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Replies to reviewerscomments

Overview
The authors thank the reviewers for constructive comments, they helped improving the paper. We have replied to all
guestions raised by the reviewer. The major changes to the paper are that the we have

- added discussion on the uncenmtis of the UFP

- discussion on the uncertainties of the calculation of the absorption coefficients

- instead of using the symbolwe use the symbol PM

- added discussion on particle density

Below the responses are written in cursive letterstaedhanges to the manuscript are highlighted by yellow

Detailed replies to Anonymous Referee #1

General comments: Field observations of aerosol optical properties in different regions

are needed due to the spatial and temporal variations in aerosall gptiperties which are important to assess the aerosol
radiative forcing. In this study, a comprehensive research on aerosol optical properties at a coastal station in Hosgdkong ba
on more than two yearsd yel d debaenaerosa optical propertes at fhe sanseesite wasd .
conducted a decade ago, this work is necessary and meaningful to reveal the current aerosol optical properties and the
variations over the past decade in Hong Kong. Meanwhile -temg observationsf several key aerosol optical properties
including AAE, SAE and SSA and studies on the relationships between optical properties and particle size were presented il
this study, which were limited in Hong Kong over the past decade. In addition, a rangghaoids including the ratio of
BC/ pCO and SO2/ BC, LPDM and PSC analysis were employe
properties and their quantitative linkagetomsltt al e transport. The i mp o rerbsaldtcali np u
properties at Hok Tsui was presented, especially under the southwesterly winds prevailed condition in summer. Overall, this
manuscript is well organized and discuss aerosol optical properties and their variation in detail associatedavitbethe
analysis. The subject of this study is within the scope

revision is needed before being accepted.

Speciyc comment s:
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There is a little confusion of the logicality of the sentedc@or r el at i on anal ysi s showed t ha
in particle size but showed strong 1ideantage k. Snmalhpanices shdulel n g t
have high scattering Angstrom exponent, i.e., strong scajteranelength dependencies.

ResponseThanks for the comment. Wavecorreciedthis expressioim the revised manuscript.
6Corr el at confmmedthatatte yarkest aerosols were smaller in particle sind showed strong scattering
wavel ength dependenci esébd

A PM2.5 cutoff was deployed for the measurement of Aet ha
However, the scattering coefycient s izefdid theSderived SSAerepmse?s u r ¢
PM2.5 or TSP?

ResponseThanks for the commerfio answer this question we added the following text to the methodology, in section 2.3:
Or h gpa & dpdaia were used for calculating singgec at t er i ng s# Gl exfi The Bephelometeritook its
sample from a Total Suspended Particle inlet (TSP) but the Aethalometer througls enleMso it may seem somewhat
uncertain which size range the SSA represents. However, BC is the most importaiidagbtng onstituent in aerosol
particles and it is well known that they are in the submicron size range. In larger particles there might be seme light
absorbing dust particles but their contribution at this site can be considered to be negligible. Therefaasbrsable
to claim that the absorption coefficients derived from the aethalometer data represent absorption in the full TSP size
range even if there was a PM2.5 inlet for the Aethalometer. And since the scattering coefficients were measured after &
TSP inkt it is also reasonable to say that the SSA represents that @ TSP

As stated in Lines 18.7 on Page 8, the SSA at Hok Tsui was slight lower than that observed at a coastal station in Norway in
summer (0.914.05). However, the average SSA was 0.98esented by the authors in Lines 13, higher than the value of
0.91.

ResponseThanks. This sentence was not organized clearly. The average SSA measured in Hok Tsui was 0.94 in autum
(higher than 0.83 measured in Xinken during autumn) and 0.90 in sufsiigatly lower than 0.91 in Norwaiyn summer).
We have revised this sentence in the manuscript.

6 The haiagnhdgvsliies were observed in wintg0.9 +7.1 Mm*and 193.5 +102 M, respectively)which were

more than twice that of summer. Similar pattern was observed in a previous study in Hong Konglia9%8¥an and

Shih, 2001) Compared with other rural/background sites, the averagessosfat Hok Tsui was 0.94 0.03 during

2



autumn which as higher than that measured at Xinken, PRD, China in the same season (0.8340.05), while this value
was 0.90t 0.06 in summer which was slightly lower than that observed at a coastal station in Norway in summer (0.91
+ 0.05,Mogo et al., 201R6

5 How the authors concluded that the data clusters with m

most probably associated with polluted continental air? Have the authors analyzed phemetessociated with these clusters?

ResponseThanks for the comment. Yes. We selected the data points where the slopes were close to 1:1 and computed tt
average retroplume of these data points (shown in the following figure) which helped us thisye&aclusion.
10 GAfter computing the averaged retroplume of these clustevas found that the former data cluster is mostly associated

with polluted continental air and the latter with stronger winds and sea salt parfdeses were not shown)d
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Are the absorption and scattering coefycients |listed in
15 the site 6Cape DOAguilardé in Table 2 represent O6Hok Tsu

ResponseYes.The absorption and tesldnalable€@rwera al atcthe sdmg evavelemdgthsof 350 ram.
Absorption coefficients at 550nm were calculated from linear interpolation withi’b9@Gm T h e sGatpee nCadmleg woi |

in Table 2 was the previ ous n amane eaflier padersk WeThave added adtea df the n
20 name in Table 2 and Table 3.
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The diurnal variations of SSA, AAE and SAE are recommended to be presented. Because these parameters represent t

aerosoloptical properties better which are independent of the absolute aerosol concentrations.

ResponseThanlks. We have added the diurnal variations of SSA, SAE and AAE in Fig. 4 in the manuscript.

The deynition of sel ect e® NEPGG, shdowdde illustratédiingdetail & thé Bgnuscript.dn

other words, what criterions to identify these episodes?

ResponseThanks. We picked out the most representative episode days for each kind of source types by analyzing retroplume
resultsand variation trend of aerosol optical properties. We have added illustrations according to the suggestions.
The major source regions were Guangdong and Hong Kong (GH), ship emission (SP), North China (NC), and aged
continental area (AGC). The selectiortlvd episodes was done by combining the footprints using LPDM and the variation

trend ofaerosol optical properties and P

The measurement of aerosol optical properties was condoctenbre than two years. What about their variations in different

years during the observation period?

ResponseThanks. We have calculated the yearly averages during data processing but due to the short time period of data,
we cannot make conclusioabout interannual variations. If we have longer period of data in the future, we will investigate

the interannual variations of aerosol optical properties.

Technical corrections
Q) The full name of O6LPDM&6 and 6PS€édiaslLihey $2sobnaPpgal

ResponseThanks. We have corrected it in the revised manuscript.
6 Mu-year backward Lagrangian particle dispersion modeling (LPDEhHd potential source contribution (PSC)

analysis reveal edéd

(2) Similar to (1), the fullname f t he corresponding symbol should be intr
name of UGap should be illustrated as aerosol absormption
abbreviation should be used thrbug u t the manuscript once it was deyned.

recommended to be used in Line 31 on Page 3 instead of the full name of single scattering albedo, since this abbreviation h:

been deyned above. The hackthrbugh te marasriptrtccavond sunlenmnistaked. t 0 ¢



Response Thanks. We have corrected them and we have checked the symbol using of other parameters according to th
suggestion in the revised manuscript.
For instance , the light absorption coefficies( 4j) at all wavelengths were corrected using the method presented by
Coll aud Coen et al. (2010) where.. .0
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Anonymous Referee #2
The paper presents an interesting study of aerosol optical properties over the coastal site of Hong Kong, using tliree years
data registered with igitu near instrumentation operated close to the surface. Both the topic and the dataset analyzed make

the study worthy to be published in ACP after some revision from the authors.

General comments

Main issues to be solved include the addition of detailed information on quality assurance and associated uncertainties of th
different variables analyzed. Furth@re, the authors must carefullye vi se t he number of signi yc
2, 3 and 4 and along the text. Table 4 must include more statics information then the simple average, just for giviafy an idea

the spreading of the data around thean.

ResponseThanks for the valuable comments. é&e added more illustrations on quality assurance and revised the number

of significant figuresn Table 1, 2, 3, and 4 and in the textcording to the suggestions in the revised manusahipthave

also revised the Table 4 containing the AVG +STD and median value of each parameter.
dn this work, without specific notes BC concentrations refer to the aethalometer data measure8&ft nm.Sample
flow on the Aethalometer display was checked ongeek to ensure the flow was within 0.2 LPM of previous week and
flow calibration was conducted once a month using an independent flowmeter. The inlet cyclone was cleaned edery month

* Revision of Table 4 please refer to the manuscript.

Detailed comments

On Page 1 line 16 the authors write 150.6 Mfor the average light scattering that according to Table 1 presents a STD of
99.4 Mm1. This must be change both in the text and in the table by-180Mm-1. This procedure must be applied to
variablesthah | so present an excessive of signiycant vy gsuThies, I
suggestonipased on the fact that using an excessive number o
the experimentalrer or s and their propagation are also against the

Averages, that must be expressed with coherent signiyca

ResponseThanks. We have changed the number of significant figures of varatuesling to the suggestion in the Tables
and in the text.
Forinstance6 At 550 nm, t he €16leti08 Nlre')ahd agshrptionscaetidiat{8e3 6. 1InMan') were

|l ower than most of ot her rur al sites in eastern China

In the abstract, line 21 the authors use deltaBC/delta CO for the ratio BC concentration over CO concentration, bt in the te

they change the notation in some cases, this must be carefully revised and corrected.

6
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ResponseThanksqpB C/ qpC O at tibhoMere dalsulated as total concentration minus regional baseline (mentioned
on Page 11). But for Fig. 7 we used BC/CO because this ratio was calculated from the emission inventory, which means i
only representshe emission intensity (no region base)ifior each grid cellln otherwordve can al s o omyl | it

if the regional background was zero.

On Page 2, line 22 the authors wuse for the yrst time i/
respective meanings.

Respoise Thanks. Wéavecorreciedit in the revised manuscript.
6 Mu-year backward Lagrangian particle dispersion modeling (LPDEhHd potential source contribution (PSC)
analysis revealed that these particles were mainly from the air masses moved soutlew&idemzhen and urban Hong
Kong and theébd

The reference Cazorla et al., 2013 is missing in the reference list.

ResponseThanks. Wdaveaddedit in the reference list

Cazorla, A., Bahadur, R. , Suski , KV,, Cahdl Pratther C
aerosol absorption due to soot, organi csictau boome mie
measurements, At mospheric986@emi 80t¢. and Physics,

On page 2 line 23, the comment shouldbéenmh ed using the reference: fiVval enzuel
Titos, G., Cazorla, A., AladeArboledas, L., Aerosol scattering and absorption Angstrdm exponents as indicators of dust and
dustfree days over Granada (Spain). Atmospherisddech, 154, pp-13. 20150 .

ResponseThanksThis paper surely contains useful information arhave added this reference according to the suggestion
O0rhe AAE in externally mixed Bdbminated regions have been reported to be arouffhilerson et aJ 2007; Hegg et
al., 2002; Bond and Bergstrom, 20@ond et al., 2013 while it is greater than 1 for some organic aerosol from biomass
smoke and mineral dust due to their diverse light absorbing abilities at different wavelength (tancjestetter etal.,
2004;Russell et al., 201®alenzuela et al., 201%evi et al, 2016

On page 4 line 26 the meaning of the acronym CAB must be detailed. As explained in the generalgdiriseatessary

including information on the uncertainties for the diéiet experimental and derived variables analyzed in this study.
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ResponseThanks. Wéave added the name of this statibim the revised manuscript.
0 én order to correct the systematic errors of fileased absorption techniquibe light absorption coefficien{s4j) at
all wavelengths werealculated byusing the method presented by Collaud Coen et al. (2010) whe@.tfector was
set to be 4.26 according to the value fr@abauw (CAB}tation reported in the same pap€ABstation islocatednear
populated and industrialized areas which viasome exterdimilar to Hok Tsui station (near most of cities in the Pearl
River Delta region). The reported average:@alue at CAB was 4.26 £0.11 and it varies from 2.60 to 4@&llaud
Coen et al., 2010 There was no MAAP or any other reference absorption imstni availableso determining G at
Hok Tsui was not possibédthe published mean.&at CAB station was useHowever, to present an upper estimate
f 0 kp, thé Ger= 3.51 calculated for the clean marine site of Mace Head (MHD) (Collaud Coen et al., 2010) was also
used and t he r.gasdSSA drd presentednehe disgussiSice the Gris responsible for the largest
uncertainty in the calculadi n g (Collaud Coen et al., 2010) we did not make further uncertainty analyses by using

the uncertainties related totleet her f actors within the algorithm.

The UFP monitor presents some limitations that have been described in the literaturexseate: Hillemann, L., Zschoppe,

A., Caldow, R., Sem, G. J., and Wiedeno h| er , A. (2014) . An Ul -tesolaed NembeP ar t i
Concentration Measurements in Atmospheric Aerosols. J. Aerosol Sci.,i 88:1&dnezMoreno, C2F.J., AlonsoE.,

Arfaino, B., Juncal-Bello, V., IglesiasSamitier, S., Pifeiro Iglesias, M., Lopez Mahd, P., Perez, N., Pey, J., Ripoll, A.,
Alastuey, A., De la Morena, B.A., Gard, M.l., Rodduez, S., Sorribas, M., Titos, G., Lyamani, H., Alddbsledas].,

Latorre, E., Tritscher, T., Bischof, O., 2015.tdrcomparisons of mobility sizepectrometers and condensation particle
countersin the frame of the Spanishnadspheric observational aerosol network. Aerdadcl Technol. 49 (9), 777e785.
http://dx.doi.orgl0.1080/02786826.2015.1074658. this sense, some comments dhe appropriate references must be

included in the instrument section.

Response Thanks. The reviewer is right and we have added more illustrations about the limitations of UFP with more

references.
Both the PMa n d ¢ chleulatéd from the number size distributions have uncertainties due to the uncertainties of the
UFP monitor. The first is the wide range of particle diameters within the size bins and the use of the geometric mean of
the bin limits for the whole bin. This yields the highest uncertainty for the bin that measures particles in the size range
2007 800 nm as can easily be calculated assuming all particles in that size range were 800 nm instead of the geometric
mean 400 nm. Thialculation is theoretical in the real atmosphere, however and yields unrealistically high uncertainties
and will not be analyzed further. Another source of uncertainty is related to the instrument itself. Hillemann et al. (2014)
found that the number coantrations measured by UFPM are typically within a range of £20 % from the reference
values measured with an SMPS. A&inezMoreno et al. (2015) compared the UFP with an SMPS and found that the

size distributions measured by UFPM and SMPS were sinnildre sense that the peak concentrations were observed at
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the same size. In the same study it was also observed that in the size channels corresponding to particle diameters < 10
nm the UFP overestimated the number concentrations and in the two lahgestets it underestimated the number
concentrations. These are the channels that measure the particles that have the highest mass and that scatter light mo.
efficiently. It may therefore be argued that both theeRMh d  t h e sjare dnddrestithated.

In section 2.4 the authors present information on tita grocessing followed for deing m0.8 including a value for the
particle densityt at r equi r es rgfecesce.i ycati on and a

ResponseThanks. We have add explanations about the reasaosid1.7 g cnto calculate ms. Also, we have changed

the abbreviation @ into PM; and reason was explained in the manuscript

O0For spherical part i claéssalctldied fromehe mcobiyity]cﬁ;améteanlhsdlraljméfb/eﬁr D
whererp, is the density of the particle amd the density of water. For = 0.8 pm ands, = 1.7 g cn® this yields Q =

1.0 pm. In the results, therefore, the mass concentration calculated from the number size distribatidesoted as
PM:€ .

€ | was mentioned above that the Pddncentrations were calculated by using the density of 1.7%gdith deserves
reasoning. The densities of major inorganic aerosol compounds such as ammonium sulfate and sodium chloride are 1.7¢
and 2.165 g cri(e.g. Tang, 1996). Zhang et al. (2008) estimated that the density of sulfuricoatet! soot is 1.7 g cm

3. Ambient aerosols contain also many unknown compounds such as organics and also some water even after drying t
RH < 50 %. Densities of real atnyiseric aerosols have been measured in several campaigns. Quinn et al. (2001)
determined aerosol densities on a cruise across the Atlantic Ocean. The density of submicron aerosols, averaged fron
observations at very different regions was 1.73 +0.24 ¢.dritz et al. (2003) determined the mean apparent particle
density of 1.6 +0.5 g crhfor urban aerosol. Saarikoski et al. (2005) found that at a boreal forest site the average density
was 1.66 +0.13 g cri Based on these publications it is reasonablade the density of 1.7 g €rfor the estimation of

aerosol mass concentration from the number size distributions of particles smaller than 800 nm of mobility diameter. It

has to be noted, however that there is uncertanty in it since it was not measthisdsited
Section 3.1 and Table 2 must include additional studesloped with similar instraentation in other urban locations
affected by mineradlust transport: Lyamani., F.Qlmo, and L. AladosArboledas. Physical and optiqaloperties of a®sols

over anurban location in Spain: seasonal and diurnal vdifgbAtmospheric Chemistry anéhysics., 10, 23254, 2010.

ResponseThanks. We have included the results from this paper (Please refer to Table 2 in the revised manuscript).



The discssion on page 7 on BC, including the commentgompbral trends, coulse enriched considering the next reference:
Lyamani, H.,F.J. Olmo, I. Foyo, L. AladesArboledas. Black carbon aerosols over an urban iarsautheastern Spain:
Changegletected aéir the 2008 economic crisis. Atmospheric Environm&olume 45, IssuB5, Pages 6428432, 2011

ResponseThanks. The station in the abereentioned paper is an urban site located in Graanda, Spain. It is so different a
location that we consider it noeasonable to include its results in the present paper, however good the paper is.
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Observations of aerosol optical properties at a coastal site in Hong
Kong, South China

Jiaping Wang-3>4", Aki. Virkkulal?>3¢ Yuan Gad"’, ShunchenglLe€"’, Yicheng Shed?3 Xuguang Chit-?3
Wei. Niet23 QiangLiu?3 Zheng Xu!?3 Xin. Huang?3, Tao. Wand, LongCuf, Aijun. Ding'??3

1 Joint International Research Laboratory of Atmospheric and Earth System Sciences, Nanjing, China

2Institute fa Climate and Global Change Research & School of Atmospheric Sciences, Nanjing University, Nanjing, 210023,
China

3 Collaborative Innovation Center of Climate Change, Jiangsu Province, China

4Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong
Kong

5Finnish Meteorological Institute, Helsinki, Finland

6 Department of Physics, University of Helsinki, Helsinki, Finland

"Department of @il Engineering, the Chu Hai College of Higher Education, Castle Peak Bay, Hong Kong

Correspondence td.P.Wang (iapingl6@126.coim S.C.Lee Ghunrcheng.lee@polyu.edu.hk

Abstract. Tenporal variations of @osol optical properties were investigated abastal station in Hong Kong based on the
field observationfrom February 2012 to February 2015. At 550 nm, the average light scat(@ffigt 100 Mm™) and
absorption coefficient§.3+6.1 Mm™) were lower than most of other rural sites in eas@rima while the single scattering
albedo (SSA8.93 £0.05 was relatively higher compared with other rural sites in the Pearl River Delta (PRD) region.
Correlation analysisonfirmedthatthe darkest aerosols were smaiieparticle sizeandshowed strongcattering wavelength
dependencies, indicating possilsleurcedrom fresh emissions close to the measurement site. Particles with2D0-800

nm were less in number, yet contributed the most to the light scattering coefficients among submicros padictemer,
bothqpB C/ qa@dSQ/BC peakedindicatingthe inpact ofnearby combustion sources on this .difeilti-year backward
Lagrangian particle dispersion modeling (LPD&hd potential source contribution (PS&)alysigevealed that these particles

were mainly from the air masses moved southward over Shenzhen and urban Hong Kong and the polluted marine air containin
ship exhausts. These fresh emission sources led to low SSA during summer. For winter and autumrcantratiily,

B C/ pC O .#Ba were3ehutively low, showing thahe site wasmore under influence of welinixed air masses from
long-range transpoiihcluding South China, East China coastal regions, and aged aapsplorted over Pacific Ocean and
Taiwan Island, causing stronger abilities of light extinction and larger variability of aerosol optical properties. Our results
showed thaship emissions in the vicinity of Hong Kong could have visible impact on the light scattering and absorption

abilitiesas well as SSA at Hok Tsui.
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1. Introduction

Atmospteric aerosostronglyaffecst he eart hés radiative bal ance bajionwhicat t er |
however, is still a large source of uncertainties in global climate forcing assed$R@6f 2013. The aerosol optical
properties are responsible for the direct aerosol radiative forcing, depending on aerosol chemical composition and
microphysical properties. Relativeaoother major component of radiative forcigggenhouse gases, tigorter atmospheric

lifetime of aerosoldeads tamorelocalized effects and regiondiffferences in aerosol optical properties. Due tsgatialand

temporal differences of aerosuptical propertiesaused by the complex distribution of tropospheriosas, field monitoring

of aerosol optical properties in different regions around the world is critical for exploring the variations of aerosed radia
forcing. Among the major aerosol radiative forcing drivers, mineral dust, sulfate, nitrate and @ayéoin generally have
negative radiative forcing. Contrarilghsorbingaerosols, likblack carbor(BC), canstrondy absob visible lightenhancing

the warming effect of the atmosphddacobson, 2001; Babu and Moorthy, 20Ding et al., 2015

Light absorption and scattering of different kinds of aerosols have distinct wavelength dependencies that are approximately
proportional tol A€ or | SAE respectively, where is the wavelength and AAE and SAE are the Angstrém exponents of
absorption and scattering, respectively. Hettoe wavelength dependency of aerosol light scattering and absorption has been
recognized as an efficient index to distinguish aerosol tgggs Russell et al., 2010; Moosmiller and Chakrabarty, 2011,
Devi et al., 2016)For instanceBC can strongly absoiight at all visible wavelengths, while other light absorbing aerosols
(some organic aerosol, soil, and dwgisorbmore blue light thaned light(Moosmdller et al., 2011; Bond et al., 201Bing

et al., 2018 Thereforethe absorption Angstran exponent (AAE) is often related to the dominant absorbing aerosol type for
a mixture of aerosol@Cazorla et al., 2013he AAE in externally mixel BC-dominated regions have been reported to be
around 1(Anderson et al., 2007; Hegg et al., 2002; Bond and Bergstrom, Bo0@; et al., 20183 while it is greater than 1

for some organic aerosol from biomass smoke and mineral dust due to their dijlersdbsorbing abilities at different
wavelength rangeirchstetter et al., 2004;Russell et al., 20¥@lenzuela et al., 201Revi et al, 2016)Moreover, studies

have shown that AAE of BC has a large variability depending on the size of BC coresating thickness$e.g.,Lack and
Cappa, 2010). For necnated BC with small diameter (e.g. 10 nm), AAE is close to 1, but large BC cores can have AAE<1
(e.g.,Gyawali et al., 2009;ack and Cappa, 20).0~or coated BC particles, laboratory measuremergsiofiaiter et al. (2005)
reported that t-gineneplusogoneSOA toelddecBe@se theyAABto 0.8. Coating of BC by purely scattering
material may also result in AAE up to about 1®yéwali et al., 2009; Lack and Cappa, 20ID)e scatterig Angstran
exponent(SAE) is often regarded as a qualitative indicator of the dominating particletbateis,large valuesSAE > 2)
indicate a large contribution afmall particles and small valueSAE < 1) a large contribution dfrge particlesForinstance,
Delene and Ogren (2002gported that the influence of large sedt particles led to the lower SAE. However, this
interpretation is not quite unambiguous, as was shown, e.g. by Schuster et al. (2006) and Virkkula et aTh@8$His

theratio of scattering to extinction coefficient, i.e., the sum of scattering and absorption coefficients. It equals 1yfor purel
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scattering aerosol and clearly lower, approximately 0.3 for pure BC particles (e.g., Schnaiter et al., 2003; Mikhailov et al.
206) . SSA varies signi yc andtageyndftarelates with theepresehdhi tife tombustiont o r |
products (e.g.Dubovik et al., 2002)

There are several ways to assess the sources of aerosols, for instance by comparingoalseleredncentrations with other
tracers.As a byproduct of the incomplete oxidation, CO has a long lifetime (abgutribnths) in the troposphere, which
therefore can act as a tracer of anthropogenic emisglensings et al., 1996 strong positie correlation between BC and
CO has been found in previous studies concerning source identificd®i@am®t al., 2011; Jennings et al., 1996)¢ BC/CO
ratiois considered as a good indicator to determine BC emission and to recognize source chasaélisnosthe emission
ratio of BC and CO varies significantly from different sources, making it an effective index for validating emission iesentor
(Girach et al., 2014)'he SQ/BC ratio can be also used for assessing the sources since both BC,amd &itted in fossil

fuel combustior(Bond et al., 2013)

The Pearl River Delt§PRD) regionin Southern China has undergone fast industrialization with increasing emissions of
particulate and gaseous pollutafitéang et al., 2003)n particularthe growingcrisis of high particulate matter (PM) levels

in the Pearl River Delta (PRD) region is of great concern due to its adverse effects on regional and continental atmospheri
environmen{Wang et al., 2009; Ding et al., 2013; Lam et al., 2005; Liu@iman, 2002; Verma et al., 201®ong Kong is

a typical coastal city in the PRD region. Under the influence of the East Asian monsoon, this region is controlled by the
southerly winds bringing marine inflow from the South China Sea in summer, while ier\tirg downwind from the North

and East China Plains and dominated by the continental oyflmg et al., 2013; Lam et al., 200Zhou et al., 2013 Thus,

it is an idealplace for exploring the characteristics of optical properties for continentaharide aerosol.

There have beestudiesconcerning aerosol optical properties and lighsorbing aerosols in the PRD regibfan and Shih
(2001)did field observations dfght scattering and absorptiaoefficientsfrom September 1997 to April 1999ktong Kong.

Cheng et al. (2006apvestigated the seasonal variation patterns of BC concentrations in Hong Kong as well as the potential
sources of BC by continuous measurement fome 2004 to May 200&singmodel AE42 Aethdometer (Magee Scientific

Inc., Berkeley, Calif.) Cheng et al. (2008) presented the-arenth record of aerosol optical measurements with related
chemical apportionment at Xinken in PRD region and reported a relatively low SSA at this polluted rural site. Mixing states
of light-absorling aerosols were also investigated using optical closure experiments during campaign (Cheng et al., 2006b;
Tan et al.,, 2016)However, long-term observations obeveral key aerosol optical propertiegluding wavelength
dependencies of light scatteringdaabsorptionSSAand studie®n the relationships between optical properties and particle

size as well as their quantitative linkage to nugitiale transpowre limited in Hong Kong over the past decade.

13



10

15

20

25

30

In this studywe aim at demonstrating themporal variations of aerosol optical properties at a coastal station in Hong Kong
and investigating the relationships between aerosol optical properties and size distributions based on field obSewations.
analyses are conducted by comparing olesBCto-CO ratios as well as tH&0,-10-BC ratios Transporpatternand origins

of aerosad were quantitatively studied based afPDM. Characteristics of local aerosol optical properties dominated by

different aerosol source regions were also comparddllastrated.

2. Methodology

2.1 Sampling site

The Hok Tsui (HT) monitoring statiois situated on the southeast tip ldbng Kong Islandfacing the South China Sea
(22.22N, 114.28E, 60 m above the sea leyelith an almost vertical drop to the s@dis staton has a view of the sea for

over 180 from the northeast to southwest and is 20 km away from urban area of Hong Kong on the northwest. Owing to the
characteristics of the location mentioned above, it is an ideal backgneamitbring site for identifyindoth the longrange
transport of polluted continental/marine air mass caused by anthropogenic emissions and relatively clean marine air mass i

different season$:or more details about the HT site, pleesferto Wang et al. (2009) and papers cited in.

2.2 Light absorption measurement

Light absorptionmeasuremenivas conducted using a model & Aethalometer (Magee Scientific CompaBgrkeley,
California, USA from 1 February 2012 to 30 September 2013 and 1 March 2014 to 28 February 2015. Samptebéaivess
through a stainless steel inlet with a P\ut-off, protected with a rain cap. Prior to entering the instrument, sample air was
heated to ensure a moderate relative humidity. The sample inlet was approximately 1.5 m above the roof of tmeemieasure
station building, which was about 4 m above the grotlihd.samplepow provided by the internal pumpas set tgt.0 LPM.

The AE-31 Aethalometeperforms continuous measurements of BC concentrations at seven wavelengths (370mm, 470
520 nm, 590nm, 660 nm, 880nm and 950 nm) with a time resolution of 5 miin this work, without specific notes BC
concentrations refer to the aethalometer data measured 880 nm.Sample flow on the Aethalometer display was checked
once a week to ensure the flowsnaithin 0.2 LPM of previous week and flow calibration was conducted once a month using
an independent flowmeter. The inlet cyclone was cleaned every notider to correct the systematic errors of filbased
absorption technique, the light absorptimoefficients( 4) at all wavelengths werealculated byising the method presented

by Collaud Coen et al. (2010) where #igs factor was set to be 4.26 according to the value f@abhauw (CAB)station
reported in the same pap&AB station is located near populated and industrialized areas which was to some extent similar
to Hok Tsui station (near most of cities in the Pearl River Delta region). The reported averagki€at CAB was 4.26 +
0.11 and it varies from 2.60 to 4. {Collaud Coen et al., 201.0There was no MAAP or any other reference absorption

instrument available so determining«@t Hok Tsui was not possible and the published meamtCCAB station was used.

14



10

15

20

25

30

However, t o pr esen ty the 6. =u3bp ealculaed forithe aleae mafine site Gf Mace Head (MHD)
(Coll aud Coen et al ., 2010) wgasd S8A seqresestad th tha distussiShsee the e s p e
Cret is responsible for the largest uncertainty in the calcillao nap (GollaudiCoen et al., 2010) we did not make further
uncertainty analyses by using the uncertainties related to the other factors within the alddrbmtion coefficients were
presented under Standard Temperature and Pressure (STP) 78018 hPa). Measured BC concentrations were corrected

following the algorithm presented Mirkkula et al. (2007)

2.3 Light scattering measurement

Light scattemg coefficients {isp) at wavelength of 450 nm, 550 nm and 700 nm were measured usiimjegrating
nephelometer (Model 3563 Sl Inc, St. Paul, MN, USA The averaging time was set to 5 min. Calibration was conducted
once a month using G@nd filtered air as described in the user mardmlinternal heater wassedto maintain a moderate
relative humidity during measuremeRaw(s,data were corrected for truncation errors following the method (forderson

and Ogren, 1998)here the scattering coefficients were determined by calculating the Angstrdn expdémentuncorrected
scattering coefficients and the correction factors witkcabinlet. Scattering coefficients were then corrected to STP using

pressure and temperature readings from the nephelometer.

T h epa in dpdaia were used for calculating SSAsf & a2l The nephelometer took its sample from a Total Suspended
Particle inlet (TSP) but the Aethalometer through aPlet so it may seermomewhatincertain which size range the SSA
represents. However, BC is the most important {adbgorbing constituent in aerosol particles and it is well known that they
are in the submicron size range. In larger particles there might be sorreblgginbing dust particles but their contribution at
this site can be considered to be negligible. Theref@saetsonable to claim that the absorption coefficients derived from the
aethalometer data represent absorption in the full TSP size range even if there wasrde®kér the Aethalometer. And
since the scattering coefficients were measured after anledit is also reasonable to say that the SSA represents that of TSP.

2.4 Particle size measuremenand the use of the size distributions

An Ultrafine Particle Monitor (UFP, Model 3031, TSI Inc.) was used to medlaraimbersize distributiorof particles in

the size range of 20 to 800 nm with six size bins of mobility diam&@f30 nm, 30~50 nm, 50~70 nm, 70~100 nm,
100~200 nm and 200~800 nm. The operating principle of UFP Monitor is basbfiusion charging of particles, follovde

by size segegation within aDifferential Mobility Analyzer (DMA) aml detection of the aerosol véasensitive electrometer.

The UFP monitor was equipped with a Model 3031200 environmental sampling system. The sample inlet was placed 2.0 r
above the ground. mbient dr was continuously drawn through a size selective;fiMlet at a standard flow rate of

16.7 L/min. The samplethen passd through a PM cyclone to remove larger particles. The masample stream was
subsamplednto the UFP at a flow rate of 5 L/min. A Nafiomryer wasinstalledupstream of théJFP toensureproper

conditioning of the aeros@nd tominimize efects due tavater vapor The remaining 11.7/min of makeup air, drawn
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through a vacuum pump and exhausteds raited through the Nafion dryer as purge althe averaging time was set to
15 min.

Thetotalmass concentratiors particles with mobility diameter less than 800were calculated using the following equation:
n
_ P
PMl_a NiriEDp,i’ 1)
i=1
where N'was the number concentration in each sizepiwas the density of particles assumed to be 1.7-g By was the

geometric mean of the upper and lower limit diameter in each size bin.

For spherical particles the aerodynamic diametds Dalculated from the mobility diametem@s D = Dnv’o/ £ whererp
is the density of the particle dm, the density of wateiFor Dy, = 0.8 pm andr, = 1.7 g cn this yields @ = 1.0 pm. In the

results, therefore, the mass concentration calculated from the number size distrivaidasoted as PM

The size distributions were ustat calculating scattering coefficients from:

pD;
4

where the scattering efficiencies (Qsp) were calculated by using the BHMIE code (Bohren and Huffman, 1983). ¥ assum

So( )=Ral Dpm

n(DydD,, 2)

that the [3 of each particle is equal to the geometric mean of the upper and lower limit diameter in its size bin for modeling
andthe aerosois ammonium sulfate witthe refractive index m = p= 1.52(Chamaillard et al., 2006Y he refractive index

used in the modeling could in principle be varied and iterated until the measured and modeled scattering coefficieats match a
was done, e.g., by Virkkula et al. (2011). However, due to the different size ranges and low number of size bins of the size

distributions, this kind of iteration is not reasonable for the data in this work.

Both the PMa n d ¢ chleulatéd from the number size distributions have uncertainties due to the uncertainties
of the UFP monitor. The first is the wide range of particle diameters within the size bins and the use of the geometric
mean of the bin limits for the whole bin. Bhyields the highest uncertainty for the bin that measures particles in
the size range 200800 nm as can easily be calculated assuming all particles in that size range were 800 nm insteac
of the geometric mean 400 nm. This calculation is theoreticahenréal atmosphere, however and yields
unrealistically high uncertainties and will not be analyzed further. Another source of uncertairdjers telthe
instrument itselfHillemann et al. (2014) found that the number concentrations measured by UFB/idicakly

within a range of £20 % from the reference values measured with an SMPSGAlser-Moreno et al. (2015)
compared the UFP with an SMPS and found thati#ieedsstributions measured by UFPM and SMPS were similar
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in the sense that the peak camitations were observed at the same size. In the same study it was also observed
that in the size channels corresponding to particle diameters < 100 nm the UFP overestimated the numbe
concentrations and in the two largest channels it underestimatechtbemeoncentrations. These are the channels
that measure the particles that have the highest mass and that scatter light most efficiently. It may therefore b
argued that boththe PBM nd t h e gmre dnderestichated.

It was mentioned above that tRdl; concentrationsvere calculated by using the density of 1.7 gtwmhich
deserves reasoninghe densities of major inorganic aerosol compounds such as ammonium sulfate and sodium
chloride are 1.76 and 2.165 géife.g. Tang, 1996). Zhang et al. (2)@8timated that the density of sulfuric acid
coated soot is 1.7 g ctnAmbient aerosols contain also many unknown compounds such as organics and also some
water even after drying to RH < 50 %. Densities of real atmospheric aerosols have been measavelin
campaigns. Quinn et al. (2001) determined aerosol densities on a cruise across the Atlantic Ocean. The density
submicron aerosols, averaged from observations at very different regions was 1.73 +0:24gzat al. (2003)
determined the nam apparent particle density of 1.6 +0.5 gtfar urban aerosol. Saarikoski et al. (2005) found

that at a boreal forest site the average density wast10683 g cn¥. Based on these publications it is reasonable

to use the density of 1.7 g crfor the estimation of aerosol mass concentration from the number size distributions
of particles smaller than 800 nmhmobility diameterlt has to be noted, however that there is uncertanty in it since

it was not measured at this site.

2.5 Supporting measuremens

CO data was used to help analyzing aerosol sources siypitlly originating from incomplete combustion like B&ourly

mixing ratios of arbon monoxide was measured with a nondispersive infrared absorption instrument (Teledyne API Model
300)at Hok Tsui station

In addition to the measurements at the HT statios following supporting data measured at two #AmBasites were used in
the analysesSQ; is the precursor of sulphate, the most important {8giatttering constituent and it is @lene of the major
pollutants of ship emission. PM concentrations can be used for a sgomantitative quality check of the aerosol mass
concentrations calculated from the size distributitmairly SG and PM s concentrations at Eastern station (alibkin away
from HT station, the location is shown in Fig. 1b) were downloaded from theampeiss dataset from the website of Hong

Kong Environmental Protection Department (HKEPD).
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The hourly averagkmeteorological parameters including air temperatalative humidity RH), wind direction, wind speed
and precipitation were obtained from dataset in the HKEPD in which meteorological data from the nearest meteorological

station (Waglan Island, WGL) was used for analyzing in this paper. The location ofsWBinis shown inFig. 1b.

2.6 Backward Lagrangian particle dispersion modeling(LPDM)

Transport and dispersion simulations were condugséty a Lagrangiaparticledispersion modéig (LPDM) following the
method developed by Ding et al. (201BPDM was conductedby using the Hybrid Singl®article Lagrangian Integrated
Trajectory (HYSPLIT) model, developed in the Air Resource Laboratory (ARL) of the USAordatOceanic and
Atmospheric Administratior{Draxler, 1998;Stein et al., 2015)in each simulation, particles wereleased at a height of
100 m abwe the ground level at the saad backward in time for aday period LPDM calculatiors were diven with GDAS

(Global Data Assimilation System) datattp://ready.arl.noaa.gov/HYSPLIT.ph@Particle positioawerecalculated in each

hourand gidded concentrationsere in aspatial resolution 0®.01°in latitude by 001°n longitude.

Knowing the transport characteristics of air masses, the next step was to explore the source profile of light absatbig parti
affecting the regional aerosol optical properties in Hong K&mgce BC is the mosignificant lightabsorbing constituent of
aerosolsthe PSCof BC to observed air massesas catulatedusingMIX Asian emission inventorylLi et al., 2015}ogether

with LPDM results The MIX emission inventory hashorizontalgrid resolution of 0.25>0.25° in longitude and latitude and

it considered the anthropogenic emissions from transportation, residential, industry and power generation in continental aree
In each grid cell, mission rate was multiplied with the footprint retropluara the sum athis potential source contribution

of all grid cells can provide the total BC concentration resulting from emissions during a certain {@rigcet al., 2013)

The maps of averaged source contribution profile of BC in different seasons were calawetéutyc70-14C in longitude

and 0-50° in latitude This method to calculate the PSC of target pollutants has been adopted in a previous Bindyeby

al. (2013) The major advantage of this method is that it captures the potential contributiogetpiatutants to the receptor

due to the transport of air mass containing the information of anthropogenic emissions.

In this study, the MIX emission inventory provided relatively high spatial resolution of BC emission rates considerijog its ma
anthrgogenic sources in China and nearby Asian countries. However, marine emission is not included indhtabXe.

To investigate the possible influence of marine sources, like ship emissions, on the observed aerosol concentrations at th
coastal site, waused the observed aerosol concentrations together with the LPDM fooipentused the following

concentratiorweightedequation tccalculatethe potential source contributidrom each grid cell:

a (Xtm(i,j))
Ay = 3
ta:-l Rap
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where x is the selected optical property or other parameters, and welighosgdndPM; in this study. R represents the
retroplume with 3day backward timet.is the time step andlis the total number of the time steps. The interpretati®&ya8)

is that itshowsthe average value of the properntyobserved at the receiving site when air masses have come from over grid
cell i,j. The method is analogous to that presented by Stadll ¢1996) and theoncentratiorweighted trajectory (CWT)
methods reviewed by Cheng et al. (2015). The major difference is that in the present approach the footprints weredused instes

of single trajectories for each time step.

3. Results and discussion

3.1 Aerosol optical properties and their relationships with particle size

3.1.1 Overall results of aerosol optical propertiesand related parameters

Table 1 shows a basic statistical summarglbfneasured parameters. The light absorption coefficierds%=80 nmwere
interpolaed betweert h g, at 520 nm and 590 nnThe mean absorption and scattering coefficiengs860 nmduring the

whole measurement period we88+6.1 Mm™* and151 £100Mm, respectivelyAs mentioned in the methods, the above
mentionedl., was calculated by using the.f CAB. If, instead we use thedco f M H,B=,10.10 6.1, which may be
considered as an upper estimdtable 2 summarizs the light scattering and absorption coefficients and single scattering
albedos observed in this study and in selected other studies using comparable ins{iMareatsd Shih, 2001Xu et al.,
2002;Yanetal.,,2008)0n aver aawas tbeed than that measured at Linda
area of the Yangtze River Delta Regidtu(etal., 2002) Compared to the val gwaslovethanur ed
that observed in Hok Tsui from November 1997 to February 18 and Shih, 2001 As the most significant light
absorbing constituent of aerosols, a similar decrease of BC concentration wasidsddble3 presents the me@1C mass
concentrations reported in other comparable studies. The overall average of BC mass concentrations in this stutly was 1.4
1.1 pg/m? (Table 1), which was lower than the values observed at same site iR2Z00®4(with a mean of 2.4g/m? using

AE-42 AethalometerJCheng et al., 2006 A decreasing trend of BC concentration was found at Panyu station in the PRD
region with a decreasing rate of approximatelyglm? per year from 2004 to 20QWVu et al., 2009)Comparedo the other

rural sites in the South China, BC levels in Hok Tsafigh were lower than the concentrations measured at a rural site in the
center of PRD region, yet higher than those on Yongxing Island, an oceanic rural site in the middle of the South China See
(Yu et al., 2013)BC concentrations weralsohigher thanfiose measured in European coastal sta{iaba and Despiau,
2009; Andr i ejTahues Wés eomparable2t®tba8gbtained at Shangdianzi station in the suburb of Beijing, but
much higher than the value at Hok Tsui station measured a deca(®aamget al., 2008Vlan and Shih, 2001 he overall

average SS#&onmwas 0.93t 0.05 whichwasc o mpar abl e to t hat i n Xuetat, 200Rbut higherat i ot
than those measured in a suburbtationin Northern China (MeaBSAs:s.m = 0.88) (Yan et al., 2008 And as done above

f o ¥, a lower estimate for SSAG:92 +0.05can be obtained by using the@f MHD in the calculations. This shows that
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even by changing the. &by ~20% the SSA is very high, which is reasonable at asitee seaCO mixing ratios in Hok Tsui

station were comparable to those measured at same site #19984Lam et al., 2001).

3.1.2 Temporal variations and overall characteristics
The seasonal cycles of target parameters were anahagstl on hourkaveraged data classified as four seasons: winter
(Decembeifebruary), springMarch May), summe(Juné August), and autumn (Septemblovember) Seasonal averaged
values of seleted parameters are listedTable4. Theh i g h.gamdUsp Walueswere observed in winter (1097.1 Mm™!
and 193.5: 102Mm%, respectively), which were more than twice that of summer. Similar pattern w@ivet in a previous
study in Hong Kong in 1997999(Man and Shih, 2001 ompared with other rural/background sites, the averagesasA
at Hok Tsui was 0.94 0.03during autumnwhich was higher than that measured at Xinken, PRD, Ghitiee sameseason
(0.83= 0.05), while this value was 0.90.06 in summemwhich wasslightly lower than that observed at a coastal station in
Norway in summer (0.94 0.05,Mogo et al., 201p

Fig. 2 presents the onthly variation of measured optical properties and meteorological parameters. A clear seasonal cycle
of aerosol optical propertiés shown with,, andUs, peaked inJanuary and reached to the lowest level in July. The aerosol
was the darkest in summer especially in August, with a seasonal mean SSA of 0.87, while it was lighter in winter. Averaged
seasonal values 0f3SAin 36 wind sectorsre presented ifrig. 3a. These figureshow the disparity 08SAfrom different
wind directions. Overall, air plume coming from the southwest to the north3@2phad higher :SSA, i.e lower SSA than
that from the east (4535}. Ding et al. (2013}eportedthat the contribution of anthropogenic emissions from Guangdong and
Hong Kong was the highest in August, which means more freshly emitted urban aerosols were brought to the monitoring
staion with lower SSA in this montliCheng et al., 2008Main synoptic process contributing to this kind gebgional
transport istropical cyclones.Ding et al. (2004)explained themechanismon howthesetropical cyclones influencéhe
development of sekand breeze and further on stdgional and urban air mass accumulation in the South China. Zhang et al.
(2013) found an important influence of tropical cyclones in ozone and haze pollution in this region in summer based on an
analysis of 13year data.

Anotherpossible reason for the relatively low SSA in Auggghat the air mass came mainly from the southwest of the
site Fig. 1), a main waterway for oceagping vessels in Hong Koryau et al., 2012)These vessels emittednsiderable
amount of light absorbing carbon from diesel engines during combustion. Siatilarmpwas also observed in the seasonal
diagrams of BC, S§ PM, sand COwhich are typical components of ship exhd&sg. 2, Hong Kong Air Pollutant Emission
Invertory for 2013 from Hong Kong Environmental Protection Department:

http://www.epd.gov.hk/epd/english/environmentinhk/air/data/emission_inve.html

Fig. 3b demonstrates the averageddad retroplume of the times when SSA was lower than 0.9. Compared with the
overallaveraged-day retroplume during the whole measurenpaniod Eig. 3c), darker aerosols were mostly from two main

types of regions in the vicinitypne was the nearby continental area, where fresh polluted air massasgliiian Hong Kong
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and neighboring PRD citieanother branch was from the ocean side. Fresh emission of passing ships or fast transport from

the South Asia could lead to higher proportion of BC in the air plumes and thus caused lower SSA.

Fig. 4 shows thaliurnal cycles oflap, Usp, BC, CO andPM; for four seasons. There was an increas@éghfter sunrise
with peakoccurredbefore noontime. Inight be associataslith a combined effect of increased human activitiestaritlence
mixing in the boundary layer in the morninthis pattern was more significant in summaéthough thepollution level was
relatively low. Thisphenomenosupports thexplanatiorof turbulert mixing from middle or uppeplanetary boundary layer
(PBL) because of a stronger vertical mixing in sumriae PM; also showeé@ daytime maximum concentration but with the
peak in the afternooffrig. 4c). Forlsp, morning peaks were nassignificantasia, The decrease @k, in the early afternoon
might cause by further development of PBL or mixing layer, in which the air pollutants experienced a substhtitad,
resulting inlower concentrations of pollutants at the ground surf@aernal variations and fluctuations of CO mixing ratios

show a similapaternwith Uapbut a relatively smallevariability.

3.1.3 Optical properties and their relationships with particle size
Wavelength dependencies of aerosol light scattering and absorption are closely related to aerosol size and dominating aeros
types To find out the difference of liglabsorbingmaterials Fig. 5a displays the relationship 0§SA with AAE color-coded
with BC mass fraction of submicron particlé; was calculated from the particle number size distributions measured with
the UFP monitor). Ishowsthat aerosols with high SSA had lower BC fraction trad AAE varied greatly in the lower e
region, indicating the dominance of scattering particles. Such kind of air maaskkely of longertransport time and the
BC aerosolshad mixed well with light scattering aerosols during transport. Contrarily, th&®Avvalues mostly occurred
when AAE were closely distributed around 1.0 and in these cases BC took up a higher proportion (red dots in
Fig. 5a), showinga freshremittedBC plumes

Fig. 5b and 5¢c demonstrate the relationships between particle size and their scAtiggtign exponentsas well as
their darkness. It can be olpged that SAE generally increased with decreasing SSA. Dark aerosols with low SSA were mostly
small in size with low GMD but high BC fraction. These small dark aerosols had higher SAE (1.5 to 2.0). The wide range of
SAE was possibly due to the mixed cohtsg continental aerosols and large-sadt aerosols.

Fig. 6 shows the scatter plot &f, calculated usingeq.(2) versusthe measuredsp . The slope ofisp, submicrod Usp, obsWas
0.86, indicating that submicron particles were the major light scattering components in the air masses ahékttug dtsui
station. For most of timi the study periodthe simulatedis, was lower tharthe observedis,. This is probablyjbecauséhat
the particle size distribution data from UFP monitor ugdte calculatioronly thescanned submicron particledth mobility
diameterfrom 20 to 800 nn{seeFig. 6b and 6c)but thenephelometerequipped with a TSP inleieasued light scattering
coefficients from all particlewith a wider size rangd he relativelylimited number ofparticle size bins in the UFP monitor
probably alsoleads to uncertainties fdhe calculationof Cs, Hence, this result can only provide rough image of the

relationships between particle light scattering and their size distritatttbeHok Tsui stationlt can be observed that particles
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with Dy less tlan 200 nm contributed the largest fraction of the total number of submicron particles but very little to the total
scattering whereas the small amount of larger particlgs2@-800 nm) contributed the most to the total light scattering.
The scatter plo(Fig 6a) also shows that there were clusters of data where the modeled and meafitisase to the
111 ine and cl ust e rgsvaselealylagerttharethemedeledftee cdmpiiting the averaged retroplume
of these clusters, it vgafound thathe former data cluster is mbstssociated with polluted continental air and the latter with

stronger winds and sea salt partiqligures were not shown)

3.2 Source identification

Fig. 7 shows the spatial distribution dC/CO emissiorratiosin EastChina andhe nearbyregions calculated using the MIX
emission inventorylt can beseenthat BCLCO emissionratio washigher n Shanxi Province (higher than 2§/m3/ppby),
Taiwan Island (approximately 20ym3/ppby) and the regions along the coastline of East China. As reported by previous
studies BC/CO emission ratio from industrial coal burning ranges from 1.9 twg26%/pplbv and it was 5.6~13.3 fg®/ppbv

from open biomass burninVang et al., 2011Zhang et al., 2009) For diesel vehicles, BC/CO emission ratio was
14~39 ngm®ppbv and it was 15.6 hg*/ppbv for ship emission calculated from a previous study in South(Biikerson et

al., 2002) A strong correlation between BC and CO and a high slope}ofi®? g BC/g CO were found from a previous
study using €130 aircraft flew over the Arabian SeadaNorthern Indian OceafDickerson et al., 2002ylayol-Bracero et

al., 2002)

In this studypB C/ ga@d3BGQ/BC ratios were investigated to study the source characteristics and the freshness of the
fuel combustion sourcegpB C/ gfi@Ogrowth of BC and CQotal concentration minus regional baseli8packman et al.,
2008 and SQ/BC were calculated with-fhour time resolution. The baseline of BC and CO were determined &% 1.25
percentiles of data in each moiiran et al., 2011 Monthly variation ofpB C/ qEQidplayed irFig. 8 together with S@BC
to demonstrate the fuel burning emission profile sincgi$@® ceemitted species of fossil fuel combusti@ondet al., 2013)
Reference emission ratios of BIZD and SG/BC from previous studieBond et al., 2013; Li et al., 2018Je also plotted in
Fig. 8.

In Hong Kong, majo SG; emission was from navigation and public electricity generation, contributing 50% and 47%
to total SQ emission (Emission Inventory 2013, HKEPRD
http://lwww.epd.gov.hk/epd/english/environmentinhk/air/data/emission_invé.Htimvever, these two sourcesly took up
19% and 6% of CO emissi@nd he largest contributor of CO reported in the emission inventory was road transport (59%).
As shown inFig.8, B C/ ga@d3O,/BC ratios presented similar monthly variation pattefiie monthly meagpB C/ pC O
ranged fr om -ppbs duting whdltudy getioth The highest values occurred in summer months for both
B C/ qa@dsQ/BC and the ratios were relatively lowir winter. Since S@has short lifetimgwhich can easilyleposit
andtransforminto secondary aerosplthe synchronous elevation@fB C/ gqa@d>5G/BC in summeindicates that freshly

emitted anthropogenic pollutantsight be more easily influencethy the air massesdn this coastabrea. The decrease of
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@B C/ gqa@dBQ/BCin winter provided the evidence that this area was under the influence of contaminated air masses from
a longer distancé=ig. 9 displaysthescattemplot of BC vs. CO in four wind sectors, giving an image of the freshness of polluted
air masses and the intensities of combustion emissions from different directions. For wind directions from 1&0the 36
data points show a good positive correlation, suggesting that most of the BC and CO emission sources in these areas we
closer to the measurement site. Data points in th80wind direction sector were much more scattered with a lower slope
of BC-CO and weaker correlation coefficients, indicating the higher complexity of source regions and longer transport age of
air pollutants coming from the northeast to southeast. Through the transport of air plume, diffusion and deposition of air
pollutantswould decrease their concentrations arriving to the receptor and therefore lower the sfdpeCof gqa@dxheir
correlation coefficients

To investigate the transpguatternof air mases arrived at the site during teudyperiod Fig. 10 shows averaged-day
retroplume forfour seasos. As that presented in Ding et al. (2013), it showstinguishedlifferent transport patterns under
the influence of Asian monsooBuring summer, the majority of air mastame from the south and nearby PRD cities. Due
to the dominance of relatively clean marine air, emission from passing ships or local aatigtipeentegionscould make
visible effecton thetemporalvariatiors of airpollutans. The source distribution was more complicated during winter. Driven
by the winter monsoon, cold and dry air masses transported along the coastline of the East Chinacantt&ld@hina took
up a higher proption in winter monthgDing et al., 2013)There were also air masses passing through Taiwan Island and the
East China Sea during cold seaskig(10a).

Since BC $ the most significant ligkabsorbing constituent of aerosais evaluate the potential source contribution of light
absorbing particles on regional optical properties, averaged PSC mapsfof &8i@erent transport time and seasawsre
calculated usig the method described 8ect.2.6, and illustrated irig. 11. However,here we onlycalculatel the PSC from
emission over land because #neilableemission inventory from MIX database is mainly focus on land #&a&hown in
Fig. 11a and 10b, BC concentrations were influenced by the transport from nearbywdtties a short time, especially
Shenzhen and urban Hong Kong. Lelagge transport of BC from the South and East Chingddyed importantontributon.

It was also showed th&C coming from continental area through longer distance took up a highmarfion of the pollutant

level in winter Fig. 11d) than that in summer monthig. 11c). During summer, local emission was the biggest BC contributor.

Fig. 12a-11cillustrates the average levebf (q, Usp andPM; and the correspondirfgequency of occurrence for air masses
passing through different regionalculated usingq.(3) Together with the shipping routes density miig.(12d), it can be
observed that the high levels @, andUs, were closely associated with the congested shipping lanes in the maritime space
nearby Hong Kong. The highy, andls, were especially visible in the northeast due to the prevailing northeasterly wind from
autunm to spring, transporting ship exhausts mainly thrahgT aiwan Strait. The beltke zone with highetl, andls, was

likely to be the reveal of ship emission. As showrfFig. 12d, there were dense shipping routes between Hong Kong and

Singapore transporting through the Xisha Islands in the South China Sea where the routes were similar tidglaedzdgh
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the south. During summer, Hong Kong was influeniegdhe southerly and southwesterly wind, bringing clean marine air to
this region for the most of time and leading to the lower pollutant I[€Wdag et al., 2009; Ding et al., 2018jereFig. 12
indicates that Hong Kong could be affected by the passing vessels in the South China Sea due to controlling wind directior

driven by the summer monsoon.

3.3 Analyses ofselected episodes

Fig. 13 demonstrates the aerosol optical properties andCBG:orrelations associated with air masses from different source
regions during selected episodes. The major source regions were Guangddonggiang (GH), ship emission (SP), North

China (NC), and aged continental area (AGC). The selection of the episodes was done by combining the footprints using
LPDM and the variation trend aerosol optical properties and PMThe air pollution plumesoming from Guangdong and

urban Hong Kong had the highest BC and CO concentratkigs1(3a), indicating higher level of emission intensity and
stronger light extingédn ability of aerosols from these regions. The slope of BC vs. CO was the highest from ship emission
(0.012 g/m¥/ppbv) with high correlation {+0.84), showing that ship emission source was close to the measurement station

and its exhausts could largedffect the pollution level.

Fig. 13b displays thafngstrém exponens of scattering from Guangdong and Hong Kong were relatively high as well as ship
emission compad with that from aged continental area and North China, proving the dominance of smaller particles of
emissions from PRD cities and passing ships.cB@taining particles transported from the North and East China went through
longer coating and depositigmrocesses, whickerlarged their size but decreasedheir concentrations arriving to the

measurement site. This can further explain the lower SSA in summer months.

Overall, the analyses suggetsiat aerosols from different source regions could make dgisetepancies on regional aerosol
optical properties Thus more ground observations of aerosol optical properties ragededto fully understand the
characteristics of different types of atmospheric aerosols and provide reference datasets for fedtigatingaerosol

radiative forcing and climatic effects.

4. Conclusions

Based on aerosabptical propertiesrelevant species and aerosol sizeasured at Hok Tsui station in Hong Kong studied

the temporaVariationsand investigated the potential soes by using correlation analysis and Lagrangian dispersion modeling.
Overall, the absorption coefficiends the site in the South China coastal regiene lower than most of other rural sites in
easterrChina. Scattering coefficients observed in thiglgtwere almost twice as the values monitored at the same station in

1998, yet BC concentrations decreased over fifty percent compared with the measurements ime2@@¥kest aerosols were
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smallerin particle sizebut showed strong scattering wavelengipendencies, indicating possildeurcesfrom fresh
emissions close to the measurement site. Particles with ZD0-800 nm were less in number, yet contributed the most to the

light scattering coefficients among submicron particles.

A remarkable coelation was found for BC and CO concentrations during episodeB.C/ qm@age from

1.5 t o Ppab0! dwinglwhole periodBothcpB C/ qa@dB5Q/BC peaked in summer months amdre relatively low

in spring and autumnn summer, the siteas affected by nearby combustion souredsle in spring and autumn the observed

air massesvere moreunder influence of welimixed air masses from lomgnge transportMulti-year backward LPDM and
PSCanalysistogether with casetedies provided detailed information of the transport of air masses and their impacts on
aerosol optical properties. For summer months, air masses moved southward over Shenzhen and urban Hong Kong broug
air pollutants mainly from residential and trangption to the measurement site showing strong light absorbing ability, and
ship exhausts were introduced into the southerly marine air with higher speed, showing strong positive correlation betweer
BC and CO. These fresh emission sources led to low SSiAgdsummer. For winter and autumn months, the air plume
arriving at Hok Tsui station was a mixture of mudtiurce aerosol including air masses from South China, East Gastal

regions, and aged aerosol transported over Pacific Ocean and Taiwandalasidg stronger abilities of light extinction and

larger variability of aerosol optical properties as well as pollutant concentrations.

Acknowledgements

The data measurement of trssudy was supported HK projediH-ZDA8), Research Grants Council of Hong Kong
Governmen{PolyU 152083/14ER0olyU 152090/15FandHong Kong RGC Collaborative Research Fund (C502@). The

data analysiswas supported by NSFC (D0512/9154423the National Special Research Fund for NRyofit Secor
(Environmendl Protection) (No201509004 The authors would like to thank Mr. Steven Poon for the support of trace gases
measurement at the Hok Tsui Site and thaimig Ke for useful discussions.

References

Anderson, T. LDetendi ®@gngnAedosAl : Radi ative Properties
Aerosol Sci2%9exhOO6B.

Andriejauskiena, J.: Bl ack carbon aerosol Lat ht héd .4B& & KgBr3
1494, 2008.

Bohren, C. F., and Huff man, Dy SRmal IAWEsoe tpit @B Eonrdk scat t «

Bond, T. C. and Bergstrom, R. W : Light Absorption by Ca
40,16 227006

Bond, T. C., Doherty, S. J., Fahey, D. W, Forsterer , P. r

25



10

15

20

25

30

Ch

Ch

Ch

Ch

Ch

B. , and Koch, D. : Bounding the role of blackGeaplhysn. i
Amos. 118, 2013.

zorl a, A., Bahadur, R. , Suski , K., Cahil I, J. ., Chand,
absorption due to soot, organic carbentuarcdheduiustal t ane¢
At mospheric ChemistOB5&0nd 2PMHBsics, 13, 9337

amaillard, K., Kleefeld, C., Jennings, S=-s,alQe baverrnoisso,l I

inferred from modebasngd smeadld es®madbiptexg,t o os d ., Rla0dib,a 149 8T
2006 .

eng, Y., Lee, S. , Ho, K., Wang, Y., Cao, J., Chow, J.,
Chidha, GeophySt mRRéefsAB@e2), d411, 2006

eng, YrFk. H.Ei c(Wiledensohler, A., Heintzenberg, Zhang, Y.
Bruggemann, E. , and H. L. Y.: M kahgosbang aftrebsemenbai
from in situ paresche Kpnkeal i pr Peparl River Delta of
20060b.

enf, Wi.edensohler, A., Eichler, H. , Su, H. , Gnauk, T.
Tuch, T., Hu, M., taindalZhpmagpenNti edenodoltebpted chemiceé
Del t a OAft mdhksi.n &,n&2 ;6 8GR51 200 8.

eng, Il ., Xu, X., and-balsandg . ,solur:.ceOCwvupmpopewioatmend ad¢muap e
At mos. Chem87VA®YS, ,20A55.

en, M. C., Weingartner, -FchmiAdphawd ery,, R., FEledutjn& s, H.D.
Moer man, M., and Petzold, A.: Mini mi#Adtnigall d mehtte ra:b seow glt
correcti oAt ambgor Meh &8s4,7H8§7T 2.010 .

vi, J.J., Bergin, M. , Mc Kenzi e, M., Schauer, J.dipnanc
in the rural d48d At hmes. SEavh42a8201436, 95

l ene, D. J. and Ogren, J. A.: Variability of ader.osol
At mos, 5%;1151035 2002.

ickerson, R., Andreae,O0.M. , NeCwmsmpesss, TC. , Maryd | Dtrracetro,, D.
monoxide observed over the I ndian Ocean: Gé oph ykQart R @Z0sC
ng, A.J., Huang, X. , -N\i,e,PTeN,2 jBFaummg,Chk.n. ,-¥Ke F\Wg mgganig.v. b
X. G. , Wang, J. P., Virkkul a, A. Guo, W. D. , Yuan, ,J., \
S., Kul mal a, M., and Fu, C. B.: nkeghaacncded h anz eC hp onlal, u tGeoo
6, 287®, doi:10.1002/2016GLO67745, 2016.

ng, A., Wang, T., Zhao, M. -l aMachghr §ezesanandia &i sc B3 i

the transport ofmuddtaiy po2zomne i epi slawd e nign atAtemoPse.a r,Hn3Mi,rvoel

26



10

15

20

25

30

673750, 2004.

Ding, A., Wang, T., and Fu, C.: Transport characteristi
Chiha, Geophys, REBI4 8@ M0z013.

Draxl er, R. R., and Hess, G.eill lAmgo wersuicatw fr tMeaa X DD I i
29508, 1998.

Girach, ., Nair, V., Babu, S., and Nair, P. : Bl ack carl
charactA¢ most i Ea¥V45r10mmA082014.

G- m&or eno, F. J., Alons8e] | Bg| ©SsainExstfiaenro,, B..,, Pliufneciarlq | gl «
Perez, N. , Pey, J. Ri poll, A., Alastuey, A., De | a |
Lyamani, -Ar.bolAd halo,s L., Latorr:e,l nE.er cTormptasrcihseorn s €afs ma k
and condensation particle counters in the frame of th
Technol . 14859 RO0OtLH7Z7/ dx. doi .org/ 10.1080/02786826.2015

Gywal i , M., Arnott, W P., Lewi s, K., and Moosmuell er, H.

Summer 2008 California Wil dfiresAbasmd btimeg IOmfglame mc eCo@f
Light Absor ptmi offh gAt087®d7,, Ch®09.

Hegag, D., Covert, D. , Crahan, K., aadt demissg@g hon HRH dbher
Geophys., Res, PReoep.

Hi |l |l emann, L., Zschoppe, A., Calddw, UR.t,r agem, P@rretslacl,l veeadh
Number Concentration Measurement £ 8iliIAL4At @O@d@dheric Aer o

Hyvarinen, A. Kol monen, P., Ker mi nen, V. , Vi r k kothlla, AA.,
Aal t o, P., Kul mal a, M. , Lehtinen, K., Viisanen, Y.,
measurement sites over AimosandEndas;4ab®awa201d. the Arct

Jennings, S., Spvairn,ngTl,. H.DodKderlildyge B.B. ,and Hansen, A.: Cc
and carbon monodi dGeaphiaCe;RBEBHM47 1996.

Kuhl busch, T., John, A., and Fissan,uHal mMmeaswnrlngasi aei
Ar e a, Gletrmoasn.y ,,En¥5-F20Mm1 3200 1.

Lack, D.A. and Cappa, C.D.: | mpact of brown and cl ear c
absorption wavelength,dApemodenCHedd2PhagsXkQrt@nbo

Lam, K., Wang, T. , Chan, L., Wang, T. , and Harri s, J .
carbon monoxide at a Atorasd .al,Emibt;RaBisalr2 Hoh.g Kong,

Li, M., Zhang, Q., Kurokawa, J., Woo, J., He, K., Lu, Z.
Huo, H., Jiang, X., Kang, S., Liu, F., Su, H., and Zh
the MIsC& and t heAtHTAL. pCherabitBBEB8I 3 2015.

Lyamani , H., Ol mo -Repebsedhs,JL, : aRPthyAli addbsand optical p

27



10

15

20

25

30

in Spain: seasonal and disur,28&D5v4ar 2alholity, Atmos. Ch

Man, C., and Shi h, M. : Light scattering akh.d Aaebrsoosdp2t,i nd 5
804, 2001.

May-Brlacer o, o., Gabriel, R. , Andr eae, M., PKjr amst eStttreere
Carbonaceous aerosols over the Indian Ocean during the
optical properti els., Guenodp,hpyrk@ly aRelzd 0our ces,

Mi khail ov, E. , VI asenrkaot,ha$., VPodgaonrdnyCorlr.i,gaRamaCe r: dOpa
aggl omerates: An experi melilt6é, twedy, J. Geophys. Res.

Mo g o, S., et al. (2012) . "ln situ measurementstafl niemgo o
of Norway during Athmeoss.unGieamn.? (ABPDH.B584 1

Moosm¢gl | er H. and Chakrabarty, R. K. : Techni cal Not e: S

aerosol extinction,sisncgaltet esrciantgt,e raibnsgo rapltH €odid @ a81tmo .0 1A h

Moosm¢l | er, H. , Chakrabarty, R. K., Ehl er s, K. M., and
aerosol s: basic concepts, mad .k Onade m.é 2RIVAZND, sV e-b1LO4l a
122011, 2011

Pan, X. Kanaya, Y., Wang, zZ. , Liu, Y., Pochanart, P.,
Correlation of black car bormhkaletriotsiod e aerdv icracg hbrmenn tmomfo x Mtc
At mos. Chem.l PMy7/35 2011.

Pitz, M. , Cyrys, J., Kar g, E., Wiedensohler, A., Wi ahmar
ur ban aerosol i eBroei &Rodmehnaldgy, 30029), 4336

Quinn, P., Coffman, D., Bates, T., Miller, T., Johnson, J., Voss, K., Welton, E., and Neusiss, C.: Dominant aerosol chemical
components and their contribution to extinction during the Aerosols99 cruise acrosHatite, J. Geophys. Res.
Atmospheres, 106, 207830809, 2001.

Russell, P. ., Bergstr om, R. , Shinozuka, Y., ClarkeadA. , [
Strawa, A.: Absorption Angstrom Exponent i n AERIONES. ar
Chem. ,IPh,y slL16%, 2010.

Saari koski, S., M&a kel 2, T.-M. HidddmoKuIRmagh &aildlaol:;, dPh g rs aketo e
mass cl| osswerga egfatsidzeat mospheric aerosol s i3@3l@@RYt0i521 2

Saha, A., and Despiau, S.: Seasonal and diurnal Atamadsa.t i ¢
Res.92,1,2720009.

Schnaiter, M., Hor vat h, H. , Mo hl er , O. , -VN&W meaprenc,t rka.l H.p
properties -obnsabhi agdaepos d¥d®ll444, A0 ®3F.0ol Sci ., 34,

Schnaiter, M. , Linke, -HM., , SM%hlherff 6 OH, , NAMamgaen, R. , Schu

Ampl i fication motferBladdky Qwirxbeadn Wi t h Secondary Organic

28



10

15

20

25

30

doi :10.1029/2005JD006046, 2005.

Schuster, G. L., Dubovi k, 0., and Hol ben, B. N.: Angstr
Res., 11d40i D0G20B29/2005JD006328, 2006.

Spackman, J., Schwarz, J., Gao, R., Watts, L., Thomson,
T. : Empirical correlations between bl ack catrbomo saplreor:

Geophys., Rés, 2608.

St eA.l,Dr a,R&krRo|,B.ID.,St unBlEB,Co h,&nD,Ng almNOA& HYSPLI T At mospher
and Dispersi onBMIhetl i 0gnSpeoOtéd arddb290 d 01l 0. IBIAM®-1 9011 0.
2015.

Stohl , A.: Traajneeowt onreyt hsotda ttios teisctsabl i sh source recempttoad r
the transport of particul ate®7%8987fai1i@96n Europe, At mos

Suredh,B&., and Krishna Moorthy, K.: Anthropogenic i mpa
coastal station: A caselXxlt4udy200CuU.rrent Science, 81, 1.
Tan, H. , Liu, L., Fan, S., Li, Fo.p,tiYcianl, pYr.qp eratii, eaaM.lmrmh nn

in the Pearl|l Ri wmes. DEhN3IaR,0 &6 @E] 6 .
Tang, |.: Chemical and size effects of hygroscopic aerosols on light scattering aerosols, JGR 1011222851996.
Valenzuela A., Olmo, F.J., Lyamani, H., Anté, M., Titos, G., Cazorla, A., Aladaboledas, L.: Aerosol scattering and
absorption Angstran exponents as indicators of dust andfdestdays over Granada (Spain). Atmos Res., 154,pp. 1
13. 2015.

Ver ma, R.Ko nSdaoh,u ,Y.L . ,Takegawa, N. , Han, Ss., Jung, J., Ki m
variations of black carbon Atnmdu.an@lzerd.0 ;60PABM .0 &2,0 1iOn s u

Virkkul a, A., Ma k ellugdo,mi. T,. ,HiHislilkaknoo,, AR.,, H¥lnier i , K., and |
correcting |l oading dffd&ctrs WabtaeececVMbm;hgeBtHLRO00dt a,

Virkkula, A., Backman, J., Ral]tdiemhidhd&n,Mdaud kkdMnenSodact
G.and Kul mal a, M. : Seasonal cycle, size dependenci es,
I measurement station in Hyvw#ind46d8,i FilOl-d#& 80a0RIPA 4. (o

Wang, T. , Di ng, A. Bl ake, D. , Zahorowski , W. , Poon, Cc. ,
of air pollution toiApond JROBE ¢ @ byis nlgORBEIOL3r A& my s .

Wang, T.,, DwWenig,, XA. , Poon, c. , Lam, K., Li, Y., Chan, L.,
the background at mod@®2a0 /t,anfo sSo ICthken2 B RARHGH & ,

Wang, Y., Wang, X., Konda,ndY.HaoKkagjh.nanRl M.dlk Muaorgreel, atli. on

site in Beownngondtbmpai nts from akKbpermi hsaGaspmhgbdl16é Re
2011.
Wu, D., Mao, J., Deng, X., Tie, X., Zhang, Y., ZenbonlL.,

29



aerosols and their radiative prcopercCtiBart hteSdiclDBBR2 |

10. Y6A720403%0L y5 2009.

Yau, P., Lee, S., Corbett, J., Wang, c., Ch egnogi,n gY. v e sasndll
Hong Kemg, Tot,al4 FR063DR012.
5 Yu, J., Jiang, D., Liuy, HM.,, D&hhegn,, TH.,, Tlaingo H.B. LiWu,F.C. W
China Sea and in various cAd mtoisn e rCthelrh.3 ,@dia2@ Bo,mn s2 0iln3 .So u
Zhang, Q. , Streets, D. , Car mi c hnate,l ,Z.G. ,PaHek,, K..,, Hueod,dyH.
L., Lei, Y., Wang, L., and Yao, Z.-B  As BAathnooesmi sGhieonfl.s H |
513153, 20009.
10 Zzhang, Y., Mao, H., Ding, A., Zthhbar PDat tteemubsoFaal Spartiiam pia
O3l evel s i n Holn9gb29\ At gmodsu. r i,Engdv I H200n1. 3
Zhang, R. , Khalizov, A. F. ., Pagels, J., Zhang, D. ,nXue,
optical properties of soot aerosols during atmospheri

10220296, 2008.
15 Zhou, D., Ding, A., Mao, H., Fu, C., Wang, T., Chan, L.Y., Ding, K., Zhang, Y., Liu, J., and Lu, A.: Impact&aisthasian

monsoon on lower tropospheric ozone over coastal South China, Environ. Res. Lett., 8,4, 044011, 2013.

30



Figure Captions

(a)
P
Z
on
[
a
-
Q
-E :
g= 10000
3 1000 ©
20+ 00 £
oo £
1z
o1 &
101 001 g
140

w |- Spring

Wind speed (m/s)
m0-5

m 5-10
o 10+

Fig. 1. (a) Map showingthe location ofHok Tsui (HT) monitoring station with emission inventory in Asia, (b) locations of monitoring
stations mentioned in this paper and (c) ind rose plotat WGL in Hong Kong
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Fig. 4. Averaged diurnal variations of (a)Usp, (b) Gap, () BC, (d) CO, (e) SAE, (f) AAE, (g) SSA and (h) PM in four seasons
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