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This paper presents novel results from size-resolved particulate matter (pM) mass,
composition,

.' --'

and morphology measurements conducted during the 20 r g southwest
Monsoon

24
25

26
27
28

29

(swM)

season in

Metro Manilq Philippines. Micro-orifice uniform Detrrosit Impactors (MouDIs)
were used to
collect PM sample sets that were analyzed for mass, morphology, black
carbon (BC), and
composition ofthe water-soluble fraction. The butk ofthe pM mass was
between 0.rg-1.0 um
u.ith a dominant mode between 0.32-{.56 pm. Similarly, most ofthe
black carbon (BC) mass was
found between 0.10-1.0 pm (rhe so-called Greenfield gap), peaking
between 0.l8_0.32 pm, where
wet scavenging by rain is inefEcient. In the range of 0.10 0.1 g pm, BC
constituted 7g.l % ofthe
-

30

measured mass. comparable contributions

JI

to total PM were observed and rnost of the unresolved mass, which in
total amounted to 4l.g%,
was for diameters exceeding 0.32 pm. The water-solubre ions and
elements exhibited ar average
combined concentration of g.53 pg m-3, with SO42-, NH4*, NOI-, Na*,
and Cl- as the major
contributors. Positive Matrix Factorization (pMF) was applied to identifu
the possible aerosol

34

ofBC

(26.90lo) and the water-soluble fraction (31.3%)

35

sources and estimate their contribution to the water-soluble fraction
ofco[ected

36

with the highest contribution was attributed to "Aged,/Transported" aerosol (48.0%)
while

pM.

The factor
..Sea

salt" (22'5%) and "combustion" emissions (18.7%) had comparabre contributions.

38
39
40

4l
,14

43
44
45
46
47
48
49
50
)l

'Yehicular/Resuspended Dust" (5.6%) as welr as "waste processing"
emissions (5.loz) were also
identified' Microscopy anarysis highlighted the ubiquity of non-sphencar
particres regardless

of

size, which is significant when considering carcurations of parameters
such as single scattering
albedo, asymmetry parameter, and extinction efficiency.
Results ofthis work have implications for aerosor impacts
on public health,

visib ity, and regional
climate as each of these depend on physicochemical properties
ofparticles as a function of size.
The significant influence from Aged,/Transported aerosol
to Metro Manila during the SWM season
indicates that local sources in this megacity do not fu y govem
this coastar area,s aerosol
properties and that PM in southeast Asia can travel
long distances regardless of the significant
precipitation and potential wet scavenging that could occur.
That the

majority of the regional
aerosol mass burden is accounted for by BC and other insolubre
components has important
downstream effects on the aerosol hygroscopic properties,
which depend on composition. The
results are relevant for understanding the impacts ofmonsoonal
features on

srze-resolved aerosol
propertres, notably aqueous processing and
wet scavenging. Finally, the results of this work
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57

provide contexOal daia for
compone,nt of the

futre ranpling

Atmosph€ric

. .r<
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campaigns in Southeast Asia such as thc airbqoe

Clou4 Acrosol md Moosoon Proceeses fhilippines f-,xperinent (Cemaex)

planned for the SWM sesso'n in 2019. A€rosol characterization via rcmote-soosing is notoriously

difficult in Southeast Asis, which elcvat$ tbe importence of dafasets sucb as the one prcecntod
here.

Atmos. Chem. Phys. Discuss., https://doi.orgl IO.Sl94l acp-Z}lg-27 O
Manuscript under review forjoumal Atmos. Chem. phys.
Discussion started: l2 April 2019
@ Author(s) 2019. CC BY 4.0 License.

58
59
60

Atmospheric
Chem istry
and Physics
Discusslons

l. Introducflon

6l

Ambient atmospheric aerosol particles impact human health, visibility,
climate, and the
hydrological cycle. Major factors goveming these behaviors, such as
deposition liaction in the

oz

resprratory system and activation into croud condensation nuclei

63

composition. Therefore, size-resolved meas'rements

&

of

(ccN), include

size and chemical

ambient aerosol particles can rend

additional insights to the behaviorl,and implications ofparticulate
matter (pM) in the atmosphere.

65

one region of interest for characterization of aerosols is southeast Asia
due to increasing

66

urbanization and the exposure of the population to a variety of
aerosol sources, both natural and
anthropogenic (Hopke et ar.,20og). However, use of space-borne
remote-sensing instrumentation

67
68
69
70

7l
72

74

presents a challenge for characterization of aerosol
in this region, due to issues such as varying
terrain fid cloud cover (Reid et al., 2013).
The Philippines represents a country in Southeast Asia
with a developing economy, rapid
urbanization, old vehicular technology, and less stringent
air quality regulations (e.g., Alas et al.,

2017) It

is also highry sensitive to the effects of climate
change, incruding prolonged dry periods

and reductions in southwest monsoon (SWM)
rainfall in recent decades (e.g., Cruz et al., 2013).
Metro Manila is the country's capital and center ofpolitical
and economrc

activities. Also referred

75

to as the National capital Region, Metro Manila is
composed

76

collectively occupy a land area of
-619 km2. As of 2015, Metro Manila had a population of
approximatery 12.88 miltion (phirippine statistics Authority,20l5).
ofthe

77
78

79
80

8t
82
83

84
85

86
87
88
89

of

16 cities and a municipality that

cities comprising the
Metro Manila area, the one that is the focus ofthis study,
euezon City, rs the most populated (2.94
million people) with a popuration density of
-17,000 km'2 as of z0l5 (philippine statistics
Authority, 2015).
The rainfalr pattem in Southeast Asia is governed
by topographlc effects and the prevailing
surface winds brought by the monsoons. Mountain
ranges in the phirippmes

are generally oriented
north to south in the eastern and westem coasts.
As such, northeasterly winds during the East
Asian
winter monsoon that starts in November brings wetness (dryness)
on the eastern (westem) coasts

of the country. In contrast, the ramy

season starts in May when the westem North pacific
sub*opical high moves nortreast and the Asian
summer monsoon enables tre propagation of
southwesterly wind through the philippines (villafuerte
et d.,2or4).

Metro Manila, rocated on
the westem side ofthe philippines, therefore
experiences wet (May-October) and dry (NovemberApril) seasons The large seasonal shift in prevailing
wind directions can cause changes in the
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90 source locations of aerosol transported to the Philippines and the subsequent direction in which
9l emissions fiom the Philippines are transported, such as to the northwest (e.g., Chuang et al., 2013)
92 or soutlwest (e.g., Farren et al-, 2019). However, one interesting featue of Metro Manila is the
93 consistency of PMz.s/PMro mass concenfiations during both the dry (44154 pg m-3) and wet seasons
94 (43155 1tg mi; lfim Oanh et al., 2006), which stands in contrast to typical assumptions that
95 increased wet scavenging during rainy seasons would lead to decreases in measured PM (e.g., Liao
96 et al.. 2006). Wrile similar results are observed in Chennai, India, this behavior is different than
97 other cities in Asia, including Bandung City (lndonesia), Bangkok (Thailand), Beijing (China),
VJh4cL
98 and Hanoi City (Vietnam), thet exhibit reduced PMz levels during the wet season as compared to
99 the dry season (Kim Oanh et al., 2006). While the total PM levels may stay constant across the wet
100 and dry seasons, seasonally-resolved analyses will provide additional hsights into how the
l0l composition, morphology, and sources (transported vs. local emissions) change on a seasonal
102 basis.
103
Metro Manila has been drawing growing interest for PM research owing to the significant
104 levels of black carbon (BC). A large fraction of PM in Metro Manila can be attributed to BC (e.9.,
105 -50% of PMz.s; Kim Oanh et al., 2006), with previously measued average values of BC at MO
106 reaching -10 pg m-3 for PMz.s (Simpas et al., 2014). The impacts ofthe high levels of BC present
107 on human health have also received attention (Kecorius et al., 2019). Identifred major sources of
108 BC include vehicular, industrial, and cooking emissions (Bautista et a1.,2014; Kecorius et al.,
109 2017). Vehicular emissions, especially along roadways where personal cars and motorcycles,
I 10 commercial trucks, and motorized public transportation, including powered tricycles atdjeepneys,
I 1 are plentiful. For instance, measurements of PMz.s at the National Printing Offtce (NPO) located
ll2 alongside the major thoroughfare Epifanio de los Santos Avenue (EDSA) were on average 72 pg
I l3
m-3; this value is twice the average concentration at the Manila Observatory (MO), an urban mixed
114 site located approximately 5 km from NPo (simpas et al., 2014). In addition to local emissions,
long-range transport ofpollution, such as biomass buming, can also impact the study region (e.g.,
I l5
Xian et al., 2013; Reid et al., 2016a,/b). However, most past work referenced above has focused on
I l6
117 either total PMz.: or PMlo composition, and therefore, detailed size-resolved composition
information has been lacking in this region. Like other monsoonal regions (Crosbie et al., 2015;
I l8
processing (e.8., sulfate,
I l9
Qu €t al., 2015), it is ofinterest for instance to know ifproducts ofaqueous
l2o organic acids) during the monsoonal period, promoted by the high humidity, become more
s

1
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l2l prominent in certain size ranges to ultimatery enhance hygroscopicity, which is otherwise
122 suppressed with higher BC influence.
123
A yearJong sampling campaign (cloud, Aerosol, and Monsoon processes philippines
124 Experiment (CAMprEx) weatHEr and CompoSition Monitoring (CHECSM) study) was
125 established in July 2018 to collect size-resolved aerosol measurements in Metro Manila. The aim
126 ofthis study is to report size-resolved pM measur€ments taken over the course ofthe SWM (July127 october) of 2018 in Quezon city, Metro Manila, philippines as part of cHECSM. The results of
128 this study are important for the following reasons: (i) they provide size-resolved analysis ofBC in
129 an area previously characterized as having one of the highest Bc mass percentages in the whole
130 world; (ii) they provide a basis for better understanding the unusual phenomenon ofhaving similar
13 I
PM levels during a wet and dry season; (iii) they provide contextual data for contrasting
with both
132 otler coastal megacities and also other monsoonal regions; and (iv) they can lend insights into the
133 characteristics of aerosol transported both into and out of Meq,qManila and how important rocal
134 sources are in Metro Manila rerative to transported pottutroffitcome" of this study incrude (i)
135 the f'st size-resolved characterization of both aerosol composition and morphology in Metro
136 Manila for the swM, with implications in terms of pM effects on climate, visib ity, the
137 hydrological cycle, and public health owing to the dependence ofthese impacts on particle size;
138 (ii) archival data that contributes to the timeline ofaerosol research in Metro Manila. and more
139 broadly Southeast Asia, where there is considerable concem over air pollution; and (iii) baselins
l4o data for aerosol composition to be used to inform and assist research to be conducted during futul.e
l4l field campaigns in southeast Asia including the same seasonar period (i.e., swM) in 2019 as part
142 of CAMP2Ex, which will involve both surface and airbome measuremenrs.
143 2. Experiment l Methods
144 2.1 Sample Site
145
Sampling was performed at MO in euezon City, philippines (14.64.
N, l2l.0g. E). The
146 sampling instrumentation was located on the 3rd floor of the Mo office building (,g5 m above
147 sea level). Figure l visuany shows the sampling location and potentiat sunounoinffiil. nust
148 work focused on PM2s suggested that the study rocation is impacted rocally mostly by traffic,
149 various forms of industrial activity, meat cooking fiom locar eatenes, and based on the
season.
150 biomass buming (Cohen et a1.,2009). Fourteen sample sets were collected during the
SWM season
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I (July-October 20 I 8), with details about the operational and meteorological conditions during each
l5Z sample set shown in Table I . Meteorological data were collected using a Davis Vantage Pro 2 Plus
153 weather station co-located with the aerosol measurements at MO. Except for precipitation, which
154 is reported here as accumulated rainfall, reported values for each meteorological parameter
155 represent averages for the sampling duration ofeach aerosol measurement'
The mean temperature during the periods ofMouDI sample collection ranged from 24.9
156
157 to 28.1. C, with accumulated rainfall ranging widely from no rain to up to 78.4 mm. To identiry
158 sources impacting PM via long-range tanspolt to the Metro Manila region, Figure la summarizes
159 the five-day back-trajectories for air masses arriving at Mo on the days when samples were being
160 collected, calculated using the NOAA Hybrid Single-Particle Lagrangian Integrated Trajectory
16l (HYSPLIT) model (Stein et al., 2015; Rolph,20l6). Trajectory calculations were started at 00,
162 06, 12, and l8 houls in MO at the heigbt ofthe MOUDI inlet using meteorological frles fiom the
163 NCEPNCAR Reanalysis dataset. Trajectory clustel analysis was conducted using Trajstat (Wang
164 et al., 2009). The back-trajectories in Figure la show that indeed 66% ofthe wind came ftom the
165 southwest during tle sampling periods'
I5

r66

2.2 MOUDI Srmple Sets

PS

t67

P..di€intes*s€t was collected on Teflon substrates (PTFE membrane, 2 pm pote, 46'?

168

mm, Wlatman) in Micro-Orifice Uniform Deposit Irnpactors (MOUDI, MSP Corporation, Marple

169

et al., 2014). Size-resolved measurements were taken at the following aerodynamic cutpoint

170

diameters(Do):18,10,5.6,3.2,1.8,1.0,0.56,0.32,0.18,0.10,0.056pmForasubsetofthe

t7r

sampling periods, two pairs of MOUDI sets were collected simultaneously such that both sets in

172

each pair could undergo different types of analyses. one set

173

analysis using a Sartorius ME5-F microbalance.

174
175

MoUDI

in each pair underwent gravimetric

set 13 was additionally examined with a

Multi-wavetength Absorption Black carbon lnstrument (MABI; Australian Nuclear science and
Technology Organisation). This optically-based instrument quantifies absorption and mass

r77

concentrations at seven wavelengths between 405 and 1050 nm; however, results are reported only
for 8?0 nm to be consistent with other studiesras BC is the Predominant absorber at that wavelength

178

(e.g., Ramachandran and Rajesh, 2007; Ran et al., 2016)' One additional sample set for microscopy

1'19

anallsis was collected for one hour on August I using aluminum substrates'

180

2.3 Chemical Composition Analysis

\76
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8l
In order to preserve samples for additional analysis, each Teflon substrate
was cut in halt.
182 A half of each substrate was extracted in 8 mL of Millle water (18.2 Mo-cm) through sonication
183 for 30 min in a sealed polypropylene vial. A blank substrate was processed in the same method to
184 serve as a background control sample. Subsequent chemical analysis of the water-soluble
185 components in the aqueous extracts were performed using ion chromatography (IC; Thermo
186 Scientific Dionex ICS - 2100 system) for the following species: cations = Na+, NH4*, Mgr*, Ca!,
187 dimethylamine (DMA), trimethylamine (TMA), diethylamine (DEA); aniens =, methanesulfonate
188 (MSA), pynrvate, adipate, succinate, maleate, oxalate, phthalate, Cl-, NOr, SOr2-. Owing to co_
189 elution of rMA and DEA in the IC system, a cumulative sum of the two is reported here, which
190 represents an underestimate of their total mass concentration owng to overlap in parts of their
l9l peaks' Limits of detection (LoD) were calculated for each species based on their respective
192 calibration curve (Table Sl), with LOD being three times the standard deviation ofthe residuals
193 (predicted signal minus measwed signal) divided by the slope ofthe calibration curve (Miller and
194 Miller.20l8).
195
The aqueous extracts were simultaneously characterized for elemental
composition usine
196 triple quadrupole inductiveryioupred plasma mass specrometry (rcp-eee; Agirenr gg00 Seriesl
197 for the following species: K, Al, Fe, Mn, Ti, Ba, Zn, Cu, V, Ni, p, Cr, Co, As, Se, Rb, Sr, y, Z,
198 Nb, Mo, Ag, Cd, Sn, cs, Hf, Tl, pb. Limits of detection of the examlned elements were calculated
199 automatically by the Icp-eee instrument and were in the ppt range (Table Sl). The
sample
20o concentrations represent an average of three separate measurements with a standard
deviation of
201 3olo or less.
2O2
Note that some species were detected by both IC and lcp_eee
(i.e., Na+, K*, Mg2*, Car*),
203 and that the Ic concentrations are used here for all repeated species with the exception
ofK* owing
2o4 to better data quatity from ICP-QQQ. All IC and Icp-eee specles concentrations
for samples
205 have been corrected by subtracting concentrations from background control samnres.
I

206
207
208
2O9

2lo

2.4 Microscopy Analysis

As already noted one MOUDI set on August

I was devoted to microscopy analysis.
Morphology and additional elemental composition analysis was
carried out on this set of aluminum
substrates using scanning electron microscopy equipped

with energy dispersive X_ray
spectroscopy (sEM-EDx) in the Kuiper Imaging cores
at the university of Arizona. Secondary
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211 electron (sE) imaging and EDX elemental analysis were performed using a Hitachi s-4800 high
212 resolution SEM coupled to a Noran system Six X-ray Microanalysis System by Thermo Fisher
213 Scientific. EDX analysis on individual particles was performed with 30 kV accelerating voltage to
214 obtain weight percentages of individual elements. SEM-EDX results showed that the background
215 contol aluminum substrate was dominated by Al (88.27%), with minor contributions from Ag
216 (5.34%\, C (4.87%), O (0.19%),Fe (0.67%), and co (0.05%). Such contributions wele manually
217 subtracted from spectra of individual particles on sample substrates, with the remaining elements
2I8
scaled up to hundred percent. Image processing was conducted with Image J software to measwe
21g particle dimensions and adjust the contrast and brightness ofimages to provide better visualization.
220

2.5 Computational Analysis

221

This study reports basic descriptive statistics for chemical concentrations and correlations

222

between different variabtes. Statistical significance hereafter corresponds to 95olo significance

223

based on a two-tailed student's t-test. To complement corelative analysis for

224
225

of species, positive matrix factorization (PMF) modeling was carried out using the United States
Environmental Protection Agency's (us EPA) PMF version 5. Species considered as "strong"

226

based on high signal-to-noise ratios (SA.,l

227

above the detection

228

concentrations exceeding the LOD had uncertainty quantified as

>

1) and those with at least 509/.

identifing

sources

ofthe concentrations

limit were used in the PMF modeling (Norris et al., 2014). Data points with

fl{lb#

229

230

oii = 0.05 ' Xii + LoDii

231

(Equation 1)

)

232 where ai1, Xi;, and LODii are the uncertainty, concentration, and LOD, respectively' of the j'
233 species in the is sample (Reff et al., 2007). when concentration data were not available for a
234 particular stage ofa MouDl set for a species, the geometric mean of the concentrations for that
235 MOUDI stage and species was applied with uncertainty counted as fourtimes the geometric mean
236 value (Polissar et al., 1998; Huang et al., 1999). A 25Y' extra modeling uncertainty was applied
237 to account for other sources of errors rsuch as changes in the source profiles and chemical
238 transformations (Dumanoglu et al., 2014; Norris et al', 2014)' The model was run 20 times with a
239 randomly chosen starting point for each run.

240

3. Results
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The average total mass concentration (+ standard deviation) ofwater-soluble
species across

all MOUDI stages (Table I ) during the study period was 8 .53 + 4.48 pgm.3 (range 2]_166
=
1tg
m-3). The species connibuting the most to the total water-soluble mass concentratron
during
the

24s

swM included Sor2' (44% + 6%r,N]F'4* (ls% + 5%), Noi

246

+ 3yo). The meteorological parameters from Table

)11

concentranons were temperature

248

Mol3/14 = 16.6 pg m-3) occurred during the period with one of the highest
average temperatures (27.8 'c) and second least total rainfall (0.g mm). other
sampling periods
with high mass concentrations (sets MO7, MO8, and MOl2) coincided with the highest

249

250
251
252
253

254
255

256
257

258

2s9
260

26r
262
263

(r:

I

(10 + 3%), Na+ (8 + 3%o), znd Ct (6%

best correlated to total water-soluble mass

0.64) and rainfall (r

=

-0.4g). The highest total mass

concentration (set

temperature and lowest rainfall observations. High temperatures, and thus more
incident solar
radiation, presumably enhanced production of secondary aerosol species via photochemical

reactreafpTfri also been observed in other regions for their respective monsoon season (youn
et
--.t+- rainfalr is thought to have been
al.' 20l3/.pow
coincident with reduced wet scavenging ofaerosol

tt

at the s{.dy site as has been demonstrated for other regions such as North
America (Tai et al..
2010) and megacities such as Tehran (crosbie et al., 2014). However, set
MOI l exhibited a very
low concentration even with high temperature and lack ofrainfall, which may
be

due to changes
in the source and transport ofaerosol since this sample set coincided with
a significant change in
average wind direction (290.2" for Mor 1 vs. 90. r'
127.5. for an other MouDI

sets). while the
reported rainfall measurements were taken at Mo, inhomogeneous
rainfall pattems in the regions
surrounding the Philippines courd also contribute to the wet scavenging
of pM, thereby lowering
the quantity of transported particles reaching the sample site. Futur€
work will address the
influence of spatiotemporal pattems of precipitation on pM loadings
in the philippines
as a point

264

measwement at an aerosol observing site may be misleading.

zof

On two occasions, two simultaneous MOUDI sets (Sets MO3/MO4
and MOl3/MOt4)
were collected for the potentiar to compare different properties
that requirc

266

separate substrates.

267

The total mass concentrations based on gravimetric analysis
of sets MO3 and

268

and 53.0 pg m-3, respectively (Figure 2). Both sets exhibited
a domrnant concentration mode
between 0 32-{.56 pm and the Mo3 set was different in that it
exhibited bimodal behavior with a
second peak between 1.8-3.2 pm. The sum ofspeciated water-soluble

269
270
271

MOl3 were l g.6 pg

m-3

specres accounted for

27 '8%o and 31.30lo

only
of the total gravimetric mass of sets Mo3 and Mol3, respectively,
indicative

l0

,-.
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272

of significant amounts of water-insoluble species undetected by IC and ICP-QQQ. When adding

273

the totat mass of BC (14.3 pg

274

was measured), there was still22.1

mr) to the other resolved species from

set MO13 (the one time BC

276

Eg49 unresolved mass (41.8% of total PM). Most of the
nnaccounted mass w as fot Dp > O.32 pffie observation of BC accounting for 26.902 of total PM
( 14.3 Fg mr) is consistent with past w# highlighting the significant fiaction ofBC in the ambient

277

aerosol of Manila (Kim Oanh et al., 2006; Bautista et al., 2014; Simpas et al., 2Ol4; Kecorius et

278

al.,2O17\. However, this fiaction of BC is very high compared to measurements during the

279

monsoon season in oth€r parts of the world. The mass fraction of BC in total suspended PM

280

(TSPM) was l.6o/ol2.2Vo for the monsoon season in 2013/2014 in Kadapa in southem India, even

281

though the TSPM measured was comparable to that in Manila (64.9 and 49.9 pg

282

2014 in Kadapa, respectively) (Begam et a1.,2017). Multiple studies during the monsoon season

283

in a coastal region in southwest India showed BC mass contributions of

284

20 1 9 and references

285

revealed that BC accounted

286

accumulation mode aerosol mass (Clarke et al., 2004), respectively.

275

1.9

-

mi, for 2013 and

5olo

(Aswini et al.'

therein). Airbome measurements around North America and in Asian outflow

fa

only -1-2Yo of PMr o (Shingler et al., 2016) and -5-15% of

287

To investigate further about the missing species, a charge balance was carried out for all

288
289

MOUDI sets (Table 2) to compare the sum of charges for cations versus anions based on IC
analysis including K from ICP-QQQ analysis (species listed in Section 2.3). The slope of the

290

charge balances (cations on y-axis) for the cumulative dataset n'as 1.33 and ranged from 0.89 to

29r

l.4t for

292

Eleven of the l2 sets exhibited slopes above unity indicating that there was a defrcit in the amount

293

ofanions detected, which presumably included species such

294

further determine

295

slopes are also reported for

the 12 individual MOUDI sets that had IC and ICP-QQQ analysis conducted on them.

if

as carbonate and

various organics. To

there were especially large anion or cation defrcits in specific size ranges,

297

0.056-l pm and > I pm. There were no obvious differences other than
two MOUDI sets exhibited slopes below l'0 for the smaller diameter range (0.056-l pm) while
all slopes exceeded unity for > I pm.

298

3.2 Mass Size Distributions and Morphology

299

3.2.1 Black Carbon

296

300

The size-resolved nature of Bc has not been characterized in Manila and MoUDI set

301

MOl3 offered a view into its mass size distribution (Figure 3a). There was a pronounced peak

lt
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302

between 0.18-{.32 pm (5.0 pg m-3;, which

JUJ

compared to all other stages of that MOUDI set (Figure 3b). This observed peak in the mass size

304

distribution

305

et al., 2008), biomass buming and urban emissions in Texas (Schwarz et al., 200g), measwements

306

in the Finnish Arctic

307

(Reddington et al., 2013).

308

distributiog{tp

309

Tohno, 200Y7n the present study, there were significant amounts of Bc extending to as low as

310

the 0.056-0.{

3ll

up to 0.25 pg m'3 measured between 1.8-3.2 pm. Remarkably, BC accounted for approximately

ofBc

is evident visually in the substrate,s color when

is similar to previous studies ofthe outflow of East Asian countries (shiraiwa

(Raatikainen et al,, 2015), and airbome measurements over Europe

ln

contrast, measurements

mass concentration

fm MouDI

in Uji,

Japan showed a bimodal size

of BC in the submicrometer range (Hitzenberger

stage (0.28 pg mJ) and extending up in the supermicrometer

78.1% (51.8%\ by mass of the total

pM in the range of 0.10

-

and

rarg3with

0.18 pm (0.18 _ 0.32 pm). For

JIJ

comparison, the mass percent contribution ofBC measured in the megacity ofNanjing, china was

314

3-3% (1.6%) at 0.12 (0.08) pm (Ma et

315

MoUDI

3t6

of the color black on substrates with differenr cutpoint diameters (Figure 3b); the 0.1g-0.32 pm

sets,

Mol3

al.,2All.

Based on yisual inspection

of color on all

appears to be representative of the other sets based on the relative intensity

substrate always was the most black, with varying degrees ofblackness extending consistently into

318

the supermicrometer stages.

319

Microscopy analysis reveared evidence of non-spherical particles in each MouDI stage
below I pm (Figure 4), which is significant as the common assumption theoretically is that

320

y

321

submicrometer particles are typica

322

assumption impact numerical modering results and interpretation

324

spherical (e.g., Mielonen et

ar.,20ll).

of remote

Errors

in

this

sensing data for

aerosols (e.g., Kahnert et al., 2005)owine to incorrect calculations of parameters
such as single
scattering albedo, asymmetry parameter, and extinction efficiency (e.g., Mishra et al., 2015).

Sorne

325

studies have noted that submicrometer particles could be composed

326

spherical particles originally formed through gas-to-particle conversion processes (Almeida
et al.,
20 I 9), which could potentiany exprain the appearance for some of the observed
particles in Figure

327

328
329
330

332

ofan agglomeration of small

4. Since only single particles were examined that may not be firlly representative
of all particles
on a particular MoUDI substrate, it is noteworthy that all five particles shown between
0.056 l

r-,*rfi@ttlady

-

shaped with signs

of both multi-layering and constituenrs adhered to one
anotherfffhe images show that a potentially important source of BC in the area
could be soot
aggegai"", which are formed by a vaporization-condensation process during
combustion often
t2
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333 associated with vehicular exhaust (e.g., Chen et al., 2006; Chithra and Nagendra' 2013; Wu et al.,
334 201?). Kecorius et al. (2017) projected that 94olo oftotal roadside refractory PM in the same study
335 region was linked to jeepneys,withnumber concentration modes at 20 and 80 nm. They associated
336 the larger mode with soot agglomerates, which is consistent with the smallest MOUDI size range
337 examined here (0.056-0.1 Fm; Figure 4b) exhibiting signs of agglomeration.
The total BC mass concentration integrated across all stages ofMOUDI set MO13 (14.3
338
339 pg m-r) was remarkably high in contrast to BC levels measured via either filters, aethalometers, or
34O

single particle soot photometers in most other urban regions ofthe world (Metcalfet al., 2012 and

341
342
343
344
345
346

references therein): Los Angeles Basin (airborne: 0.002-0.53 pg m-31, Atlanta, Georgia (ground:

34'1

by enormous antbropogenic ernissions in the regiojsuch as by powered vehicles like the ieepneys

0.5-3.0 pg mJ), Mexico City (airbome: 0.276-l.l pg m'r), Sapporo, Japan (ground: 2.3-8.0 pg

mi), Beijing, China (ground: 6.3-t

l.l

pg m-l), Bangalor, India (ground:

France (ground: 7.9 pg mr), Dushanbe, Russia (grormd:

'l-20 pg mr),

0.5-1.5 pg m-r), Thessaloniki, Greece (ground: 3.3-8.9 pg

mi;.

0.21- |

Po

0.2 pg m-r;' Paris,

valley, Italy (ground:

This is intriguing in light

of

extensive precipitation, and thus wet scavenging of PM, during the study perio4 which is offset

348 that are notorious for BC exhaust (Kecorius et al., 2017).
A possible explanation for the large contribution ofBC to PM, and the persistence ofPM
349
350 after rain events (Kim Oanh et al., 2006), is that the BC is not efficiently scavenged by precipitating
351 rain drops. Small particles enter rain drops via diffusion whereas laxge particles enter via
352 impaction. However, particles with a diameter in the range of0.l-1 pm (known as the Greenfield
353 gap) are too large to diffuse efficiently and too small to impact, and are therefore not efficiently
354 scavenged (seinfeld and Pandis, 2016). Absorption spectroscopy of set Mol3 (Figure 2b) reveals
355 that 95% ofthe BC mass is concentrated in the Greenfield gap, and thus the removal ofBC due to
356 precipitation is inefficient. The Greenfield gap contains 62 + I lo% ofthe total mass (calculated for
357 MO3/1v1Ol3) and 65 + l0olo of the water-soluble mass (calculated for the other l2 Mo sets).
358 3.2.2 Water-Soluble Ions
There were two characteristic mass size distribution profiles for the water-soluble ions
359
360 speciated by Ildepending on whether the species were secondarily produced via gas-to-particle
361 conversion or issociated with primarily emitted supermicrometer particles. The average IC species
362 mass concentration profile across all MouDI sets is shown in Figure 5. secondarily produced
IJ
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363 species exhibited a mass concentration mode between 0.32-0.56 pm, including conmon inorganrc
364 species (sor2-, NH4*), MSA, amines (DMA, TMA+DEA), and a suite of organic acids, such as
365 oxalate, phthalate, succinate, and adipate, produced via precursor volatile organic compounos
366 (vocs). Two organic acids with peaks in other size ranges included maleate (0.56-l pm) and
367 pyruvate (0.1-{.18 pm). Sources of the inorganics are well documented with SOr2- and NHr368 produced by precursor vapors SOz and NH:, respectively, with ocean-emitted dimethylsurfide
369 (DMS) as an additional precursor to SOr2- and the primary pr€cursor to MSA.
37o
Precursors leading to secondarily-produced alkyl amines such as DMA, TMA. and DEA
371 likely originated from a combination of industrial activity, marine emissions, biomass burning,
372 vehicular activity, sewage treatment, waste incineration, and the food industry (e.g., Facchini et
373 al., 2008; Sorooshian et al., 2009; Ge et al., 201 l; VandenBoer et al., 201 I ); another key source of
374 these species, animal husbandry (Mosier et at., 973; schade and crutzen, 1995; sorooshian et al
375 2008), was ruled out owing to a scarcity ofsuch activity in the study region. Secondarillproduced
376 amine salts likely were formed wilh soa2- 2EJtftg) chief anion owing to its much higher
377 concentrations relative to No:- or organic aciaslfrmetnyamine was the most abundant amine
378 similar to other marine (Mu er et ar.,2009)
regions (youn et al., 2015); the average
"nt'urb*
379 concentration of DMA integrated over all MOUDI stages for all sample sets was 62.2 ng m-j in
380 contrast to 29.8 ng m'3 for TMA+DEA. For reference, the other key cation (NHr+) participating in
381 salt formation with acids such as HzSor and HNo: was expectedry much more abundant (1.64 pg
382 mr). With regard to the competitive uptake of DMA versus NHr in particles, the molar ratio of
383 DMA:NHr* exhibited a unimodal profile between 0.1-l.g pm with a peak of 0.022 between 0.32_
384 0.56 Fm and the lowest values at the ta s (0.004 between 0.1-{.rg and l-l.g pm); DMAwas nor
385 above detection rimits for either Dn < 0.1 pm or Do > r.g pm. The molar ratios observed were
386 consistent with values measured in urban air of rucson, Arizona and coastal air in Marina.
387 Califomia (G{.04; Youn et al., 2015) and near the lower end of the range measured in rural
and
388 urban air masses sampled near Toronto (0.005_{.2: VandenBoer et al., 201 l).
389
The most abundant organic acid was oxalate (195 + r,l4
ng m-r), followed by succinate (21
390 + 4l ng m-3), phthalat€ (19 + 25 ng m-3), maleate (17 + l5 ng m-r), and adipate (5 + g ng ma).
The
391 observation of mass concentrations increasing with decreasing carbon number for dicarboxylic
392 acids (i.e., oxalate > succinate > adipate) is consistent with many past studies for otrer regions
as
393 larger chain acids undergo oxidative decay to eventually form oxalate (e.g., Kawamura
r

,

and

t4
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394 Ikushima, 1993; Kawamura and Sakaguchi, 1999; Sorooshian et al., 2007). Maleate is an
395 unsaturated dicarboxylic acid ernitted from gas and diesel engines (Rogge et al., 1993) and a
396 product from the photo-oxidation of benzene (Kawamura and lkushima, 1993). The aromatic
39'l dicarboxylic acid phthalate is a known photo-oxidation product of naphthalene and stems largely
398 fiom plastic processing and fuel combustion (Fraser et a1.,2003; Kautzman et a1.,2010; Fu et al.,
399 2012; Kleindienst et al., 2012). The oxidation product (MSA) ofocean-derived DMS exhibited an
400 overall average concentration of I I + 7 ng m-3, which is near the lower end ofthe range oflevels
401 reported in other coastal and marine environments (from undetected up to -200 ng mJ; 1e.g.,
402 Saltzman et al., 1983, 1986; Berresheim 1987; Watts et al., 1987; Burgermeister and Georgii,
403 l99l; Sorooshian et al.,2015; Xu and Gao,2015).
404
Water-soluble species exhibiting a peak in the supermicrometer range, usually between
405 1.8-5.6 pm, include those with lnown affiliations with sea salt (Na*, Ct-, K+, Mg2) and crustal
406 materials such as dust (Caz*). Nitrate peaked beh een 1.8-3.2 Fm, and was best correlated with
407 Na' and Mg2+, suggestive ofHNOi partitioning to sea salt as has been observed in other coastal
408 regions (e.g., Prabhakar et al., 2014a). There was very little NO:- in the submicrometer range (0.05
409 + 0.04 pg m-3) in confrast to supermicrometer sizes (0.78 + 0.47 ILE m-3). More submicrometer
410 NO:'in the form ofNILNO: would be expected if there was an excess ofNH: after neutralizing
4ll SOe2'. The mean ammonium-to-sulfate molar ratio for submicrometer sizes \i/as 2.32 +O-52 (range:
412 l.l | . 2.78). with full neutralization of Soq2' in l0 0f 12 MouDl sets. Thus, there was a non413 negligible excess in NH: that presumably participated in salt formation with HNO: and organic
414 species. The significant levels of NO:. in the same mode as Na* and Cf contributed to the
415 significant Cl'depletion observed, as the mean Cl':Na* mass ratio between l-10 pm (i.e., range of
416 peak sea salt influence) was 0.81 + 0.28, which is much lower than the ratio for pure sea salt (1.81)
417 (Martens et al., 1973). The subject of Cl' depletion in this region will be investigated more
418 thoroughly in subsequent work.
419
Figure 6 shows SEM images of representative single particles in each supermicrometer
42O

stage. As would be expected for sea salt and crustal material, most

421
422
423
424

spherical. Interestingly, only the particte shown between 1-1.8 pm was close to being spherical.

ofthe particles shown are not

lts composition based on EDX analysis was accounted for mostly by carbon (93.7%) with lower
amounts of oxygen (5.8%) and Fe (0.5%). Sea salt particles were found in the next two stages
owing to the highest combined weight percentages ofNa+ and Cl" based on EDX analysis: 1.8-3.2

l5

Atmos. Chem. Phys. Discuss., hnps://doi.orgl l0.5l94lrcp-2019-Z7D
Manuscript under review forjournal Atmos. Chem. Phys.
Discussion started: 12 AVil2Olg
@ Autho(s) 2019. CC BY 4.0 License.

425
426
427
428
429
430
431

Atmospheric
Chemistry
and Physics
Drscusstons

pm = 36.9Yo;3.2-5.6 pm = 46.90/o.'Ihe salt particles are not necessarily cubical but more rounded

with signs ofagglomeration. These two particles were the only ones among the I I MoUDI stages
exhibiting an EDX signal for S, with contributions amounting m -2%o in each particle. This may
be linked to natural SOr2- existing in sea salt particles. Also, the particle between 3.2-5.6 pm
contained a trace amount

of Sc (l%). The largest three particles (> 5.6 pm) were expectedly

irregularly shaped with both sharp and rounded edges, comprised mostly of oxygen, Al, Fe, and
Ca based on EDX analysis.

432 3.2.3 Water-Soluble Elements
433
Averaged data across all MoUDI sets rev€al that lcp-eee elements exhibited a variety
434 of mass concentration profiles ranging from a distinct mode in either the sub- or supermicrometer
435 range to having multiple modes below and above I pm (averages across all MouDI sets shown
436 in Figure 7). There were several elements with only one distinct peak, being in one of the two
437 stages between 0.18-1.0 pm, including As, Cd, Co, Cr, Cs, Cu, Hf, Mn, Mo, Ni, Rb, Se, Sn, Tl, V,
438 Pb, and Zn. ln contrast, the following elements exhibited only one distinct peak in the
439 supermicrometer range: Al, 84 P, Sr, Ti, y, and zr. The rest of the elements exhibited more
44o complex behavior with two distinct peaks in the sub- and supermicrometer range (Ag, Fe, Nb).
441 The following section discusses relationships between all ofthe ions and elements with a view
442 towardsidenti$ingcharacteristicsouces.
443 3.3 Cb|rrcteristic Sources and Species Relrtionships
444
A combination of PMF and correlation analysis hetped identifu clusters of closelirclated
445 species stemming from distinct sources. The final pMF solution, based on five groups ofspecies
446 (Figure 8), passed criteria associated with being physically valid and the close proximity ofthe
447 calculated ratio of Qoc:Qcxpccr"a ( I .2) to l 0. There was a high coefficient of variation between
448 measured and predicted mass concentration when summing up all species for each MouDI stage
449 (l = 0'79; sample size, n = 132), which added confidence in relyng on the pMF model for source
450 apportionment ofPM. The five distinct clusters were named for their most plausible sources based
451 on the species included in the groupings, with their overall contributions to the total mass based
452 on PMF analysis shown in parenthesis (Table 3): Aged,/Transporte d (4g.0%), Sea Salt (22.5%),
453 combustion (18.7%), Vehicular/Resuspended Dust (5.6%), and waste processing (5.r%). For
t6
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reference, a previous study near the northwestem edge of the Philippines identified six source
factors for PMz.s that are fairly similar to those here (Bagtasa et a1.,2018): sea salt, resuspended

of(i) industrial emissions, (ii) solid
Each ofour five groupings will be discussed in detail

fine dust, local solid waste buming, and long range transport
waste buming, and

(iii) secondary sulfate.

below in decreasing order of contribution to total measured mass concentrations.

459 3.3.1 Aged/TransportedAerosol
460
Although not due to one individual source, there was a distinct PMF factor that included
461 species comrnonly produced via gas-to-particle conversion processes (NH4-, SO4l. MSA,
462 oxalate). Correlation analysis (Table 4) also pointed to a large cluster of species significantly
463 related to each other, including the aforementioned ions and a suite of other organic acids
464 (phthalate, succinate, adipate), MSA, and DMA. The latter three inorganic and organic acid ions
465 exhibited sigdficant correlations with each other (r Z 0.68), but also with several elements (r Z
466 0.36: K, V, Rb, Cs, Sn), which were likely co-emitted with the precursor vapors ofthe secondarily
467 produced ions. Although BC concentrations were quantified from set MOl3, their
468 interrelationships with water-soluble ions fiom simultaneously collected set MOl4 are
469 representative for other sets. The results showed that BC was significantly correlated (r: 0.61-0.92)
470 with l5 species, including those mentioned above (owing to co-emission) and also a few elements
471 that were found via PMF to be stronger contributors to the Combustion source discussed in Section
472 3.3.3 (Ni, Cu, As, Se, Cd, Tl, Pb).
473
This PMF source factor is refered to as Aged/Transported owing to it characteristic species
474 being linked to sources distant from the sample site. Examples include MSA and DMA being
475 secondarily produced from ocean-derived gaseous emissions (e.g., Sorooshian et al., 2009), and K
476 stemming fiom biomass burning emissions from upwind regions such as Sumatra and Bomeo
477 (Xian et al., 2013). Previous studies (Reid et al.,20l2i Wang et al., 2013) have shown that
478 phenomena such as SWM and El-Nino events not only influence biomass burning activities in the
479 Malay Peninsula but also impact the transport and distdbution of emissions in the study region.
480 For instance, Reid et al. (2016b) showed that enhancement in monsoonal flow facilitates the
481 advection of biomass buming and antbropogenic emissions to the Philippines from Sumatra and
482 Bomeo. Subsequent work will investigaG more deeply the impact ofbiomass burning from those
483 upwind regions on th€ sample site during the SWM.
t7
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SO.r2-

require time for production owing to being secondarily produced

485

from precursor vapors (i.e., SOz, NH:), oxalate is the smallest dicarboxylic acid and requires

486

lengthier chemistry pathways for its production and thus is more likely produced in instances

487

aerosol transport and aging (e.g., Wonaschuetz

488

elements associated with this cluster are co-emitted with th€ precursors to the aforementioned ions

489

and are linked to a variety of sources: metallurgical processes (Anderson et al., lggg; Csavina et

490

al., 201

491

Rocha and Correa,20l8), residual oil combustion (Watson et al., 2004), biomass buming (Maudlin

492

et al.,2015), marine and terrestrial biogenic emissions (Sorooshian et a1.,2015), and plastics

493

processing (Fraser et al., 2003). In addition, there is extensive ship traffic in the general study

494

region, which is a major source ofspecies in this cluster of species, particularly V and SOr2- (e.g.,

495

Muphy et al., 2009: Coggon et al.,2Ot2).

496
497

PMF analysis suggested that the Aged/Transported factor contributed 4g.0olo to the total
water-soluble mass budget during the study period. Most of the contribution resided in the

498

submicrometer range (68.9%) rmlike the supermicrometer range (18.6%), which is consistent with

499

the overall mass size distribution

500

reconstructed mass size distribution for this pMF source factor shows the dominance ofthe mass
in the submicrometer range with a peak between 0.32-{.56 pm (Figure 9). The correlation matrices

501

l;

of

et al.,2Ol2; Ervens et al., 20lg). The various

Youn et al., 2016), fuel combustion (Nriagu, 1989; Allen et al., 2001; Shafer et al., 2012;

oftotal PM peaking in the submicrometer range (Figure 2). The

for the sub- and supermicrometer size ranges also show that the corelations between the species
most prominent in the Aged,/Transported category are sronger for the former size range (Tables

502
503

504

S2-S3). The contribution ofthis PMF factor to the supermicrometer range is likely associated with

505

species secondarily produced on coane aerosol such as dust and sea salt. This is evident in
the

506

individual species mass size distributions where there is

507

non-negligible mass above

508

I

a

dominant submicrometer mode but also

pm.

Even though the PM in a heavily populated

'rban

region, such as Metro Manila, is typically

509

thought to be dominated by local sources ofaerosols, the current pMF results show that the
largest

510

contributions to water-soluble aerosol mass are from Aged/Transported pollution. This finding
is
contrary to th(expectation yrat (a) the signal oftransported aerosols would be lost in the
noise of

5l I

*d

5t2

local

513

Philippines by processes such as wet scavenging would significantly reduce the contribution

514

transported aerosols. Even though other cities may have di nerent
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515

pollutant t)?e and amount, this phenomenon of Aged,/Transported pollution forming a significant

flo

portion of the water-soluble mass may be applicable to other cities, especially those in Southeast

517

Asia.
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518 3.3.2 Sea Salt
As the MO sarnpling site is approximately 13 km fiom the nearest shoreline (Figure la)
519
520 and downwind ofManila Bay in the SWM season, there was a great potential for marine emissions
521 to impact the samples. There were several species with similar mass size disributions (mode: 1.8522 5.6 pm) and highly correlated total mass concentrations (r > 0.51) that axe linked to sea salt: Cf,
523 Na*, CaI, Mg3*, Ba, and Sr. The correlations between these species were stronger when examining
524 just the supermicrometer range as compared to the submicrometer range (Tables S2-S3). The
525 majority of these species was used in PMF analysis and formed a distinct cluster amounting to
526 22-0yo of the total study period's mass budget. This source contributed only 0.6% to the
527 submicrometer mass concenhation but 53.5% for the supermicrometer size range. The
528 reconstructed mass size distribution for this source factor is shifted farthest to the larger diameters
529 as compared to the other four sources with a peak between 1.8-3.2 pm (Figure 9).
530
It is noteworthy that this factor has the highest share ofNO3' among all identified sources.
531 This result is consistent with mass size distributions shown in Figure 5 in which NOi peaks in the
532 supermicrometer range similar to sea salt constituents (e.g., Na* and Cl-). Although sea salt
533 particles naturally contain NO:- (Seinfeld and Pandis, 2016) (mass ratio of NOr-:Na* = 9.8 ' l0-E
534 - 6.5 x l0-5), the extrernely high ratio of NO:-:Na* (mass ratio -1.8) suggests that only a negligible
535 portion ofNOi in this factor originated from prinary sea salt particles. Thus, the majority ofNO:536 is most likely due to HNO3 partitioning to existing sea salt particles (e.9., Fitzgerald, 1991; AUen
537 et al., 1996; Dasgupta et al., 2007; Maudlin et al., 2015). In addition, the Cl-:Na* mass ratio in this
538 profile (0.65) is smaller than that in sea salt particles (1.81), indicating high Cl- depletion mainly
539 due to reactions of HNOI with NaCl (Ro et al., 2001; Yao et al., 2003; Braun et al.,2017).
540 Moreover, elevated loadings oftrace elements (e.9., Ba, Cu, Zn, and Co) couldbe linked to mixing
541 of marine emissions with urban sources (e.g., vehicle and industrial emissions) during their
542 transport inland to the sampling site (Roth and Okada, 1998). This process of aging is consistent
543 with the observed morphology of the sea salt particles in this study, revealing non-cubical shapes
544 that are rounded owing to the likely addition ofacidic species such as HNOr (Figure 6).
l9
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545 3.33 Combustion
546
There are numerous sources ofcombustion in the study region including a variety ofmobile
547 sources (e.g., cars, utility vehicles, trucks, buses, motorcycles) and stationary sources (e.g., power
548 stations, cement works, oil refineries, boiler stations, utility boilers). Consequently, the next
549 highest contributor to total mass during the study period according to PMF I 8.7o%) was the cluster
550 ofspecies including Ni, As, co, P, Mo, and cr, which is defined as the combustion factor. These
551 species have been reported to be rich in particles emitted from combustion of fossil fuel anc
552 residual oil (Linak and Miller, 2000; Allen er al., 2001; Wasson et al., 2005; Mahowald et al.,
553 2008; Mooibroek et al., 201l; Prabhakar et al., 2014b). Although not included in pMF analysis,
554 other species significantly correlated with the previous ones include maleate and Ag, which also
555 stem ftom fuel combustion (Kawamura and Kaplan, 1987; Lin et al., 2005; Sorooshian et al.,
556 2007). Ag specifically is an element in waste incinerator fly ash @uchholz and Landsberger, 1993;
557 Tsakalou et al., 2018) and its strong correlation with co (r = 0.85) and Mo (r = 0.64) provides
558 support for this source factor being linked to combustion processes. Maleate is commonly found
559 in engine exhaust (Kawamura and Kaplan, 1987), while cr is a tracer for power plant emissions
560 (Singh et a1.,2002; Behera et a1.,2015). Of all species examined in this study, BC was besl
561 conelated with As (r = 0.92), while its correlation with Ni (r = 0.g5) was among the highest.
562
As the elements in this cluster peaked in concentration in the submicrometer mod€, the
563 weight percentage ofthis factor is more than double below I Fm (23.9%) as compared to above I
564 pm (l1.3%). The reconstructed mass size distribution for this sowce factor peaks between 0.18565 0.32 pm, which is smaller than the modal diameter range for the Aged,/Transported souce factor
566 (0.32-{.56 pm) likely owing to closer sources and thus less time for growth to occur via
567 condensation and coagulation.
(

568
569
57o
57 |
572
573
574

3.3.4Vehicular/ResuspendedDust

The next PMF source factor conlains chemical signatures of dust because of high
contributions to Al, Ti, ca, and Fe. These crustal elements are strongly related to resuspension of
dust by traffic and construction actir.ities (singh et al., 2002; Harrison et al., 201 I other elements
).
that were prominent in this factor includedzr,y, Mn, cr, and Ba, which are associated with tire
and brake wear (Adachi and

rainosho,20M; Gietl et al., 2ot0; Song and Gao, 201l; Harrison et
al.,2ol2; Vossler et al., 2016), although some of them can be linked ro
ft exhaust as well (e.g.,
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Lin et al., 2005; Song and Gao, 201l). This source is named Vehicular/Resuspended Dust and

576
577
578
579
580
581
582
583
584
585

contributed

5.60lo

to the total study period's mass concenlrations.

The weight percentage contribution ofthis factor was much higher for the supermicrometer
range (11.3lio) as compared to the submiuometer range (1.5%), which is consistent with the Sea
Salt source factor owing to similar mass size distributions ofthe individual species associated with

the two source categories (Figwes 5 and 7). Additional species correlated significantly with the
crustal species included Hfand Nb, which also exhibited mass peaks between 1.8-3.2 pm. The
reconstructed mass size distribution for this source factor is similar to that of Sea Salt in that there
is a peak between 1.8-3.2 Fm, but there is less of a unimodal profile owing to lvhat appears to be
a secondary

mode between 0.56-1.0 Fm (Figure 9), which could be linked to some ofthe non-dust

components of vehicular emissions.

586 3,3.5 Waste Processing
The final PMF source factor, connibuting the least overall to total mass (5.1%), featured
587
588 Zn, Cd, Pb, Mn, and Cu as its main components. These species are linked to waste processing,
589 including especially electronic waste (e-waste) and battery burning and recycling (Gullett et al.,
590 2007; Iijima et al., 2007\, which was previously reported for Manila (Pabroa et al., 201 l). The
591 latter study reported that although there are a few licensed operations for battery recycling, there
592 are numerous unregulated cottage melters across Manila that regularly melt metal from batteries
593 and discard the waste freely. Fujimori et al. (2012) additionally showed that e-waste recycling led
594 to emissions of the following elements (in agreement with this PMF cluster) around Metro Manila:
595 Ni, Cu, Pb, Zn, Cd, Ag, in, As, Co, Fe, and Mn.
This was the only PMF factor exhibiting comparable weight percentages both below
596
597 (5.1%) and above I Fm (5.3%). This is reflected in the mass size distributions of the species
598 included in this cluster being fairly uniforrnly distributed below and above I pm. This is also
599 demonstrated in the reconstructed mass size distribution ofthis source factor as it clearly exhibits
600 a mode between the otler four sources (0.56 1.0 pm) and is the broadest mode (Figure 9). The
601 explanation for this is likely rooted in the diversity of sources contained within this source profile
602 that lead to different sizes of particles. Examples of such sources include processing of different
603 types of waste at varying temperatures and through various processes (e.g., buming, melting,
604 grinding) (Keshtkar and Ashbaugh,2007),
2l
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4. Conclusions

This study used various analytical techniques (gravimetry, IC,

Icp-eee, black carbon

spectroscopy, and microscopy), meteorological data, and a source appotionment model (pMF) to
characterize the sources, chemical composition, and morphology of size-resolved ambient pM in

Metro Marila, Philippines during the SWM season of 2018. The main results of this study include
the following:

6ll

612 .
613
614
615
616
617 r
618
619
620
62l
622
623 o
624
625
626
627
628
629 .
630
631
632
633
634

oJ)

'

The total mass concentrations were measured on two occasions and were l g.6 pg m-3 and 53.0

pg m-3. water-soluble mass concentrations were measured on 12 occasions and were on
average 8.53 + 4.48 pg m-3 (range = 2.7-16.6 pg m'3). Simultaneous measurements of total,
water-soluble, and Bc mass revealed a composition of 26.90/o BC, 3l-3yo water-soluble
components, and 41.8olo unaccounted mass.
Size-resolved BC mass concentration was measured on one occasion, with the mass sum

ofall

MOUDI

0.1

stages reaching 14.3 pg m-r Most of the BC mass (95%) was contained in the

pm range (i.e., the Greenfield gap) where
BC peaked in the size range

of0.l8 -

for that stage. In the range of 0.t0

-

*et

I

scavenging by rain is inefficient. The measured

0.32 pm and accounted for 5l.g% ofthe measured pM

0.18 pm, the mass percent contribution of

Bc to

the

measured PM was 78.102.

Most of the total mass resided in the submicrometer mode (0.32-{.56 pm); however, one
MOUDI set revealed an additional supermicrometer mode (1.8-3.2 pm). water-soluble
species that peaked

in the submicrometer mode were associated with secondarily produced.

species, including inorganic acids, amines, MSA, and organic acids. water-soluble species that
peaked in the supermicrometer mode were associated with sea salt and crustal material. Most

of the unaccounted mass was for Do > 0.32 pm.
The most abundant water-soluble species was so42' (44yo
5%),

Not

(10 + 3o/o), Na* (8 + 3%),

total water-soluble mass was most

!

6%), followed by NH4*

(l

8% +

nd cr' (6% + 3zo). conelation analysis revealed thar
correlated with temperature (r : 0.64) and rainfall

accumulation (r = -0.49) among meteorological factors considered, although other factors were

likely influential such

as wind direction and speed.

Regardless of particle size, the majority of single particles examined with SEM-EDX were
non-spherical with evidence of agglomeration.
22

Atmosphenc
Chemistry
and Physics

Atmos. Chem. Phys. Discuss., hftps://doi.orgll0.5194l acp-2o19-270
Manuscript under review for joumal Atmos. Chem. Phys.
Discussion started: l2 ADril 2019
O Author(s) 2019. CC BY 4.0 License.

636

o

Dlscuss ons

of

PMF analysis suggested that there were five factors influencing the water-soluble fraction

637

PM collected at the sampling site. These factors, their contribution to total water-soluble mass,

638

and the main species that permit them to be linked to a physical source are as follows:

639

Aged./Transported (48.0%; NH++, SOr2-, MSA, oxalate),

640

M{*, na, Sr), Combustion

641

(5.6%i Al, Ti, Fe), and Waste Processing (5.1%; Zn, Cd, Pb, Mn, Cu). The dominant

642

contribution ofAged/Transported aerosols to water-soluble mass contradicts two expectations:

643
644

(i) locally-produced sources in polluted cities should drown out the signal of transported
aerosols, and (ii) the signal of transported aerosols should be signifrcantly reduced due to

645

scavenging processes upwind ofthe measuement site.

S

ea Salt (22.5%o: Cl', NO3-, Ca2*, Na+,

(18.7%; Ni, As, Co, P, Mo, Cr), Vehicular/Resuspended Dust

646
647

Although tlre current study focuses exclusively on the SWM season in Metro Manila,

tr8

results of this study are applicable to the study of aerosol impacts on Southeast Asia and other

649

regions. First, the significant presence

650

that PM in the region has the ability to travel long distances during the SWM season,

651

typical assumption that wet

652

ofaerosols in Metro Manila is therefore important for better understanding the impacts that local

653

emissions

654

Southeast and East Asia. Transport of pollution and decreased wet scavenging during the SWM

655

season may become increasingly important as studies have shown a decrease in SWM

bitt

increase in the number ofno-rain days dwing the

6s7

decades (e.g., cruz et

658

of Aged/Transported aerosols in Metro Manila indicates
most of the

q9!q!1!1

Chancterization

will have on locations downwind of Metro Manila, including other populated cities in

al.,2013).

rahfall and

season in the western Philippines in recent

swM

be'r-s,t:*- t\

Second, Southeast Asia has been named "one

\^^\u- *t-g

ofsie most hostile environments on

o' ,.-"-

tlre

of

659

planet for aerosol remote sensing" (Reid et al., 2013). ffierefore, space-based remote sensing

660

aerosol characteristics, such as retrievals

661

difncult. In situ measurements

662

during seasons such as the SWM when clouds are especially prevalent and lemote-sensing

663

retrievals dependent on clear-sky conditions are lacking.

664
665
666

of aerosol optical depth (AOD)' in this region are
are critical for characterization of PM in this region, especially

Third,thisstudyprovidesavaluabledatasettocomparetootlterregionsimpactedby
are
monsoons where the impacts of enhanced moisture and rainfall on size-resolved composition
not well understood. As aqueous processing results in enhanced production of water-soluble
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667 species (e.g., sulfate, organic acids), it is noteworthy for this monsoonal region that the water668 soluble fraction remains low relative to BC and other insoluble components. This has major
669 implications for the bygoscopicity ofthe regional pM.
670
Finally, the results ofthis study will be used to inform future sampling campaigns in this
67 |
region, including cAMP2Ex planned for the SWM season of 2or 9 based in the philippines. As
the
672 current MoUDI sampling campaign at Mo is expected to extend for a full year, funue work wilr
673 focus on changes in aerosol characteristics and sources on a seasonal basis.
674
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