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Abstract. This paper presents studies on columnar aerosolarger aerosols under high fine aerosol conditions. The con-
optical properties in Hong Kong with focus on aerosol vol- tinental outflow with transported aging aerosols and biomass
ume size distribution, which helps understand local aerosoburning might have also contributed to this additional mode.
properties, variation, hygroscopic growth and coagulation.
Long-term ground measurements in the wet season in the
years of 2002, 2003, 2004 and 2008 have been performeg
using a sun-sky radiometer. Data validation made using
MODIS and local AERONET shows agreement. A bimodal aerosols play an important role on Earth’s radiation budget
size distribution is found with the fine mode centering at que to their scattering and absorbing capability and indirectly
~0.2;um and coarse mode centering~a8 .m respectively.  serving as the cloud nuclei. Aerosols differ in terms of their
The fine and coarse mode have close volume concentratiorﬁ]ysicm and chemical properties as well as their sources.
of nearly 50% fraction in composing local aerosols. Inter- Aerosol concentrations and optical properties are one of the
comparison of different years shows similar aerosol prop-|jargest uncertainties in current assessments of climate change
erties while a small increase of fine mode aerosol could bgintergovernmental Panel on Climate Char2@07).

Observed. A SyStematiC Sh|ft Of Size diStI’ibution pal’ame- Aeroso' Size properties are one of the most important
ters is observed with different atmOSphel‘iC Conditions, Wheranormation for both mode”ng and experimentS. Aeroso|
higher aerosol loadings and Angstrom exponent correspondize information is critical for studying radiative transfer

to more fine mode aerosols. The fine mode is found to beand model studies have shown its size distribution effect
more closely correlated with this shift than the coarse modemjght overweigh some other aerosol properties like the mix-
A higher fine mode volume fraction and smaller median fineing type and vertical profileSchuster et al.2006 Tang
radius correspond to a larger Angstrom exponent. The fineiggg. Knowing aerosol size distribution is useful to distin-
mode aerosol hygroscopic growth is one of the main mechyyish anthropogenic aerosols from urban and biomass burn-
anisms for such systematic shifting. A third mode centeringing and natural aerosols like sea salt and dust. Such dis-
at~1-2um could be discovered under high aerosol loading crimination is important since their effect on the Earth’s ra-
and high fine mode aerosol conditions. It becomes more progiation budget depend on the aerosol tydadreae 2001)
nounced with high aerosol optical depth and larger Angstromgng also helps aerosol source tracing. Furthermore, the es-
exponent. Investigation of its variation with corresponding timation of anthropogenic aerosols using satellite measure-
optical parameters and correlation with atmospheric condimments is based on the assumption that man-made aerosols
tions appears to support the hypothesis that it is mainly dugyre generally from fine mode aerosols of small radius (submi-
to the fine mode aerosol hygroscopic growth and coagulatioryron) while natural aerosols are usually from coarse aerosols
rather than the contribution from the coarse mode. Wh”e(supermicron) Kaufman et al.2002 2005. Ground mea-

the very humid environment facilitates the aerosol hygro-syrements allow for estimation of fine and coarse aerosol
scopic growth, aerosol coagulation might further produceyglume fraction Eck et al, 2005 Kaufman et al. 2001,
Smirnov et al. 2003 as well as their respective contribu-
tions to other optical properties like the aerosol optical depth
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Fig. 1. Satellite view of Hong Kong and the Pearl River Delta region from MODIS Terra.

satellite and ground-based have been widely studied and valieoarse modes, which is considered as the consequence of
dated Kleidman et al.2005. Because continuously ground- aerosol hygroscopic growth under heavy loading and humid
based measurements using sun-sky radiometers serves as aanditions Dubovik et al, 2002 Singh et al. 2004. The

of the most accurate methods for studying columnar aerosoherosol size distributions vary under different atmospheric
properties, networks have been built up covering worldwideconditions like a light or heavy aerosol loading. The aerosol
sites like the Aerosol Robotic Network (AERONETHI@I- size distributions under the predominately fine or coarse par-
ben et al.1998 2001). The retrieval of aerosol size distribu- ticles conditions have been studied using the Angstrom ex-
tion together with aerosol optical depth (AOD) and Angstrom ponent as a discriminator, where a large Angstrom exponent
exponent ¢) from such sun-sky radiometer measurementsindicates more fine mode aerosol everiisk et al, 2008

are of high accuracy, whereas the retrieval of other aerosoKaufman et al.200% Smirnov et al.2003. The variation
optical parameters such as the single scattering albedo, reaf aerosol size distribution under different aerosol loadings
part and imaginary part of refractive index is with larger er- discriminated by aerosol optical depth has been studied at
rors and has more restrictions like requiring a high aerosolurban Dubovik et al, 2002, desert Eck et al, 2005, forest
loading Dubovik et al, 2002 Dubovik and King 2000. (Schafer et a).2008 and coastalgmirnov et al, 2003 sites.

The aerosol size distributions are useful indicators to in- Hong Kong is a coastal city located in the Pearl River Delta
vestigate the aerosol’s evolution process such as its hygrodPRD) region. The PRD is one of the largest urban-industrial
scopic growth, coagulation and aging. Aerosol size distrbu-regions of China (Fig. 1). The Pearl River Delta Region has
tions are also useful indicators of the sources and sinks. Stuca total land area of 42794 Knwith a population of over
ies of biomass burning aerosols in Afridadk et al, 2003h 50 million (Hong Kong,~1100 kn?, 6.8 million). Whatever
Reid etal, 1999 1998 and Latin Americafck et al, 2003a measurements are taken, the industrial pollutions and anthro-
Reid et al, 1998 1999 show a systematic shift of aerosol pogenic aerosols seem to increase in recent years. However,
size distribution parameters, where increasing fine modedhe local aerosol constituents and their sources have not yet
aerosol volume fractions and shift in median aerosol radiusbeen thoroughly understood mainly due to Hong Kong’s spe-
under higher aerosol loadings are found. The aerosol agingial geographical location and complex atmospheric condi-
and hygroscopic growth are considered as possible cause8ons. In addition to local emissions, both the continental
The size distribution of urban-industrial aerosols shows theoutflow and the South China Sea affect local environment.
appearance of an additional third mode between and fine an@ooperative campaigns and local measurements demonstrate
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the influence of continental outflows on local gir cond.itions Table 1. Monthly mean relative humidity in 2002, 2003, 2004 and
(Huebert et al.2003 Wang et al. 2003. Organic and fine  5pg.

mode aerosols like the P are found to be of high concen-

trations, indicating local anthropogenic emissions and con- RH (%) 2002 2003 2004 2008

tinental outflows Cohen et a].2004. The biomass burning

aerosols from the mainland and Southeast Asia countries also IJ:artl) ;? ;; ;g ;g
have an impact on the local environme@h@n et al.2003 €

" . Mar 81 82 80 76
200Q Heald et al.2003. The maritime aerosols like the sea Apr 82 83 83 85
salt is also fpund to have a high fraction in composing the May 81 81 82 83
ambient particulatesQohen et a].2004 Zheng et al.2008. Jun 80 81 78 88
The oceanic environment especially the monsoon from the Jul 82 76 82 82
ocean in summer and fall result in high humidity in Hong Aug 81 81 82 79
Kong. Such humid environment could facilitate the aerosol Sep 80 81 77 75
evolution process through hygroscopic growth as have been Oct 77 71 64 77
found in many industrial and coastal are&@aiovik et al, Nov 72 75 73 65
2002 Eck et al, 2003h Reid et al, 1999 Singh et al.2004). Dec 80 65 70 63

In this paper, we present the observation results of aerosol

optical properties with focus on its size properties from Au-

gust to November in four years. We analyze aerosol’s size The sky radiometer commenced running in 2002 and con-

distribution, variation and the underlying mechanism. tinued measurements till early 2005. Afterwards the mea-
surements were interrupted due to maintenance. It was rein-
stalled in the site in June 2008 and has been taking measure-

2 Data and inversion algorithm ments from July after nearly one-month setting and adjust-
ing. For intercomparison, the data presented here are from
2.1 Instrument and site July to November in the years of 2002, 2003, 2004 and 2008.

Table 1 presents the monthly mean relative humidity in the
A sun-sky radiometer has been installed in the main camfour years recorded by the Hong Kong Observatory. The ab-
pus of City University of Hong Kong (CityU, 22.3N,  solute variation of the environment relative humidity is in-
114.17 E) locating in the urban center of Hong Kong. We sjgnificant with a mean value larger than 70% and a mini-
use a POM-01 sun-sky radiometer, which has been widelynum value larger than 60%. The local meteorological condi-
used for measuring atmospheric aeros@sr(nine et al.  tions at this period are greatly affected by the southerly mon-
2005 Kaufman et al.1994 Kim et al, 2004 Nakajimaetal.  soon usually in June and July and the north-easterly monsoon
2003. It consists of a sun-sky spectral radiometer, a sun senfrom August to November. The sun-sky radiometer would
sor, a sun-tracking unit and a PC for data logging. It hasstop working when it is rainy or heavy cloudy and thus there
seven spectral channels with centered wavelengths at 31%yre usually no data for the severe whether conditions like a
400, 500, 675, 870, 940, and 1020 nm respectively. The filtropical cyclone with heavy rainfall. Moreover, the inversion
ter’s half-bandwidth is 3 nm for the 315 wavelength and lessalgorithm would further screen out more cloud-contaminated
than 10 nm for the other wavelengths. The 315 and 940 nnyata as we will introduce in the next part.
channels are used for deriving the ozone concentration and
precipitable water column amounts, respectively, while the2.2 Data inversion
other five wavelengths are used for measuring aerosols.

The sun-sky radiometer starts measurements by trackind@he data inversion is implemented using the algorithm based
the sun position and measuring direct and diffuse solar raen a multiple scattering radiation transfer model, where the
diance by scanning in either of two modes, the almucantamtmosphere is assumed to be two parallel plaiekdjima
and principle scanning. The almucantar scanning is changet al, 1996 Boi et al, 1999. The retrieved aerosol opti-
ing the almucantar angle fron? @o 180 on the right or left  cal properties include the aerosol optical depth, size distribu-
sides with respect to the sun position when the zenith angléion, Angstrom coefficient, single scattering albedo, refrac-
remains the same, while the principle scanning is rotating theive index and phase functio@érmine et a].2005 Kaufman
zenith angle with fixed almucantar angle. When zenith angleet al, 1994). An important feature of the inversion algorithm
is smaller than 15 the principal scanning is performed, oth- is that an improved Langley plot method has been used to
erwise the almucantar scanning is taken. The sky radiometetalculate the instrumental calibration constig{Boi et al,
starts running every day when the air mass is larger than 31999 Campanelli et a).2007 Nakajima et al. 199§ in the
The measurement interval is typically 10 min. More details equation,V=Vyexp(—mgt), whereV, mg andt represent
about the instrument and working principle can be found inthe measured radiance, air mass factor and optical depth re-
papers byNakajima et al(1996 andTonna et al(1995. spectively. In the normal Langley method, the calibration

www.atmos-chem-phys.net/9/6175/2009/ Atmos. Chem. Phys., 9, 61882009



6178 X. Yang and M. Wenig: Study of columnar aerosol size distribution in Hong Kong

Table 2. Average aerosol optical properties in the years of 2002, 2003, 2004 and 2008.

2002 2003 2004 2008
Fine mode volume fraction (%) 45.61 47.16 49.12 49.17

ry (um) 019 017 018 0.19
re (um) 265 278 278 271
ryv (um) 084 077 077 075
C s (um3 um=2) 0.073 0.072 0.096 0.084
Ce (um3 um=2) 0.089 0.085 0.103 0.086
Cy (um3um=2) 0.162 0.157 0.198 0.169
o ¢ (um) 052 056 052 050
o (um) 078 077 078 081
oy (um) 1.45 153 148 147
AOD 057 052 071 055
a 132 139 139 133

ing procedure used in the AERONESrhirnov et al. 2000

has been applied. It checks the stability of aerosol opti-
cal depth and identifies those extensive temporal variations
as cloud contamination. Furthermore, a minimum measure-
ment number for a specific almucantar scanning range is re-
quired in AERONET inversion for data qualification. There-
fore we only use data with at least 1 measurement in each
of the scattering angle interval?310°, 10°-3C, 30°-80C°

and larger than 80 respectively. Concerning the retrieved
aerosol size distribution, the error for small and large radius
range is usually larger than that at the middle radius range.
the retrieval error is estimated @ubovik et al.(2002 esti-

Fig. 2. The Langley plots from the normal (left plot) and improved Mated that the retrieval error is to be under 10% of the max-
(right plot) methods at 500 nm in 2008. ima and might increase up to 35% for the intermidiate size
range (01<r=<0.7 um) while the error might rise up to 80—
100% at the edges @b<r<0.1um, and O0l<r<15um).

constant is obtained by performing a logarithmic plot of the N_akajlma et al(1999 estimated that a within 20% preci-

i — 0,
air mass versus measured direct solar radiation when assu %?n fortthe m|d(|jledratnge _{ahnd 3;5 10? /oh_aththe ledges. lTO
ing that the aerosol optical depth remains the same durin?"( er out anomaly data with extremely nigh volume vai-

L L L L L L L L L L L L L L L
05 10 15 20 25 3.0 35 4.0 45 0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 40 45

m Y m 0‘[

the whole measurement process. However, this assumptio es for size distribution at smaII.rad|u5<(O.03Mm) 'and
rarely exists. The improved Langley plot method in the in- '29€ radius{>7um), a threshold is added that requires the
version algorithm is making use of diffuse radiation and run_mhean volumle Val??ﬁ at :]hT two ”jj'?gff) t,? be smz:ller Ephan
ning the inversion procedure to estimate the aerosol opticaﬁ € mean value of the whole size distribution spectra. 1ne
depth. Then the estimated aerosol optical depth is used iﬁ?(pe.rlmental data ShOW that the \{alues for normal size dis-
the Langley plot for calculating the calibration constant. ThetrIbUtlon are usually with the maximum value smaller than

3 =2 i
calibration constant for each year has been calculated sepg-'lﬂm pum-%, therefore those anomaly ones with absolute

; ; 3, m—2 "
rately. Figure 2 shows the comparison of the two methodsValues 100 times Iarger (exceeo_llng;ilm pm <) are i
for data of 2008 at 500 nm channel. tered out. Those outliers are typically caused by cloud con-

. : . . tamination.
A 5% threshold is set for the inversion that requires the re-

constructed radiance from inversion has a maximum 5% un-

certainty with the measured radiance, which come from thez Results

improved Langley plot method and the inversion algorithm

respectively. Hong Kong is quite cloudy and the monthly 3.1  Intercomparison with MODIS and AERONET

average cloud amount in this season of the yeat64% ac-

cording to the Hong Kong Observatory records. This has aFigure 3 shows the retrieved aerosol optical depth from
significant impact on the retrieval process and has to be conthe CityU sun-sky radiometer in comparison with AODs
sidered when interpreting results. Therefore a cloud screenfrom the Moderate Resolution Imaging Spectroradiometer
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equation from 400 to 870 nm wavelengths, wherés the
Angstrom exponent and, (A) denotes the aerosol optical
depth at wavelengthh (Angstrom 1929. The two AODs
have a total least squares linear regression relationship as,
AODpopis =AO0Dpk x 0.95+0.02, and a correlation coef-
ficient R of 0.93. More coincident data could be included
when using sun-sky radiometer AODs within a larger time
interval. For instance, there are a total of 153 days when
Fig. 3. Intercomparison of AODs from CityU and MODIS terra cor_nparing the daily mean s:u_n—sky radiometer with MODIS,
(133 coincident days) in terms of scattergrams (upper plot) and timeWh'Ch_ has cgrrelatlon coefficient of 0.86 and slope of 0'.92'
series (lower plot). T'he 'smgle p!xgl MODIS AOD data closed to 'Fhe measuring
site is very limited because of cloud contamination. There
are a total of 25 coincident days for the sun-sky radiometer

(MODIS) launched aboard Terra (in the late 1999) and Aquadnd MODIS AODs and 26 coincident days for the MODIS
(in the early 2002) Kaufman et al. 1997 Remer et a. Mean and single pixel data during the studied period. The
2005. With 36-wavelength channels and a orbit height of linear regression of single-pixel and mean-pixel AODs has a
~700km, MODIS provides global aerosol distribution in- Slope of 0.91, indicating larger AOD values from the single-
formation like the aerosol optical depth. The latest version 5Pixel, which is close to CityU site.
data collection (CO05)evy et al, 2007 in Level 2 products Figure 4 shows the comparison of retrieved aerosol size
have been used for comparison. Itis granule-based dataset dfstributions from CityU and a local AERONET site. The
5-min segment, 1¥10km pixel and 0.5x0.5° scale Chu local AERONET site is located at Polytechnic University of
et al, 2003 Ichoku et al, 2002 Remer et a].2005 Hong Kong (PolyU), which is~13 km away in the south and
For the comparison, we use the MODIS AODs of Terrais also located in the urban area. The data from AERONET
at 550 nm wavelength from CO005 collection. Terra passesare the level 1.5 retrieval data after applying the cloud screen-
through Hong Kong at-11:00a.m. local time. The mean ing procedure mentioned above. The size distributions are
AOD from a 50x50 km scanning region with center close averaged from daily mean size distributions from total 22 co-
to CityU campus has been used. The MODIS AODsincident days in October and November of 2008 since there
are compared with the sun-sky radiometer mean AODs 2are no data from local AERONET in July to September,
h before and after the Terra passing. There are a toand the relative humidity is relatively lower in October and
tal of 133 coincident days. The AODs at 500 nm wave- November. The local AERONET site provides data from late
length from the sun-sky radiometer have been converted®005 and there are only size distribution data from October
to AODs at 550 nm wavelength using Angstrom exponentin 2008. The difference of the two retrieved size distribu-
calculated at 400—870 nm. The Angstrom exponent is caltions is due to the instrument, criteria for data qualification,
culated by a linear least squares fitting of the Angstromthe inversion algorithm and the site’s atmospheric conditions.

2002 2003 2004 2008
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The sun-sky radiometer in AERONET is a Cimel radiometer. o
For almucantar scanning, it takes three measurements at eac e
scattering angle to restrict temporarily atmospheric variation oo’ > o S| |
due to clouds or plumes. Before applying the data inver- .
sion, a more restricted criterion is used in AERONET. For
instance, the minimum measurement numberare 2,5,4and:
for scattering angle bins of 26.¢°, 6.0°-30°, 3°—80° and
larger than 80 respectively Dubovik et al, 2002. There-
fore there are less number of retrieved data from AERONET.
The daily average data numbers of AERONET in Fig. 4 is
3, while the actual daily average measurement numbers are
20 according to the measured AOD numbers. Actually most
of the measurement data are filtered out without retrieving oo
aerosol optical properties like the size distribution. Thus we 7
use a slightly lower filtering threshold as mentioned above o
so that more data can be analyzed. Concerning the inver-
sion algorithm difference, studies have shown general agree-
men_t H.ghWOOd et a!,.2003. The d|ff§rent site IocaFlons re- Fig. 5. Average aerosol size distributions in 2002, 2003, 2004 and
sult in difference mainly due to the different cloud influence, 2008 respectively.
therefore the daily average size distributions are not from the
exact data at the same hour or minute after cloud screen-
ing. The Hong Kong’s high cloud amount further enhances,,  [™*dV(r)
such difference. With consideration to all of these factors, " _/, dinr
the intercomparison of the two size distribution agrees well
with each other. Concerning the uncertainties, the middle Wherermin and rmax denote the radius ranges for corre-
range (0.Xr <7 um) of aerosol size distribution is generally sponding modesDubovik et al.(2002 studied the world-
with less uncertainty than the edges (050.1xm and  wide aerosol size distribution from different AERONET sites
7<r<15um), i.e., The retrieval errors might rise up to 80% and used the boundary radius @@ for discriminating the
to 100% at the edges, while it does not exceed 10% in thdine and coarse modes. Investigation of aerosols in central
maxima and might rise up to 35% for the minima in the mid- eastern Asia also shows bimodal size distribution and the
dle range Dubovik et al, 2002 Dubovik and King 2000). value 0.6um is used to separate fine and coarse mdaid (
et al, 2005. The urban-industrial aerosols in northern In-
3.2 Annual size distribution and corresponding aerosol  dia is also characterized by the fine and coarse modes with
optical properties 0.6um as the boundary radiuSihgh et al.2004. A more
detailed description of the size distribution information as
The annual mean ael’OSO| VO|ume Size diStributiOI’]S of each\/e” as Other aeroso| Optical properties iS presented in Ta-
year are shown in Fig. 5. There are 75, 86, 104 and 55 daypje 1, where the volume median radii, volume concentra-
for each year. A bimodal structure is observed. The fine andjons, geometric standard deviations and the subscript we de-

coarse modes can be separated by aradius valu®.6ium.  note the aerosol type for fine, coarse and the whole modes
The bimodal lognormal structure of aerosol size distribution gre denoted b¢ s, C.andCy, rf, r. andry, o s, o, andoy

0.06 -

dv/dinr (um®/um?)
o
o
B

0.031

0.02-

Radius (um)

dinr (4)

min

has been found worldwide and can be described by respectively. The fine mode and coarse mode volume frac-
2 ) tions are the ratio of their volume concentration to the total

dVv(r) _ Z Cy.i exp| — (Inr—Inry ;) Q) volume concentration, i.eG ¢/Cy andC./Cy, respectively.

dinr i1 V2mo; 20,~2 The bimodal size distribution in Hong Kong has more or

) ) ) less the same volume fraction for the fine and coarse modes.
whereCy is the volume concentrationsy is the volume  Thg annual average fine mode volume fraction is a little bit
median size and is the geometric standard deviation, and gmajjer and close to 50%. The fine mode volume fraction in-

they can be calculated by the following equations: creases gradually from 45.61% to 49.17% in the four years.
f’max nr<’O J1n The median radius decrease from 0.84 to Qui#bfrom 2002
Inpy = 2min "amy 4T (2)  t02008. All of the aerosol volume concentrations including
[rmax XD g in the fine, coarse and the whole mode have the largest values,
" 0.096, 0.103 and 0.198m3 um~2 in 2004 and the smallest
J (07 — 07y 290 g I values, 0.072, 0.085 and 0.1a%3 xm~2 in 2003. Corre-
oy = Fmin V) dmnr (3) spondingly, the maximum and minimum annual AODs are

[rmax AV g found to be 0.71 in 2004 and 0.52 in 2003. The fine mode

min dInr
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Fig. 6. Frequency of occurences of the fine mode median radius, coarse mode median radius, the whole spectra median mode and the fin
mode mode volume fraction.

volume fraction is higher than those found in remote coastaimodal like some other urban-industrial aeros8lisgh et al.
sites (~20%—-30%), where maritime aerosol dominates and2004) rather than bimodal. The modal values &@.3. The
urban-industrial aerosols have less influer@mifnov et al, occurrence of high aerosol loading with ACGED.7 are 0.34,
2003. ltis a little lower than the biomass burning aerosols 0.34, 0.58 and 0.21 for each year respectively, and the annual
found in Zambia £57%) and close to those urban-industrial average highest AODs and aerosol volume concentrations are
types found in Mexico CityDubovik et al, 2002. found in 2004. The Angstrom exponents have modal val-
Figure 6 shows the frequency distribution information of ues of~0.5. It is skewed towards high Angstrom exponent,
the annual aerosol size distributions. The radius bin intervaldndicating the more fine aerosols. The Angstrom exponent
of frequency distributions for the fine, coarse and the wholehas a relatively large width with the geometric standard de-
spectra are 0.02, 0.3 and @.&h respectively. The bin inter-  viations of~0.2 with a modal value larger than 1, which is
val of fine mode volume fraction is 0.05. Both the fine and larger than those predominately coarse aerosols coastal re-
coarse median radiuses show a skewed normal distributiogions Smirnov et al.2002. It indicates the Angstrom expo-
with peak values occurring towards the larger radius. Thenent has a dependence on the spectral AODs rather than has a
modal values of median radius are around 0.2, 3 angt6 neutral relationship. Because coarse aerosols scatter and ab-
for the fine, coarse and the whole modes respectively. Theorb less than fine aerosols, a predominately coarse aerosol
percentages of fine mode volume fraction larger than 0.5 arenvironment would has the Angstrom exponent less depen-
61%, 61%, 70% and 54% for each year respectively, showdent on the AOD channel range. This indicates fine aerosols
ing that the fine mode aerosols dominate in local atmosphereplay an important role in local environment.
The wide geometric standard deviation of fine mode volume
fraction implies the large local atmospheric aerosol variation.3.3  Size distribution under different atmospheric con-
The frequency distributions of AOD and Angstrom expo- ditions
nent are shown in Figs. 8 and 9 respectively. The bin intervals
for the AOD and Angstrom exponent are 0.2 and 0.1 respecAerosol has a lifetime or around 5-10 days in the atmosphere
tively. It is found that the aerosol optical depth can be betterand its physical and chemical properties would change with
characterized using a lognormal distributidd’'ieill et al., time. However, its evolution process and mechanism are not
2000. Our data confirms this point. When using a linear clearly understood. Therefore much attention has been fo-
scale, the frequency distributions of AODs are generally uni-cused on studying aerosol properties on different conditions

www.atmos-chem-phys.net/9/6175/2009/ Atmos. Chem. Phys., 9, 6189-2009
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like its size distribution evolution under different loadings to ume concentration to the coarse mode aerosol volume con-
investigate aerosol evolution processes such as the aerosoéntration C ¢/Cy), the increment of fine mode aerosol con-
hygroscopic growth, coagulation and agin§chafer et al.  centration is found be larger than that of the coarse mode
(2008 examined the Amazon aerosol size distributions underaerosols when both the two modes are increasing. When
different aerosol optical depth and found decreasing coarse<1.4, the fine mode volume fraction in the same year of
aerosols with increasing optical deptteck et al. (2009 2002 increases from 37% to 56%. The absolute fine mode
studied the size distributions under different aerosol opticalvolume fraction is larger under larger Angstrom exponent.
depths in eastern Asia, and found a systematic shift of aerosdUnder low aerosol loadings or clean atmospheric conditions
size distribution including the volume fraction, median ra- (0<AOD<0.4), both the fine and coarse modes are of low
dius and width, which is partially attributed to aerosol hy- concentrations less than Qun®m=2, with a small fine
groscopic growth. The predominately fine and coarse eventsnode volume fraction. The aerosol size distributions un-
at different sites of Arabia Gulf were investigatdttk et al, der low aerosol loading conditions resemble the background
2008, where larger fine mode median radius is found undermaritime aerosols found by otherKgufman et al. 2003
heavy pollution days with higher aerosol loading and largerSmirnov et al. 2000 2003 e.g.,). The aerosol median ra-
Angstrom exponent. By comparing the inland and desertdius and geometric standard deviation vary with AODs, but
sites the cause is attributed to aerosol hygroscopic growtmo obviously trend is found. The intercomparison between
under more humid marine environment. different years does not show significant difference.

Figure 9 shows the size distributions under different When the aerosol loadings are higher, e.g., AOD exceed-
aerosol loadings for each year with AODs bins of 0-0.4, 0.4-ing 1, a third mode appears with its peak centering-&at
0.7, 0.7-1.1 and 1.1-10. The average measurement nun2um between the fine and coarse modes. It is more sig-
bers are larger than 30 for each bin. For further discrimina-nificant for predominately fine mode aerosols withk-1.4
tion, two different Angstrom exponents ranges are used tahan high coarse aerosol conditions witk<1.4. Further-
represent the predominately fin@>1.4, upper plots) and more, it becomes more pronounced with higher aerosol con-
more coarse modek 1.4, lower plots) conditions. It should centrations as AODs increases. It implies that the third mode
be noted that the fine mode aerosol contributes a large volhas a dependence on high aerosol loadings especially fine
ume fraction for both cases £1.4 anda>1.4), indicating  mode aerosols. Moreover, this third mode is found to appear
high fine mode aerosols in the local atmosphere. Using twahroughout the season from July to November. This phe-
Angstrom exponent ranges, the whole data can be utilizechomenon has been observed by othe3ggh et al.(2004
and there are sufficient qualified data numbers for the twostudied the aerosols in an industrial city in India and found a
cases since 1.4 is close to the median value according to th&milar middle mode~1-2um which is attributed to the hy-
frequency occurrence distribution of Angstrom exponent. Ingroscopic growth of finer aerosoldDubovik et al.(2002
fact, Angstrom exponent has been widely used to discrim-studied aerosols in worldwide sites and found the growth
inate fine and coarse aerosols, where a predominately finef fine mode aerosol median radius with increasing optical
aerosol size distribution like urban pollution and biomassdepth. The aerosol hygroscopic growth was attributed as one
burnings generally corresponds to a high Angstrom expo-of the most important mechanisms, and some other processes
nent, while more coarse aerosols like sea salt and dust adike the aerosol coagulation and aging process were also con-
company with a low Angstrom exponerteck et al.(2008 sidered as possible reasons. Studies of the biomass burning
studied the desert aerosol size distribution and discriminat@erosols in AfricalEck et al, 2001, 2003 and Brazil Eck
the fine and coarse dominated events uain@.7 andx<0.7 et al, 20033 Reid et al, 1998 1999 also show such radius
respectively. The fine or background maritime aerosol sizeincrease of fine mode aerosol, where the aerosol aging, hy-
distribution is investigated bgmirnov et al.(2003 using  groscopic growth and mixing with urban aerosols have been
a<1 as the threshold, whil&aufman et al.(2001) found considered as possible causes.
the baseline/background maritime aerosols are with a small The average relative humidity in Hong Kong from July to
Angstrom exponent ranging from 0.77 to 1.1 over oceans. November is usually higher than 70%Baumgardner et al.

When the Angstrom exponent is larger than 1.4 as showr(2000 studied the urban aerosol in Mexican City and as-
in Fig. 9a, the predominately fine mode is more pronouncedsumed that the aerosol becomes hydrated when relative hu-
in comparison to Fig. 9b with<1.4. As the AODs increase, midity is greater than 60%. The humid environment is likely
both the fine and coarse aerosol concentrations go up. Thi facilitate the aerosol hygroscopic growth and coagulation
fine mode volume fraction is found to have an increasingespecially under high aerosol loadings. The pronounced or-
trend with AODs increasing, therefore the absolute fine modeganic aerosol increasing in the 0.49 to 215 range has been
volume increments is larger than that of the coarse modefound in September and October when the atmospheric en-
It implies the increasing of AODs is mainly due to the fine vironment is very humidZheng et al.2008. It needs to be
mode. For instance, the fine mode volume fraction in 2002denoted that aerosol coagulation could also play an important
increases from 49% to 63% when-1.4. Because the fine role in the formation of the third mode. The shifting of fine
mode volume fraction is the ratio of fine mode aerosol vol- mode aerosol growth towards larger size under higher aerosol
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loadings is observed in the urban-industrial areas like Mexi-spond to a high Angstrom exponei@dhuster et al20086.
can City byDubovik et al.(2002, which are attributed to the The results shown here agree well with those works. This
aerosol hygroscopic growth and coagulation, but it was alsds mainly due to the physical mechanism that fine aerosols
specified that the shifting under higher aerosol loadings withinteract more with visible wavelength while coarse aerosols
low relative humidity (50-60%) are observed on urban andhave much more impact on the near infrared wavelength.
biomass burning sites and therefore that the high relative huTherefore the increasing of fine aerosols results in more
midity is not a necessarily primary factor. Furthermore, the scattering and absorption especially in the short wavelength
local atmospheric conditions are impacted by the continentathannels and lead to higher Angstrom exponent. Further-
industrial outflow from the mainland of Chin€lieng etal. = more, the sea salt contributing greatly to local coarse aerosols
2006 Wang et al. 2003. The urban-industrial aerosol and causes weaker interacting with longer wavelength channels
its aging during the transport could have contributed to suchthan other coarse dusts due to its weak absorbing ability.
phenomenon. The biomass burning aerosols from the contherefore, variation of coarse mode has less effect on scat-
tinental outflow also have an impact on Hong Korith&n  tering and absorbing light and therefore cause less changing
et al, 2000 2003 Heald et al. 2003. Overall, the hygro- to the Angstrom exponent compared to the effect of the fine
scopic growth of urban-industrial aerosols and coagulationrmode.
are the main causes for the appearance of the third mode The main difference between low and high aerosol
considering the prevailing southern and eastern monsoon ifoadings are that under the high aerosol loading condi-
this period, when the impact of biomass burning is relativelytion (AOD>0.5), the fine volume fraction is higher with
weak compared to other seasons. larger median radius, compared to the low aerosol loadings
Figure 10 shows the size distributions of different (AOD<0.5). Forinstance, the 2004 has the fine volume frac-
Angstrom exponents under two aerosol loadings, lighttion, geometric standard deviation and median radius rang-
(AOD<0.5) in the upper plot and heavy (AGID.5) in the  ing 50.42-62.22%, 1.26—1.%4m and 0.52—-0.7am respec-
lower plot, respectively. There are at least 30 measurementsvely when AOD=0.5, while they are 28.85-56.37%, 1.30—
for each bin. A systematic trend of aerosol size distribution1.58um and 0.56-1.28m respectively with AORX0.5.
parameters shifting with the Angstrom exponent is observedrhe absolute variation of those parameters is smaller un-
under both low and high aerosol loading conditions. The fineder high AOD condition. Comparing Fig. 10a and b, it is
mode volume fraction and geometric standard deviation in-observed that under high aerosol loadings (AGL6) the
crease with thex increasing, while the median radius de- absolute fine mode concentrations remains more or less the
creases with higher. For instance, when AOB0.5in 2008  same with increasing, while the coarse mode concentra-
the fine mode volume fraction and geometric standard deviation increase more significantly. Under low aerosol loading
tion increasing from 52.76% to 57.61% and 1.34 to u688  (AOD<0.5), the fine mode decreases significantlyxas-
respectively withw increasing (from the blue line to the cyan creases with increasing coarse mode. For instance, the fine
line in the subplot), while the median radius decreases froomode volume fractions are 52.76%, 52.90%, 58.57% and
0.67 to 0.59m. Reid et al.(1999 also found the increas- 57.61% as the AOD bin increases when A5, while
ing of geometric standard deviation with decreasing mediarthey increase as 34.46%, 41.96%, 53.42% and 62.95% when
radius when studying the biomass burning aerosol in Brazil AOD>0.5.
When further examining the fine and coarse mode respec- The third mode is more pronounced with higher Angstrom
tively, it is found that the fine mode median radius shifts exponent under high AODs. It is not significant under low
to smaller size while coarse mode median radius increase8ODs although the coarse mode has a higher mode vol-
slightly whena increases. Their geometric standard devia-ume fraction. For instance, according to Fig. 10 the coarse
tions do not have an obvious trend. Here from our data simmodes are smaller than 0.04n% um—2 at 1.0<a<1.2
ilar changing exists. The fine mode median radius decreaseshen AOD<0.5 in 2004, while the third mode exceeds
from 0.193, 0.195, 0.195 and 0.188m to 0.163, 0.151, 0.06xm®um~2 at 1.0<a<1.2 when AOD-0.5 in the same
0.150 and 0.158m when AOD>0.5 in the fours years re- year. The occurrence of the third mode seems to have a de-
spectively as shown in the upper subplots of Fig. 10 from thependence on enough fine mode aerosols. On the other hand,
blue line to the cyan line, meanwhile the coarse mode mewhen AOD<0.5 the coarse mode aerosols would increase
dian radius increases from 2.576, 2.355, 2.632 and 24667 when Angstrom exponent decreases and these coarse mode
t0 3.038, 2.945, 2.919 and 2.88n respectively. aerosols increment are mainly those coarse aerosols with ra-
The systematic shift shows the close correlation ofdius ¢>3um) larger than the third mode (1+2n). It in-
Angstrom exponent with the aerosol size distribution espe-dicates in another way that the third mode does not depend
cially the fine mode. The bimodal aerosol size distribution on the coarse aerosol increment and helps correctly under-
is closely correlated to the Angstrom exponekiagfman stand the aerosol composition since some accumulation sea
1993 O’Neill et al.,, 2001, 2003. The fine mode has impact saltis also described as having a raditis-2.m (Hess et al.
on the Angstrom exponent, where larger fine mode volumel998.
fraction and smaller fine mode median size tends to corre-
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Fig. 10. Aerosol size distributions in different Angstrom exponent bins of AQIG (upper plots) and AORO.5 (lower plots).
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4 Conclusions A third mode is observed with its radius1-2um. It
is likely to appear under atmospheric conditions with high

Observations of columnar aerosols in Hong Kong have beererosol loadings and more fine mode aerosols. When the
performed using a sun-sky radiometer. The study focusegerosol optical depth is lower than 0.5, it is insignificant.
on investigation of the aerosol size distribution and help un-|t pecomes especia”y pronounced when the aerosol load-
derstand the local aerosol properties, evolution, hygroscopigng and Angstrom exponent are larger than 1. The increas-
growth and coagulation. ing of aerosol loadings leads to a more significant third

Data are compared with the MODIS and AERONET mode. Under low aerosol loading conditions, the increas-
dataset. The ground-measured AODs and MODIS AODsing coarse mode aerosols with decreasing Angstrom expo-
have a correlation coefficient of 0.93, and the aerosol volumehent are mainly from aerosol with radius larger than the third
size distribution Compared with that of the local AERONET mode. The aerosol hygroscopic growth and Coagu|ation are
shows agreement. A bimodal structure of local aerosol siz&he main causes for such phenomenon. The high relative hu-
distribution is found. The fine mode generally has a radiusmidity during this period in Hong Kong and high fine mode
range from 0.01 to 0.6m with a median volume radius of aerosols in such urban-industrial area are likely to facilitate
~0.2um, and the coarse mode locates from 0.6 tufi6  the aerosol hygroscopic growth. When aerosol concentra-
with a median radius of-3m. They contribute more or  tions and especially the fine mode aerosols are extremely
less the same volume mode volume fraction. The annual avhigh, aerosol coagulation might occur and produce many
erage Angstrom exponentisl.3 with average AOD 0.6. It third mode aerosols. Nevertheless, the local aerosol mix-
indicates both fine aerosols from local emission or continen-ing with transported aerosols like those aged aerosols m|ght
tal transport and coarse aerosols like sea salt from the oceaglso has some impact and should not be neglected. It has to
play an important role in composing atmospheric aerosols irbe pointed out that it is hard to fully understand the mech-
Hong Kong. The frequency distributions of fine mode mode anisms for aerosol evolution when studying columnar atmo-
volume fraction and Angstrom exponent skews towards highspheric aerosol using remote sensing technology. It should
values, indicating more fine mode aerosols. Intercomparisolbe emphasized that the attribution of the observed aerosol
of those aerosol parameters in different years show no signifsize distribution variation and shifting to the aerosol hygro-
icant trend, but a moderate increasing of fine mode volumescopic growth and coagulation is speculation rather than con-
fraction could be observed. The local aerosol size diStI’ibU‘firmation_ More works Combining |aboratory, Samp“ng and
tion resembles those found in some other urban-industrial armodeling methods would help to understand the aerosol hy-
eas and those of a coastal environment. groscopic growth and Coagu]ation_

The variation of aerosol size distribution under different
atmospheric conditions has been investigated. A systematiicknowledgementsThe work described in this paper was fully
shift of size distribution parameters is found under differ- supported by a grant from City University of Hong Kong (Project
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ponent increases, the fine mode mode volume fraction ang*uch for their valuable comments and suggestions.
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