-
et al., 1999; Schuster et al., 2006). The wavelength rangéer et al., 2005). Althoughans4ae 870 can be used to discern
used in this study is 440 to 870 nm. The4o_g7o parame-  various aerosol types, it has a limitation, in particular when
ter can range from negative values to greater than 1 (Higdifferent aerosols having similar wavelength dependence are
urashi and Nakajima, 2002; Gobbi et al., 2007; Eck et al.,mixed with one another (Lack and Cappa, 2010; Bergstrom
1999). Though there are numerous studies that use an arrat al., 2007; Higurashi and Nakajima, 2002).

of waa0-g70values to partition aerosols according to size, this
study adopt&a40-g70 < 0.75 to denote coarse mode particles
while a440-g70> 0.75 denotes fine mode particles (Eck et al.,
2005).

3 The wavelength dependences af, Taps, and woaps

The Chung et al. (2012) study used wavelength dependence
of AERONET retrievedr and tapsto partition aerosols ac-
cording to type (e.g. mineral dust, BC and OC). They paid
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Normalized Aerosol Optical Depth vs. Wavelength  Normalized Absorption Aerosol Optical Depth vs. Wavelength
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Fig. 2. (a)Log-log relationship of the mean extinction aerosol optical depth wavelength dependence for all aerosol cases at each site: 2001—
2010 (Xianghe), 2005—-2010 (Taihu), 2006—2011 (SACOL), and 2003-2009 (Mukdahany).vehees are given as ratios t@4onm after

Chung et al. (2012) to show the degree of wavelength dependence from the visible to n@r3I&me aga) but for absorption aerosol

optical depth(c) Wavelength dependence of the single scattering co-alkegigd with error bars denotingdl

special attention to the role of OC regarding the absorptiveet al., 1999; Andreae and GeleBcs2006; Lack and Cappa,
properties of carbonaceous aerosols and their inherent radi&010). Xianghe and Taihu have a stronggys wavelength
tive forcing, which is typically ignored in many climate mod- dependence in the visible that weakens in the near IR, sug-
els (Chung etal., 2012). In Fig. 2a and b, th@ndzapsvalues  gesting OC dominant carbonaceous aerosols. SACOL has a
at all wavelengths are normalized to their 440 nm values insimilar wavelength dependence in the visible that becomes
order to illustrate the relative mean extinctive and absorptivenegligible in the near IR, primarily indicating mineral dust
properties of all aerosol retrievals at each site. As illustratedparticles with varying amounts of iron oxides (Koven and
in Fig. 2a, SACOL has the weakest wavelength dependenc&ung, 2006; Chung et al., 2012).
of all four sites, indicating coarse mode particles (Logan et Figure 2c offers an alternative perspective of the aerosol
al., 2010; Chung et al., 2012). Mukdahan has the strongesabsorptive properties at the four sites. We propose that the
wavelength dependence, which suggests fine mode particlevavelength dependence of the single scattering co-albedo
dominance (Logan et al., 2010; Chung et al., 2012). Xianghgwoapy Can be used to better separate the different aerosol
and Taihu have a wavelength dependence between the othgmes by comparing the relative amount of absorption in the
two sites due influences from both coarse and fine mode pawisible (440—675 nm) to the near IR-675 nm). Thewgaps
ticles, with Xianghe having more of a coarse mode influ- parameter demonstrates the absorptive nature due to the in-
ence (closer proximity to desert regions) while Taihu has aternal composition of the particles rather than particle load-
more fine mode influence (more sources of urban/industriaing since it is basically a ratio afpsto 7. At Mukdahan, the
aerosols) (Eck et al., 2005; Xin et al., 2007; Logan et al.,carbonaceous biomass particles tend to have a nearly linear
2010). increase in absorption with wavelength, which is indicative
In terms of absorption (Fig. 2b), Mukdahan has a near lin-of more influence of BC though there are likely OC influ-
eartapswavelength dependence, which is likely indicative of ences as well (Bergstrom et al., 2007; Gautam et al., 2012).
biomass burning aerosols generated from different combusk contrast, the SACOL site has strong absorption in the vis-
tion phases with BC dominating the overall absorption (Reidible but becomes weak in the near IR because dust particles

www.atmos-chem-phys.net/13/2253/2013/ Atmos. Chem. Phys., 13, 22585 2013



2258 T. Logan et al.: Classification and investigation of Asian aerosol absorptive properties

are typically in the coarse mode and tend to scatter in thewvhich in turn enables southerly winds to transport pollution
near IR region (Bergstrom et al., 2007). The Xianghe andand biomass aerosols as well as moisture from the lower lat-
Taihu sites nearly mirror one another with strong absorptionitudes of southern and eastern Asia northward (Gautam et
in the visible but an increase in absorption with wavelengthal., 2012; Eck et al., 2005). The increased humidity creates
in the near IR, again indicating the influences of absorbingan abundance of suspended water droplets capable of facili-
carbonaceous particles, similar to Mukdahan. tating gas to particle processes, which can lead to more fine
The absorptive characteristics of the aerosols at each sitmode aerosols (Yao et al., 2002; Pathak et al., 2009; Jin et
become less ambiguous withyaps @as opposed tagps in al., 2011; Li et al., 2007a; Eck et al., 2005). SACOL also
that more information about aerosols can be inferred byhas a slightly larger fine mode during the summer season
the woaps Wavelength dependence. Therefore, it should fol-than during the spring, which is likely due to local pollution
low that woapscan be used to infer the internal (or physico- and biomass burning aerosol generation (Xin et al., 2007,
chemical) nature since each aerosol region exhibits a uniquéluang et al., 2008b). Mukdahan appears to be influenced by
wavelength dependence reflecting either a pure aerosol typkeiomass burning activity throughout the dry season from nu-
or a combination of aerosol types in the case of mixturesmerous wildfires and ongoing agricultural activities (Gautam
Hence, this parameter along with the wavelength dependencet al., 2012). It should be noted that due to wet monsoon
in T (or wa40-870) can provide useful information for classi- activity the Taihu and Mukdahan sites have only limited ob-
fying aerosol types as described in Sect. 4.3. servations of aerosols, especially during the summer months
(Eck et al., 2005; Gautam et al., 2012).
During the autumn months (SON), there is a smaller fine
4 Results and discussions mode volume contribution than the summer season at the
Xianghe, Taihu, and SACOL sites. This likely reflects de-
We employ the particle volume size distribution along creased humidity as well as diminished aerosol loading (as
with four aerosol parameters 440, Tabsa40 X440-870, and given by lowertg40) (Eck et al., 2005). At Taihu, the fine
aabsaa0-870 — in order to infer the regional and seasonal vari- mode volume contribution is the highest of all four sites due
ation of aerosol types over the four selected AERONET sitesto influences from local urban/industrial pollution (Shang-
We analyze and discuss the annual and seasonal size disthai) and biomass burning aerosols (Eck et al., 2010; Kondo
butions in Sect. 4.1 and monthly means of the aerosol paet al., 2011; Xin et al., 2007). At the Mukdahan site, the fine
rameters in Sect. 4.2. The annual and seasonal means &deref shifts from 0.16 to 0.25um due to crop burning
well as their standard deviations are summarized in Table 1and other agricultural processes during this season (Gautam
These two subsections will lay a foundation for a classifi- et al., 2012).

cation method involving the use afj40_g70 andweapsaacin The winter months (DJF) show equal coarse and fine mode

Sect. 4.3. aerosol contributions at Taihu, while at the Xianghe site the
coarse and fine modes are similar in magnitude as in the

4.1 Annual and seasonal aerosol size distributions autumn months. Late winter dust activity (mineral dust and

loose soil from bare farmlands) may also be responsible for

Figure 3 shows the annual and seasonal averaged particthe increased coarse mode influence at both Xianghe and
volume size distributions from the four selected AERONET SACOL (Huang et al., 2008b). Though the volume size dis-
sites. As illustrated in Fig. 3a, both the Xianghe and Taihutribution is useful in discerning aerosol influences according
sites show a bimodal distribution with a fine mode peak atto size, the other aerosol parameters discussed in the follow-
0.16 um and coarse mode peak near 3 um. Note that Xianghiag section will further illustrate aerosol influences according
has a larger coarse than fine mode volume while the oppoto type and composition.
site is true for Taihu. The SACOL site is bimodal with a
large coarse mode peak at 2.1 um. Mukdahan is a near mirrot.2 Seasonal variations of aerosol properties
image of SACOL, having a large fine mode peak at 0.2 um.
Though Fig. 3a shows the annual mean variations of aerosdh Fig. 4a, Xianghe and Taihu both have summer maxima
size distribution, the seasonal variations of particle volumeand late autumn/winter minima ity49, with more variabil-
size distribution illustrates any possible periodic dependencéty at Xianghe indicating more aerosol sources (Pan et al.,
of aerosol generation. 2010; Xin et al., 2007; Yang et al., 2008, 2009). The in-

Figure 3b—e suggest that the Xianghe, Taihu and SACOLcreased variability seen at Taihu in the summer/early au-
sites had coarse mode dominance during the spring seasotumn is due to biomass aerosol intrusions (Xin et al., 2007).
which was likely due to mineral dust influences from both SACOL has maxima in April and June where the spring
the Gobi and Taklamakan Deserts (Eck et al., 2005, 2010maximum can be attributed to strong dust activity begin-
Huang et al., 2008a, b). During the summer season, there isiaing in early spring lasting to May, while the summer max-
change in aerosol size dominance from coarse to fine modemum (and maximum variability) corresponds to industrial
The wet monsoon begins during the early summer seasonnfluences from Lanzhou and biomass burning aerosols from
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Fig. 3. Aerosol size distributions over the four selected AERONET sf@@Annual andb—e)seasonal means (standard deviation) of aerosol
optical depth ) andAngstidm exponentd) were calculated using data during the periods 2001-2010 (Xianghe), 2005—-2010 (Taihu), 2006—
2011 (SACOL), and 2003-2009 (Mukdahan). Note that there is no summer result at Mukdahan due to limited observations of aerosols.

neighboring regions (Xin et al., 2007; Huang et al., 2008b).the pre-monsoon months that shifted to lower values after
At Mukdahan, biomass burning activity is at a maximum dur- the rainy season.
ing March, with a second maximum in the autumn months Figure 4c illustrates the seasonal variationofuo_g70
after the rainy season (Gautam et al., 2012). where Xianghe, Taihu, and SACOL had spring minima due
From Fig. 4b, Xianghe had both the largeggsasovari- to coarse mode, showing mineral dust particle influence with
ability (0.045-0.14) and maximumypsaqovalue (0.14). The a more prolonged dust influence period at SACOL. The
summer minima and winter maxima at Xianghe and Taihuincrease ina440-g70 during the summer months is due to
indicate that the different particles over these two sites werdine mode pollution and moisture influences at Xianghe and
weakly absorbing during the summer months and stronglyTaihu, while at SACOL ambient mineral dust mixes with lo-
absorbing during the winter months. SACOL has near con-cal pollution from Lanzhou City. This is given by the increase
stantrapsagovalues with a first maximum in the spring and in the volume fine mode while with volume coarse mode re-
lesser second maximum in the autumn, suggesting minerahains dominant (Fig. 2c), thereby keeping the megg_s7o
dust episodes. Mukdahan had highggsasovalues during  lower than the other sites (Clarke et al., 2004; Zheng et al.,
2005; Xin et al., 2007). The monthly meanso_g7o values
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Fig. 4. Monthly means of the four parameters used in this study. Note that the missing monthly means at Taihu and Mukdahan are due to
limited observations of aerosols during prolonged wet periods (summer season). The error bars represent 1

at Mukdahan are higher than those at the other three sites duwgetivity in this region of Asia (Yang et al., 2009; Xin et al.,

to biomass burning particles being the dominant aerosol typ€2007; Huang et al., 2008a, b). At Mukdahan, the monthly

(Gautam et al., 2012). meanaaps440-870 Values are lower than those from the other
Figure 4d shows the seasonal variationaghss4e-870- three sites, suggesting that the biomass particles exhibit a

Both Xianghe and Taihu had similatapsqag-870 trends lesser wavelength dependence due to carbonaceous aerosols

throughout the year except for late spring. T@sa40-870 with more BC content than the other sites (Gautam et al.,

values reach a maximum nearly a month earlier at Taihu be2012; Yang et al., 2009).

cause the dust storm season typically diminishes by early The volume size distribution and the other parameters are

May, making it unlikely for mineral dust particles to greatly useful in identifying regional and seasonal aerosol influences

influence aerosol profiles in areas farther downwind of theand characteristics. We explore tago_g70 andwoapsaagpa-

Gobi and Taklamakan Deserts. It is more likely the maxi- rameters as a means of further supporting our results by us-

mum at Taihu in April is due to aerosols that are dominateding aerosol cases from regions dominated by pollution (ab-

by OC from industrial sources (Xin et al., 2007). During the sorbing and scattering dominant), mineral dust, and biomass

summer, lowekrapsaae-870 Values are exhibited at Xianghe particles. We then show how the four Asian sites are approx-

and Taihu due to influences from sulfates and other carbonaimate combinations of the selected regions.

ceous aerosols with weak wavelength dependences (Yang et

al., 2099; Ru;sell etal., 2010). In the winter season, Xianghey 3 A classification method involvingeaao_g7o and

has slightly highetrapsaa0-g70 values than Taihu due to car- ®o0absd40

bonaceous aerosols generated from a combination of residen-

tial coal burning and industry (Yang et al., 2009; Zheng et al.

2005) 'As demonstrated in Sect. 3, the wavelength dependence of

. woabsprovides more information thamysas to the physico-
AtSACOL, the monthly meanapsase-srovalues typically  opomicq) properties of the aerosol types discussed in this

reflect chal urban. anq industrial pollutipn from Lanzhou study in addition to theisao_g7o parameter representing par-
City but increase significantly from the winter to the spring, 4o "size. Thus, we combine these two parameters to illus-

and reach a maximum in April-May due to the strong OIUSttrate a simple classification method. Since the four selected
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Fig. 5. Classification of four additional AERONET sites representing weakly absorbing (NASA Goddard) and strongly absorbing (Mexico
City) pollution, mineral dust (Solar Village), and biomass burning (Alta Floresta) aerosol types. The time period for each site is 1993-2011
(NASA Goddard), 1999-2009 (Mexico City), 1999-2010 (Solar Village) and 1993-2010 (Mexico City). A thresllghog7o= 0.75 is

used to define the fine-(0.75) and coarse< 0.75) mode aerosols, while weakldansa40< 0.07) and stronglydgapsaac> 0.07) absorbing

aerosols are set alygpsaac= 0.07. Solar Village is near Riyadh, Saudi Arabia, which is dominated primarily by mineral dust aerosols but

can be occasionally influenced by urban aerosols. It should be noted that winter, spring, and summer cases are presented at the Alta Flores
site (Southern Hemisphere).

Asian sites are more or less influenced by several aerosgbarticle dominance (most aboapsagovalues> 0.07). Note
types, as discussed in the previous section, we have analyzadat Mexico City has largeapsvariability with the majority

four additional AERONET sites that are dominated by a sin-of the aerosol cases located at Region Il. Region Il repre-
gle aerosol type. We first apply our method to these four ad-sents coarse mode, strongly absorbing mineral dust aerosol
ditional AERONET sites to demonstrate how it works. This casesd440-3870 < 0.75). Region |V represents coarse mode,
will aid in serving as a baseline for analyzing the aerosolweakly absorbing aerosols that are primarily observed at the
properties over the four selected Asian sites. Solar Village site (desert).

Figure 5 presents the results of four additional AERONET Figure 6a and b detail three seasonal groups of aerosols
sites that reflect source regions dominated by weakly abat Xianghe and Taihu. There is a noticeable seasonal depen-
sorbing pollution [NASA Goddard (38.9W, 76.84 W)], dence at Xianghe, with nearly 55 % of the fine mode, weakly
strongly absorbing pollution [Mexico City (19.34, absorbing cases occurring during the summer (Region ) and
99.18 W)], strongly absorbing mineral dust [Solar Village 90 % of all fine mode, strongly absorbing cases occurring in
(24.9TF N, 46.40 E)], and biomass burning particles [Alta the autumn and winter seasons (Region Il). The coarse mode,
Floresta (9.87S, 56.10 W)] (Dubovik et al., 2002; Chung et  strongly absorbing aerosols are observed during the spring
al., 2012). We performed a frequency analysis of all aerosokeason primarily in Region Ill. Similarly at Taihu, 48 % of
cases from the four single mode dominant aerosol sites anthe fine mode, weakly absorbing cases in Region | occur dur-
determined avgapsasovalue of 0.07 as a demarcation line ing the early autumn, while 75 % of the fine mode, strongly
between strongly and weakly absorbing aerosols (results natbsorbing cases occur during the late autumn and winter (Re-
shown). For the two pollution sites their aerosol particles aregion Il). Nearly 22 % of the spring season aerosols are coarse
dominated by fine modexg40_g70> 0.75), therefore we de- mode, strongly absorbing.
fine Region | as weakly absorbing particle dominance (most At SACOL, all four regions contain aerosol cases with
of woapsvalues< 0.07) and Region Il as strongly absorbing the majority of the spring season cases located in Regions
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Fig. 6. Classification of the aerosol physico-chemical properties over the four selected AERONET sites. The data are color-coded according
to season to show correlations between aerosol composition/type and time of year.

Il and IV (similar to the Solar Village site). The majority The large variability inx440-g70 andwoaps4aoclassified in
of the winter and autumn season aerosols are in Region Ithis method can be challenging. A great deal of overlap is
while the summer cases are in Region |I. The megai_s7o evident, which is likely attributed to inter-seasonal shifts in
andwoapsaaovalues are lower in comparison to Xianghe and aerosol type due to episodic changes in fuel type and meteo-
Taihu. This is due to the fact that SACOL is located within a rological patterns (Eck et al., 2005; Clarke et al., 2004). The
dust region with fewer cities and outside aerosol influencespverlap can also be attributed to inhomogeneous aerosol lay-
while Xianghe and Taihu are surrounded by many large citiesers passing over the AERONET sites that add to the variabil-
and industry (Eck et al., 2005; Xin et al., 2007; Bi et al., ity. At other AERONET sites affected by multiple aerosol
2009; Yang et al., 2009). This is also evident in Fig. 4c and dsources (e.g. Africa and India), an a priori knowledge of
where both thers40-870 andaapsa40-870 vValues for this site  the regional and seasonal climatology will aid in using this
were lower than those at Xianghe and Taihu. method.
Comparing the Region | and Il results at Mukdahan with
Xianghe and Taihu, we note the higher ovetallg_g7o val-
ues for the biomass burning aerosols present (Fig. 6d). Th& Summary and conclusions
variability in woapsa40is likely due to a wide variety of OC
and BC particles generated by different smoldering or flam-In this study, four Asian AERONET sites have been selected
ing combustion modes (Yang et al., 2009; Zheng et al., 2005{0 represent aerosol properties reflecting biomass burning
Reid et al., 1999; Gautam et al., 2012; Clarke et al., 2004)(Mukdahan), desert-urban (SACOL), pollution (Taihu), and
There is also a noticeable seasonal dependence where 90¢omplex mixed particle type (Xianghe) influences. Each site
of the winter cases are located at Region |l while most of theexhibits a wavelength dependencerintaps andwoaps that
autumn cases (88 %) are generally in Region |. The springs indicative of the mean aerosol extinctive and absorp-
season has the largest variabilitydpansaae presumably due  tive behavior of the region. However, the absorptive pa-
to aerosol influences from both controlled agricultural burn- rameterszaps andwoans suggest multiple influences of car-
ing and natural wildfires from nearby forests (Gautam et al.,bonaceous (BC and OC) and mineral dust aerosols, espe-
2012). cially at Xianghe and SACOL. Therefore, the volume parti-
cle size distribution and five robust parameteigd, tapsaso
440-870, ®abs440-870, aNdweapy have been investigated to
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