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20  Abstract

21 This study analyzes mechanisms of long-range transport of aerosol and aerosol chemical

22 characteristics in and around East and Southeast Asia. Ground-based size-resolved aerosol

23 measurements collected at the Manila Observatory in Metro Manila, Philippines from July -

24 October 2018 were used to identify and contrast high and low aerosol loading events. Multiple
25  data sources, including models, remote-sensing, and in situ measurements, are used to analyze
26  the impacts of long-range aerosol transport on Metro Manila and the conditions at the local and
27  synoptic scales facilitating this transport. Evidence of long-range transport of biomass burning
28  aerosol from the Maritime Continent was identified through model results and the presence of
29  biomass burning tracers (e.g. K, Rb) in the ground-based measurements. The impacts of

30  emissions transported from continental East Asia are also identified; for one of the events

31  analyzed, this transport was facilitated by the nearby passage of a typhoon. Changes in the

32 aerosol size distributions, water-soluble chemical composition, and contributions of various

33 organic aerosol species to the total water-soluble organic aerosol were examined for the different
34  cases. The events impacted by biomass burning transport had the overall highest concentration of
35  water-soluble organic acids, while the events impacted by long-range transport from continental
36  East Asia, showed high percent contributions from shorter chain dicarboxylic acids (i.e. oxalate)
37 that are often representative of photochemical and aqueous processing in the atmosphere. The
38  low aerosol loading event was subject to a larger precipitation accumulation than the high

39  aerosol events, indicative of wet scavenging as an aerosol sink in the study region. This low

40  aerosol event was characterized by a larger relative contribution from supermicrometer aerosols
41  and had a higher percent contribution from longer-chain dicarboxylic acids (i.e. maleate) to the
42  water-soluble organic aerosol fraction. Results of this study have implications for better

43 understanding of the transport and chemical characteristics of aerosol in a highly-populated

44 region that has thus far been difficult to measure through remote-sensing methods. Furthermore,
45  findings associated with the effects of air mass mixing on aerosol physiochemical properties are
46  applicable to other global regions impacted by both natural and anthropogenic sources.

47
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1. Introduction

Better understanding of long-range transport of aerosol is critical for determining the fate
of atmospheric emissions and improving models of atmospheric aerosol. Nutrients (e.g. Duce et
al., 1991; Artaxo et al., 1994), bacteria (e.g. Bovallius et al., 1978; Maki et al., 2019), and
pollutants (e.g. Nordg, 1976; Lyons et al., 1978; Lindqvist et al., 1991) can be transported
through the atmosphere over large distances across the globe. Atmospheric aerosol can undergo
physiochemical changes through photochemical and aqueous-processing mechanisms such that
their characteristics at the emission source can be quite different from those farther downwind
(e.g. Yokelson et al., 2009; Akagi et al., 2012). Large uncertainties remain in atmospheric
aerosol models due to impacts of aqueous processing and wet scavenging on aerosol (Kristiansen
et al., 2016; Xu et al., 2019). Although impacts and processes of long-range aerosol transport
have worldwide applicability, the strong facilitation of transport by synoptic scale conditions
necessitates detailed analyses of transport events at the regional level.

Both natural and anthropogenic emissions contribute to atmospheric aerosol worldwide.
However, the plethora of both types of sources in and around the Southeast (SE) Asia, the
proximity of islands and continental regions in SE and East Asia, and the large, growing
population makes SE Asia a prime candidate for the study of long-range transport of atmospheric
aerosol. Moreover, the extensive cloud coverage and precipitation during certain times of the
year in SE Asia allow for an examination of the effects of aqueous processing and wet
scavenging. Characterizations of aerosol in mainland SE Asia and the Maritime Continent (MC),
which includes the islands south of the Philippines and north of Australia (e.g. islands part of
Malaysia and Indonesia), have found major emission sources to be industrial activities, shipping,
urban mega-cities, and biomass burning (Reid et al., 2013). In addition, natural emission sources,
including marine emissions, plant life, and occasionally volcanic eruptions, intermingle with
anthropogenic emissions. Mixing of aerosol from anthropogenic and biogenic sources has been
noted to be influential in the overall production of secondarily produced aerosol via gas-to-
particle conversion processes (Weber et al., 2007; Goldstein et al., 2009; Brito et al., 2018). In
addition, the mixing of marine and biomass burning emissions can produce compositional
changes, such as enhancements in chloride depletion (e.g. Braun et al., 2017) and
methanesulfonate (MSA) production (Sorooshian et al., 2015). The mechanisms governing
aerosol changes in mixed air masses have wide-ranging and complex impacts and require further
study in regions, such as SE Asia, that are impacted by multiple aerosol emission sources.

One major contributor to atmospheric aerosol in SE Asia and the MC that has received
considerable attention is biomass burning. Biomass burning in SE Asia appears to be dominated
by anthropogenic activities, such as peatland burning (Graf et al., 2009; Reid et al., 2013; Latif et
al., 2018) and rice straw open field burning (Gadde et al., 2009). However, current satellite
retrievals underestimate the true emissions in the region (Reid et al., 2013). Identification of
biomass burning emissions in the MC using satellite-based observations is difficult for numerous
reasons, including the characteristics of fires common to the region (e.g. low-temperature peat-
burning) and abundant cloud cover (Reid et al., 2012, 2013). However, the potential for long-
range transport of biomass burning emissions from the MC has received considerable attention
(Wang et al., 2013; Xian et al., 2013; Reid et al., 2016a; Atwood et al., 2017; Ge et al., 2017,
Song et al., 2018). In order to better understand the prevalence and fate of biomass burning
emissions in the MC and SE Asia, both in situ measurements and modeling studies are needed.
Insights into the fate of biomass burning emissions in the atmosphere are crucial and applicable
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on a global scale, especially since studies have indicated an increasing trend in biomass burning
worldwide (Flannigan et al., 2009, 2013).

As a mega-city in SE Asia, Metro Manila, Philippines (Population ~12.88 million;
Philippine Statistics Authority, 2015) is a prime location for the study of locally-produced urban
anthropogenic aerosol (Kim Oanh et al., 2006) that is mixed with biogenic, natural, and
anthropogenic pollutants from upwind areas. Previous research conducted at the Manila
Observatory (MO) in Quezon City, Metro Manila characterized seasonal trends in PM2s
(particulate matter (PM) with aerodynamic diameter less than 2.5 pm) and sources of measured
particles, with traffic emissions being the major source at MO (Simpas et al., 2014). Additional
studies have further characterized vehicular emissions by focusing on black carbon (BC)
particulate concentrations in sites around the Metro Manila region, including near roadways
(Bautista et al., 2014; Kecorius et al., 2017; Alas et al., 2018). Due to very high population
density in Metro Manila, it is expected that many of the urban PM sampling sites are highly
affected by local anthropogenic sources as opposed to long-range transport. However, the
proximity of the Philippines to other islands and continental Asia raises the question of the
relative impacts of long-range transport as opposed to local emissions on not just Metro Manila,
but also downwind regions.

Long-range transport to the Philippines varies by season since there is a strong change in
weather patterns throughout the year (Bagtasa et al., 2018). Another study of the aerosol over the
South China Sea (SCS), which is bordered to the east by the Philippines, found seasonal changes
in aerosol emission sources, with year-round anthropogenic pollution, smoke from the MC
between August — October, and dust from northern continental Asia between February — April
(Lin et al., 2007). The season from approximately June — September (Cayanan et al., 2011; Cruz
et al., 2013), referred to as the Southwest Monsoon (SWM) season, is characterized by increased
prevalence of southwesterly winds and precipitation. During the SWM season, biomass burning
is prevalent in the MC, while biomass burning is more common in continental SE Asia during
the winter and spring (Lin et al., 2009; Reid et al., 2013). During the northeast monsoon, aerosol
influences from northern East Asia were measured in the northwestern edge of the Philippines
(Bagtasa et al., 2018). In addition to transport of aerosol to the Philippines, the influence of
emission outflows from the Philippines has also been measured in the northern SCS at Dongsha
Island (Chuang et al., 2013) and in coastal southeast China (Zhang et al., 2012). Long-range
transported aerosol in SE and East Asia have various sources, and therefore, different
physiochemical properties. However, the prevalence of the signal of long-range transported
aerosol in a highly polluted mega-city, such as Metro Manila, is not well characterized.

As recent studies have indicated a decline in SWM rainfall in the western Philippines and
an increase in no-rain days during the typical SWM season (Cruz et al., 2013), the potential for
wet scavenging of aerosol during these time periods could be decreasing. Furthermore, decreases
in monsoonal rainfall in other parts of Asia, including India (Dave et al., 2017) and China (Liu et
al., 2019), have been linked to increases in aerosol, especially those of anthropogenic origin.
Reinforcing mechanisms in these interactions, such as decreased rainfall reducing wet
scavenging, leading to higher aerosol concentrations that in turn suppress precipitation, and the
corresponding climatic changes in monsoonal rain in the western Philippines underscore the need
to better understand the processes governing atmospheric aerosol characteristics and sources,
especially during the monsoonal season.

The present study focuses on three high-aerosol loading events, contrasted with a very
low aerosol event, as identified by ground-based observations collected at MO from July -
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October 2018. The objectives of the study are to (i) describe synoptic and local scale conditions
facilitating various transport cases, (ii) isolate characteristic aerosol physiochemical properties
indicative of long-range transport, and (iii) identify transformational processes, especially with
regard to chemical composition, of aerosol during long-range transport to the highly-populated
Metro Manila region. The results of this work have implications for better understanding of (i)
the fate of biomass burning emissions in a region with prevalent wildfires that are poorly
characterized by remote-sensing, (ii) the impact of transformational and removal mechanisms,
including aqueous processing, photochemical reactions, and wet scavenging, on long-range
transported aerosol from multiple sources, and (iii) typical synoptic and local scale behavior of
aerosol in a region that is both highly populated and gaining increasing attention due to
campaigns such as the NASA-sponsored Clouds, Aerosols, and Monsoon Processes Philippines
Experiment (CAMP?EX).

2. Methodology
2.1 Ground-Based Observations

As part of a year-long sampling campaign (CAMP2Ex weatHEr and CompoSition
Monitoring: CHECSM) at the Manila Observatory (MO; 14.64° N, 121.08° E) in Quezon City,
Metro Manila, Philippines, 12 sets of size-resolved aerosol were collected from July - October
2018 using a Micro-Orifice Uniform Deposit Impactor (MOUDI; Marple et al., 2014). Details
for the 12 size-resolved sets can be found in Table 1. Sample Teflon substrates (PTFE
membrane, 2 pum pore, 46.2 mm diameter, Whatman) were cut in half for preservation for future
analysis. Half-substrates were extracted in 8 mL of Milli-Q water (18.2 MQ-cm) in sealed
polypropylene vials through sonication for 30 min. Aqueous extracts were subsequently analyzed
for ions using ion chromatography (IC; Thermo Scientific Dionex 1CS-2100 system) and
elements using triple quadrupole inductively coupled plasma mass spectrometry (ICP-QQQ;
Agilent 8800 Series). The list of analyzed species and limits of detection for those species can be
found in Table S1, with limits of detection in the ppt range for ICP and the ppb range for IC.
Background concentrations were also subtracted from each sample. For each MOUDI set
(naming convention: MO#), the mass concentration sum of the water-soluble species was
calculated; using this summation, the three high-aerosol loading events were identified (MO?7,
MO12, and MO14), as well as the lowest aerosol event (MO11).

2.2 Remote-Sensing Observations

Retrievals of atmospheric profiles from the Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) onboard the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite
Observations (CALIPSQO) were taken for select satellite overpasses corresponding to MOUDI
sample sets of interest (Winker et al., 2009). Previous studies have examined the ability of
CALIOP to capture atmospheric profiles in SE Asia and the MC, with one major challenge in
this region being the lack of cloud-free schemes (Campbell et al., 2013; Ross et al., 2018).
Overpasses corresponding to the three highest aerosol events were analyzed, but no data was
available for the time encompassing MO11. The CALIOP Level 2 Vertical Feature Mask (VFM)
was used to distinguish between clear air, clouds, and aerosol (Vaughan et al., 2004).

2.3 Models
To describe the synoptic scale conditions, data were used from the Modern-Era
Retrospective analysis for Research and Applications, Version 2 (MERRA-2; Gelaro et al.,
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2017). Horizontal winds at 850 hPa (GMAO, 2015a) were temporally averaged over the
sampling period using 3-hourly instantaneous data and subsequently spatially averaged to
increase figure readability. The total cloud area fraction (GMAO, 2015b) was also temporally
averaged over the sampling period using 1-hourly time-averaged MERRA-2 data.

Five-day air mass back-trajectories were calculated using the Hybrid Single Particle
Lagrangian Integrated Trajectory (HYSPLIT) model from NOAA (Stein et al., 2015) and
gridded meteorological data from the National Centers for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanalysis project. The model was run for
back-trajectories terminating at the MOUDI inlet (~85 m above sea level) every 6 h during each
sample set. The HYSPLIT model has been used extensively in studies focused on regions across
the globe to study aerosol transport (Stein et al., 2015).

Precipitation amounts were found using the Precipitation Estimation from Remotely
Sensed Information using Artificial Neural Networks—Cloud Classification System
(PERSIANN-CCS) dataset (Hong et al., 2004), which is available from the UC Irvine Center for
Hydrometeorology and Remote Sensing (CHRS) Data Portal (http://chrsdata.eng.uci.edu,
Nguyen et al., 2019). PERSIANN-CCS has previously been used to analyze precipitation events
in the region of interest, as shown by the successful characterization of rainfall during Typhoon
Haiyan over the Philippines in November 2013 (Nguyen et al., 2014). Precipitation accumulated
during the sample sets (Table 1) was calculated to be the average found for the region
surrounding MO in the box bounded by 121.0199 - 121.0968° E and 14.6067 - 14.6946° N.

To further describe long-range transport activity, results from the Navy Aerosol Analysis
and Prediction System (NAAPS) operational model are included for the selected study periods
(Lynch et al., 2016; https://www.nrImry.navy.mil/aerosol/). Global meteorological fields used in the
NAAPS model are supplied by the Navy Global Environmental Model (NAVGEM; Hogan et al.,
2014). The NAAPS model has previously been employed to study aerosol in the MC (e.g. Xian
etal., 2013).

3. Results
3.1 Cases of Long-Range Aerosol Transport

The following sub-sections (3.1.1-3.1.4) describe the synoptic and local scale
meteorological conditions governing long-range aerosol transport during the three highest
aerosol events (MO7, MO12, and MO14) and, for the purposes of comparison, the lowest aerosol
event (MO11). Also included are characterizations of aerosol from remote-sensing and model
results. Results of size-resolved aerosol characterization at MO are discussed in Section 3.2.

3.1.1 MO7 (August 14 — 16, 2018): Smoke Transport from Maritime Continent

Many previous studies have focused on the prevalence of biomass burning in the MC and
the potential for transport of smoke towards the Philippines (Wang et al., 2013; Xian et al., 2013;
Reid et al., 2016a; Atwood et al., 2017; Ge et al., 2017; Song et al., 2018). Figure 1a shows the
average 850 hPa wind vectors and cloud fraction for the MO7 sampling period. The prevailing
wind direction was towards the northeast, consistent with typical SWM flow. Furthermore, areas
with lower cloud coverage were present to the southwest of Metro Manila. The HYSPLIT back-
trajectory for this sample set also shows an air mass originating around the MC to the southwest
of MO that is then transported over the ocean towards the Philippines (Figure 2a). As evidenced
by the name of the season (i.e. Southwest Monsoon), this trajectory is typical for this time of the
year and was the dominating trajectory pattern for the remaining eight sample sets not chosen for
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in-depth analysis (Figure S1). Furthermore, for MO1 — MO0 (i.e. all sample sets with prevailing
southwesterly wind influence), MO7 had the lowest rain amount for the surrounding region,
followed by MO8, which had the 4™ highest water-soluble aerosol concentration (Table 1). This
suggests that wet scavenging could have been less influential in MO7 and MO8, thereby leading
to an increase in the PM measured. Three CALIPSO overpasses near MO occurred during the
MO7 sample set and one occurred during the nighttime after sampling ended; however, the
signal was largely attenuated in the lower 8 km during the daytime samples for the area
surrounding MO (Figure S2). In the case of the two nighttime overpasses (Figure 3), which
sampled to the southwest of Manila, a deep aerosol layer is observed in the VFM extending from
the surface to around 3 km (Figure 3). This classic case of long-range transport from the MC to
the Philippines during the SWM season is also clearly shown in the biomass burning smoke
surface concentrations from the NAAPS model (Figure 4a).

3.1.2 MO11 (September 18 — 20, 2018): Lowest Aerosol Event

MO11 had the lowest overall water-soluble aerosol mass concentration (2.7 ug m),
which is over six times lower than the highest aerosol MOUDI set. As evidenced by both the 850
hPa wind vectors (Figure 1b) and the HYSPLIT back-trajectories (Figure 2b) from this set,
conditions are very different from the highest three aerosol events and show transport patterns
with flow originating over the open ocean to the east of the Philippines moving almost due west.
The lack of anthropogenic aerosol sources in the path of the back-trajectories could result in the
overall low amount of aerosol observed. This set was also characterized by high accumulated
rainfall amounts for the region in the path of the back-trajectories (Figure 2b) and in the area
surrounding MO as compared to the highest aerosol events (Table 1), increasing the possibility
that wet scavenging effectively removed most of the transported (and, to some extent, local)
aerosol. In addition, the NAAPS model showed no smoke influence from the MC and an isolated
anthropogenic and biogenic fine aerosol plume around Metro Manila, suggesting local sources
accounted for the majority of the measured aerosol (Figure 4b).

3.1.3 MO12 (September 26 — 28, 2018): Impacts of Typhoon Trami

Typhoon Trami (Category 5) passed to the northeast of the island of Luzon in the
Philippines during MO12 (Figure 1c). Typhoon influences on atmospheric aerosol, caused by
varying factors such as wind speed and precipitation, have been studied in China (Yan et al.,
2016; Liu et al., 2018), Korea (Kim et al., 2007), Malaysia (Juneng et al., 2011), the South China
Sea (Reid et al., 2015, 2016b), and Taiwan (Fang et al., 2009; Chang et al., 2011; Lu et al.,
2017). The influences of typhoons on biomass burning emissions and transport in the MC have
also been examined (Reid et al., 2012; Wang et al., 2013). In this case, the influence of this storm
changed the prevailing wind direction approaching the northern Philippines, effectively pulling
an air mass from the west of the island, and along with it, emissions from continental East Asia
(Figure 2¢). Furthermore, the air mass passed through regions of relatively little rainfall during
transport to the Philippines (Figure 2c¢), and accumulated rainfall at MO during this sample set
was very low (Table 1). One CALIPSO overpass around the ending time of set MO12 and one
during the nighttime after sampling ended (Figure 3) show that in the direction of transport (i.e.
north of the MO, from around 15-20° N), there is an aerosol layer extending up to around 2 km
during the day (northwest of MO) and 3 km at night (northeast of MO). The influence of
emissions from continental East Asia is also apparent in the NAAPS model (Figure 4c).
Observations at Dongsha Island, located to the north of the Philippines, have revealed influence
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from Gobi Desert emissions (Wang et al., 2011) and anthropogenic sources (Atwood et al.,
2013). Farther south in the MC, aerosol measurements in Malaysia have also indicated influence
of aged, long-range transport from sites to the north in East Asia (Farren et al., 2019).

3.1.4 MO14 (October 6 — 8, 2018): Mixed Influences

The final MOUDI set (MO14) included in this study represents a transition in
meteorological regimes at the end of the SWM season and resulted in the highest overall water-
soluble mass concentration. This event had some of the lowest rainfall amounts in the region
surrounding Metro Manila (Figure 2d), with zero accumulated precipitation at MO during the
sampling period (Table 1). Furthermore, low cloud fraction was observed for regions to the
northwest and east of Metro Manila (Figure 1d). Back-trajectories from HYSPLIT show that the
air mass appeared to be influenced by a mix of continental sources in East Asia and local sources
(Figure 2d). Furthermore, two CALIPSO overpasses, one during the nighttime while sampling
was occurring and the other during the daytime after sampling ended, show a deep aerosol layer
north of MO, extending from the surface to around 2 km on October 6" and lower on October 8"
(Figure 3). From the NAAPS model, it appears that a mixture of MC smoke emissions and -
continental East Asia emissions converge around the northern Philippines (Figure 4d).

3.2. Ground-Based Aerosol Chemical Composition
3.2.1 Size-Resolved Aerosol Characteristics

The water-soluble mass size distributions and the percent contribution of each MOUDI
stage to the water-soluble mass for the four sets of interest (MO7, MO12, MO14, and MO11)
and the average (£ one standard deviation) of the remaining sets (MO1 — MO6, MO8 — MO10)
are shown in Figure 5. Most of the sets show a bimodal distribution with peaks in both the
submicrometer and supermicrometer range; one exception is the lowest aerosol event (MO11),
which shows a fairly broad size distribution. The highest aerosol event, MO14, shows a
significant peak in the submicrometer range, with a very large drop in mass concentration in the
supermicrometer range. This is in stark contrast to the lowest aerosol event (MO11), which
shows that the supermicrometer range contributes the greatest percent to the total water-soluble
mass. The second and third highest aerosol events, MO7 and MO12, also show significant
enhancements in the supermicrometer range as compared to the average of the other sets and
MO14.

Examination of the major species contributing to the water-soluble mass (Figure 6) can
lend additional insights into the variability in the size distributions. MO14 had one of the highest
combined contributions of SO42 and NH4* (77.2% of water-soluble mass), with only MO10
being slightly larger at 77.6%. These two species are typically associated with the submicrometer
range and anthropogenic origins due to their formation through secondary processes such as gas-
to-particle conversion of gaseous SOz and NHa, respectively, and aqueous processing to form
SO4% (Ervens, 2015). In contrast, MO11 had the lowest overall combined percent contribution of
these two species (41.4%) to the water-soluble aerosol mass. Of all 12 SWM MOUDI sets,
MO11 had the highest percent contributions from Ca?* (14.0%) and CI"(12.5%), as well as one
of the highest contributions from Na* (10.7%). Each of these species is associated with primary
emissions, including dust in the case of Ca?* and sea salt for Na*and CI, resulting in larger
particles (i.e. > 1 pum). The HYSPLIT back-trajectories for MO11 match well with the MOUDI
results, as the influence of marine aerosol (i.e. Na*, CI") and lack of anthropogenic sources of
SOz and NHjs is apparent. Local sources of dust most likely contribute the highest amount to the
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measured Ca®*, as the back-trajectories show few other crustal sources farther upwind. Average
size-resolved profiles for all of the species in these 12 sample sets can be found in Cruz et al.
(2019), with characteristic size distribution profiles agreeing with the above assessments.

3.2.2 Enhancements in Tracer Species

In addition to insights from the major water-soluble chemical species found in aerosol,
tracer aerosol species can also be used to identify impacting emission sources (e.g. Fung and
Wong, 1995; Allen et al., 2001; Ma et al., 2019). For the aforementioned high aerosol events,
numerous tracer species are elevated in some, but not all, sample sets. This makes these species
prime candidates for linking influencing sources to the measured ambient aerosol. The authors
theorize that MO8, which was the 4™ highest aerosol event (Table 1), also was impacted by
biomass burning due to the back-trajectory analysis (Figure S1), NAAPS model (Figure S3), and
increases in select species described subsequently. Therefore, MO8 was separated from the other
sample sets for the purposes of the following characterizations. Figure 7 shows the size-resolved
aerosol composition for select tracer species for the four highest aerosol events (MO7, MO8,
MO12, and MO14), the lowest aerosol event (MO11), and the average (+ standard deviation) of
the remaining seven sample sets.

Potassium is frequently used as a biomass burning tracer (e.g. Andreae, 1983; Artaxo et
al., 1994; Echalar et al., 1995; Chow et al., 2004; Thepnuan et al., 2019). This species shows
highly elevated levels in the submicrometer range for MO7 and MOS8 (i.e. the sets influenced by
biomass burning transport from the MC). Other elevated trace elements for these two profiles
include Rb, Cs, Se, and Ti (Figure 7). Previous studies in the western United States (Schlosser et
al., 2017; Ma et al., 2019) have also shown Rb enhancements in wildfire-influenced aerosol. Rb
has also been measured in flaming and smoldering biomass burning emissions (Yamasoe et al.,
2000). Enhancements in Rb and Cs in the fine fraction of aerosol influenced by wildfire
emissions have been observed in South Africa (Maenhaut et al., 1996), with similar results
shown in this study for aerosol in the submicrometer size range. Se is also enhanced for these
two sets in the submicrometer range, as it is often formed through gas-to-particle conversion
processes of inorganic Se compounds (Wen and Carignan, 2007). A wide variety of sources for
atmospheric Se exist (Mosher and Duce, 1987), including, but not limited to, coal combustion
(Thurston and Spengler, 1985; Fung and Wong, 1995; Song et al., 2001), marine emissions
(Arimoto et al., 1995), volcanos, and biomass burning (Mosher and Duce, 1987). In contrast to
the other enhanced species for MO7 and MO8, the mass concentration mode for Ti resides in
supermicrometer size range. Ti is typically associated with crustal material that can be suspended
through mechanisms such as vehicle usage (Sternbeck et al., 2002; Querol et al., 2008; Amato et
al., 2009) and lofting in wildfire plumes (Maudlin et al., 2015; Schlosser et al., 2017). While
long-range transport of biomass burning aerosol could lead to the enhancements measured for
these biomass burning tracer species, local emission sources, such as waste burning and wood
burning for cooking, may also play a role.

Two tracer species are included that showed enhancements for MO12, specifically Ba in
the supermicrometer range and V in the submicrometer range (Figure 7). One well-documented
source of aerosol Ba is non-exhaust vehicle emissions, including brakewear (Sternbeck et al.,
2002; Querol et al., 2008; Amato et al., 2009; Jeong et al., 2019). V also has well characterized
emission sources, most specifically fuel combustion (Fung and Wong, 1995; Artaxo et al., 1999;
Song et al., 2001; Lin et al., 2005; Kim and Hopke, 2008). In coastal environments, V is often
tied to shipping emissions (Agrawal et al., 2008; Pandolfi et al., 2011; Maudlin et al., 2015;
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Mamoudou et al., 2018). As these sources are anthropogenic in origin, it is difficult to determine
the relative influences of long-range transport versus local emissions, especially with the
proximity of the sampling site to major roadways and shipping in Manila Bay. However, the
enhancement in V could result from the transport of the aerosol over major shipping lanes father
upwind.

Finally, Figure 7 shows three selected elements that appear enhanced in MO14, all of
which are typically tied to anthropogenic sources. Both Pb and Sn are found mainly in the
submicrometer range and have been linked by previous studies to vehicle emissions (Singh et al.,
2002; Amato et al., 2009), industrial emissions (Querol et al., 2008; Allen et al., 2001), and
waste burning (Kumar et al., 2015). Other sources of Pb could include E-waste recycling
(Fujimori et al., 2012) and biomass burning (Maenhaut et al., 1996). The size distribution of Mo
for MO14 shows a much broader distribution, with peaks in both the sub- and supermicrometer
ranges. Sources of Mo include vehicle emissions (Pakkanen et al., 2003; Amato et al., 2009),
combustion (Pakkanen et al., 2001, 2003), and industrial activity, including copper smelters
(Artaxo et al., 1999). As is the case with the enhanced species in MO12, the anthropogenic
nature of these species makes it difficult to determine the relative contribution of long-range
versus local emissions. However, as both MO12 and MO14 show enhancements in
anthropogenic-produced trace elements, the influence of long-range transport from industrial and
urban areas in continental East Asia is plausible.

3.2.3 Variability of Water-Soluble Organic Species

Water-soluble organic aerosol species serve as good tracers for emission sources, impact
the cloud condensation nuclei (CCN) budget, and contribute non-negligible mass to atmospheric
aerosol. Figure 8 shows the sum of the total measured water-soluble organic species and the
relative contributions of oxalate, succinate, adipate, maleate, pyruvate, MSA, and phthalate to the
total measured water-soluble organics for MO7, MO8, MO11, MO12, MO14, and the average (+
one standard deviation) of the remaining sets. Malonate (C3) was not characterized due to its low
concentrations in the samples measured and the co-elution of C3 with carbonate in the IC
analysis. Glutarate (C5) was also excluded from the analysis due to very low concentrations. For
the examination of the organic species, MO8 was again separated from the other MOUDI sets
due to it having the second highest concentration of organic species (0.66 pug mand an organic
species contribution profile very similar to that of MO7. The remaining MOUDI sets included in
the average category (MO1 — MO6, MO9 — M010) all have total organic species concentrations
that were less than the four highest aerosol sets (MO7, MO8, MO12, MO14) and greater than the
lowest aerosol set (MO11). The lowest aerosol event (MO11) has the lowest overall
concentration of organic aerosol (0.09 ug m), while the 2™ highest aerosol event (MO7) has the
highest concentration of organic aerosol (0.70 pug m).

Many studies worldwide have examined the relative contributions of organic species to
atmospheric aerosol, with oxalate typically having the highest contribution among dicarboxylic
acids (Kawamura and Kaplan, 1987; Kawamura and Ikushima, 1993; Kawamura and Sakaguchi,
1999; Sorooshian et al., 2007a; Hsieh et al., 2007, 2008; Aggarwal and Kawamura, 2008;
Deshmukh et al., 2012, 2018; Li et al., 2015; Hoque et al., 2017; Kunwar et al., 2019). Oxalate
was the dominant water-soluble organic species for all 12 MOUDI sets, with oxalate having the
highest contribution to the organic aerosol in MO12 (88.7% of total organic aerosol). Oxalate is
often considered a byproduct of photochemical aging of longer-chain dicarboxylic acids (e.g.
Kawamura and Ikushima, 1993; Kawamura and Sakaguchi, 1999), and therefore an increase in
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oxalate is often considered a signature of aged aerosol in the absence of primary oxalate
emissions from sources such as biomass burning. Another major pathway of oxalate formation is
aqueous processing (Crahan et al., 2004; Ervens et al., 2004, 2018; Sorooshian et al., 2006,
2007b; Wonaschuetz et al., 2012), which is likely prevalent during the SWM when there is
frequent cloud cover. Previous studies have also demonstrated the ability for transport of and
photochemical aging of water-soluble organic acids over long distances in a marine environment
(e.g. Kawamura and Sakaguchi, 1999) and the importance of emissions from continental Asia in
the organic aerosol budget in the western north Pacific (Aggarwal and Kawamura, 2008; Hoque
et al., 2017). The back-trajectories of the air masses terminating at MO during MO12 and MO14
indicate origins of emissions from continental East Asia (Figure 2). It is plausible that the high
contribution of oxalate to the organic aerosol in MO12 and MO14 (which had the fourth highest
percent contribution of oxalate) is due to the degradation of both primarily-emitted and
secondarily-produced longer-chain dicarboxylic acids during the transport process through
mechanisms described above, such as photochemical degradation and aqueous processing, with
the former mechanism being plausible in the regions of low cloud cover to the north and
northwest of the Manila (Figure 1) and the latter mechanism potentially being of great
importance due to the typhoon influences during transport. While the aerosol measured in MO7
and MO8 also show long-range transport influences (Figure 2a and Figure S1), the overall signal
of organic aerosol is much stronger in these two sets, such that the absolute concentration of
oxalate (MO7: 0.47 pg m=and MOS8: 0.42 ug m™) is still greater than in MO12 (0.19 pg m)
and MO14 (0.37 ug m®). However, biomass burning is a well-documented source of both
oxalate and longer-chain dicarboxylic acids (e.g. Falkovich et al., 2005; Nirmalkar et al., 2015;
Cheng et al., 2017; Deshmukh et al., 2018; Thepnuan et al., 2019).

Succinate has been linked to biomass burning emissions (Wang and Shooter, 2004;
Falkovich et al., 2005; Zhao et al., 2014; Balla et al., 2018), vehicular emissions (Kawamura and
Kaplan, 1987; Kawamura et al., 1996; Yao et al., 2004), and secondary production via
photochemical reactions of precursor organic compounds (Kawamura and Ikushima, 1993;
Kawamura et al., 1996; Kawamura and Sakaguchi, 1999). The two MO MOUDI sets thought to
have the most influence from biomass burning emissions (MO7 and MO8) had the highest
organic aerosol mass concentrations and the highest mass percent contributions of succinate to
the organic aerosol (MO7: 14.3% and MO8: 17.5%). In contrast, the next highest contribution of
succinate to the organic aerosol was 4.2% measured in MOS5. These results agree with previous
studies in Northeast China that showed an increase in total organic aerosol mass concentration
and a strong increase (decrease) in the relative contribution of succinate (oxalate) during biomass
burning periods as opposed to non-biomass burning periods (Cao et al., 2017). Results from
California, USA also showed higher percent contributions of succinate to the water-soluble
organic aerosol during periods influenced by biomass burning (Maudlin et al., 2015).

MO11 had the second highest relative contribution of maleate (28.5% of water-soluble
organic aerosol) out of all 12 sample sets and had a much higher percent contribution as
compared to the four highest aerosol events (<2.5% for each of the following: MO7, MOS8,
MO12, and MO14). Maleate is linked to the oxidation of aromatic hydrocarbons, usually from
anthropogenic sources such as vehicular emissions (Kawamura and Kaplan, 1987; Kunwar et al.,
2019). One explanation for this result could be the higher rainfall accumulation in and around the
study region during MO11 as compared to the three highest aerosol sets (Figure 2). Wet
scavenging could have removed aerosol from transported air masses during their journey towards
MO, thereby increasing the relative contribution of local sources to the measured aerosol in
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MO11. Because of the reduced aging time associated with emissions from local sources, the
relative increase in the contribution of longer-chain dicarboxylic acids and the decrease in the
relative contribution of oxalate is plausible. Hsieh et al. (2008) showed in samples from Taiwan
that the relative contribution of oxalate to the organic acids was also higher during periods of
high aerosol loading as opposed to periods of moderate aerosol loading when the overall PM
concentration was lower. MO11, which showed air mass back-trajectories originating to the east
of the Philippines from the open Pacific (Figure 2b), had the lowest overall water-soluble PM
concentration, the lowest overall concentration of water-soluble organic acids, and the second
lowest percent contribution of oxalate to the organic acid mass (57.1%) of all the sets.

Phthalate is an aromatic dicarboxylic acid often linked to anthropogenic sources through
photochemical transformation of emissions from vehicles (Kawamura and Kaplan, 1987;
Kawamura and Ikushima, 1993) and waste burning (Kumar et al., 2015), although aqueous
processing has also been proposed as a formation mechanism (Kunwar et al., 2019).
Accordingly, phthalate has been shown to have seasonal and diurnal variations in concentration,
with enhanced production usually linked to times of stronger solar radiation (i.e. summertime
and daytime: Satsumabayashi et al., 1990; Ray and McDow, 2005; Ho et al., 2006; Kunwar et
al., 2019). However, increased emissions of precursor species during different times of the year
may affect these trends (Hyder et al., 2012). Sets MO7, MO8, MO11, and MO14 had the highest
contribution to the water-soluble organics from phthalate (range: 9.5 — 10.2%). In contrast, the
remaining sets had a much lower contribution (range: 1.7 — 4.9%). However, the absolute
concentration of phthalate was highest in sets MO7, MO8, and MO14 (range: 45.3 - 67.0 ngm-
%), and much lower for the remaining sets (range: 2.0 — 8.9 ng m™). Increased phthalate
concentrations during biomass burning episodes have been previously measured in SE Asia (Cao
et al., 2017). Furthermore, cloud coverage was fairly low during MO14 as compared to the other
sets of interest (Figure 1), increasing the possibility of photochemical production of phthalate.
For the remaining sample sets, the range of phthalate concentrations is substantially lower and
fairly consistent, indicating that the measured phthalate in these samples most likely represents
the local background conditions.

While not a carboxylic acid, MSA is nonetheless an important organic aerosol species,
especially in marine environments. The assumed precursor of MSA in this study is from the
oxidation of marine-emitted dimethylsulfide (DMS). Interestingly, all sample sets showed
approximately the same mass percent contribution of MSA to the organic aerosol, ranging from a
minimum of 3.1% (MO6) to a maximum of 7.0% (MO5). However, the absolute concentration
of MSA was highest in the two sets with biomass burning influence (MO7: 23.3 ng m and
MOS8: 21.4 ng m), with concentrations 8.4 and 7.7 times higher, respectively, than the lowest
MSA concentration measured (MO11: 2.8 ng m™®). A previous study showed that MSA
concentrations in air masses with mixed influence from marine and biomass burning emissions
are higher than the concentrations measured from either source alone (Sorooshian et al., 2015).
The results from the present study (i.e. more MSA measured in sets with biomass burning
influence) in SE Asia again highlight the complexity of interactions between air masses with
different sources and the accompanying changes in aerosol physiochemical properties.

4. Conclusions

This study sought to characterize influences of local and long-range transported aerosol
to the Philippines during the Southwest Monsoon (SWM) season as well as the various synoptic
and local scale conditions that facilitate and suppress long-range transport of aerosol. As a highly
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populated mega-city, Metro Manila is the source of a large amount of urban, anthropogenic
pollution. However, synoptic-scale weather, including the typical SWM flow and typhoons, can
impact the transport of aerosol to and from Metro Manila. While previous work in a rural area in
the northwest edge of the Philippines has identified seasonal aerosol transport patterns to the
Philippines using PM2 s data (Bagtasa et al., 2018), the present study highlights case studies of in
situ size-resolved aerosol measurements from Metro Manila to examine the potential for aerosol
transport to impact this urban area as well.

For two of the sample sets with enhanced total water-soluble aerosol mass concentration,
biomass burning aerosol transport from the Maritime Continent (MC) towards the Philippines
was identified using air mass back-trajectories and the Navy Aerosol Analysis and Prediction
System (NAAPS) model. This transport followed a southwesterly flow pattern that is typical of
this time of year (Figure S1) and lends its name to the SWM season. Deep aerosol layers,
extending from the surface to 3 km, were identified by CALIOP to the southwest of the
Philippines. The influence on aerosol in Metro Manila was shown through enhancements in
biomass burning tracer species (e.g. K, Rb) and increased concentration of organic aerosol. The
challenges in satellite-based retrievals of biomass burning in the region (Reid et al., 2012, 2013)
and the underestimation of fire activity in the region by these satellite retrievals (Reid et al.,
2013) lead to unanswered questions about the amount and fate of biomass burning emissions in
the MC and SE Asia. The ability to measure biomass burning signatures in a highly polluted,
urban mega-city such as Metro Manila and the evidence of long-range transport gathered through
multiple methods and data sources (i.e. in situ measurements, models, and remote-sensing)
speaks to the strong signature of biomass burning emissions in the region and the long-range
transport pathways available for these emissions.

In contrast, transport of anthropogenic emissions from continental East Asia was
identified on two occasions with high water-soluble aerosol mass concentrations, with one
measured instance of long-range transport having been facilitated by the influence of a typhoon.
In these cases, it is difficult to separate urban emissions between local and distant sources.
However, the elevation of select tracer species (Ba, V, Pb, Mo, Sn) and the water-soluble organic
aerosol characteristics for these two cases (i.e. high relative contribution of oxalate to the organic
aerosol) indicated that long-range transported urban emissions could impact Metro Manila.

Finally, one low aerosol loading case was impacted by air masses travelling over the
open ocean to the east of the Philippines. This case showed an enhanced fraction of
supermicrometer aerosol and a very low concentration of water-soluble organic acids. Higher
rain accumulation during this sample set, as opposed to the sample sets with the highest water-
soluble aerosol concentrations, could have led to greater wet scavenging of aerosol. This case
also had the lowest overall mass concentration of water-soluble organic species, a low percent
contribution of oxalate to the water-soluble organics, and a high percent contribution of maleate.
This result points to the relative importance of locally-emitted species that have not yet
undergone photochemical and aqueous processing mechanisms that lead to the degradation of
longer-chain dicarboxylic acid species into oxalate.

These results have important implications for better understanding the aerosol budget and
influences in and around the Philippines and SE Asia. Transport of aerosol both into and out of
Metro Manila can impact human health, cloud condensation nuclei (CCN) budgets, and radiative
forcing in the region. Furthermore, the identification of various tracer species (e.g. K and Rb for
biomass burning) and the impacts of different long-range transport mechanisms, and associated
mixing of different air mass types, on the water-soluble aerosol characteristics (e.g. enhanced
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oxalate in emissions from continental regions, enhanced MSA during periods of biomass burning
influence) have worldwide applications. As remote-sensing measurements in this region are
notoriously difficult (e.g. Reid et al., 2009, 2013), in situ and model results lend vital data to
address the questions surrounding characteristics of aerosol that are transported into and out of
this highly-populated region.
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Table 1. Description of the MOUDI sample sets from this study. Accumulated precipitation
during the sample sets was found using PERSIANN-CCS for the area bounded by: 121.0199 -

121.0968° E and 14.6067 - 14.6946° N.

Set Name Start Dgte/ End Dqte/ Total V_\/ater—SoIgbIe s(?lggl\év?:\?ars_s Precipitation
Local Time | Local Time Species (g m™) <1pum (mm)
RN R P
MO?2 11/ gg/ iﬁw : /12(?1,}& 6.52 62.1% 14
mos | J /1265% 0 /13201,}& 5.17 66.4% 35
mos | JBOUS | 88 9.17 64.8% 11
MO6 2?3{2’ %’?\/I 2?3{2/ %,?VI 5.11 55.8% 50
mo7 | SAanS | 81en8 13.70 60.3% 3
MO8 ffgg& fgz,of‘g& 12.73 71.6% 10
MO9 5?&3/ e 5?&2’;?\/' 6.23 76.7% 64
MO10 gfgg& ??/0122% 6.36 79.5% 20
MO11 ;’SQ& gffg& 2.70 47.3% 26
Motz | JZ0R8 | D28aS 13.49 59.9% 1
MO14 51:8662& 51:8282& 16.55 78.4% 0
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1217  Figure 1. MERRA-2 data for 850 hPa wind vectors and total cloud fraction averaged over the
1218  sample set duration for a) MO7 (8/14 — 8/16), b) MO11 (9/18 — 9/20), ¢c) MO12 (9/26 — 9/28),

c) MO12: 9/26 - 9/28 d) MO14: 10/6 - 10/8

|

o
2]
i

1219  and d) MO14 (10/6 — 10/8). The location of the Manila Observatory is indicated by the red

1220  circle. (Note that 850 hPa wind vectors are also averaged to increase grid spacing and improve

1221  figure readability.)
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1223  Figure 2. Rainfall accumulation, extending from 5 days before the midpoint of each sample set
1224 until the midpoint of each sample set, from PERSIAN-CCS for a) MO7, b) MO11, ¢) MO12, and
1225 d) MO14. In blue are the 5-day air mass back-trajectories terminating at the MOUDI inlet at MO
1226  (~85 m above sea level) every 6 h during each of the sample study periods. Note that the

1227  maximum precipitation accumulation in the region shown during the study periods was 955 mm;
1228  however, for figure readability, the scale was reduced to 0-250 mm.
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Figure 3. CALIOP Vertical Feature Mask (VFM) for overpasses during or following MO?7,
MO12, and MO14. For the CALIPSO satellite overpass tracks, the dashed lines correspond to
the nighttime profiles and solid lines are for daytime. Note that nighttime overpasses correspond
to early morning times before sunrise for the listed days and daytime overpasses occurred during
early afternoon.

32



https://doi.org/10.5194/acp-2019-436 Atmospheric ¢
Preprint. Discussion started: 30 August 2019 Chemistry % EG U
(© Author(s) 2019. CC BY 4.0 License. and Physics é

Discussions
By

: 1 [ e ] [ [ =
1236 T2 4 & 16 32 64 128 256 512 T2 4 8 18 32 6+ 128 2% 512 12 4 8 18 32 64 128 25 512 T2 4 8 18 32 64 128 2% 512

1237  Figure 4. NAAPS model snapshots corresponding to conditions at the stop time of sample sets a)
1238  MO7, b) MO11, and ¢) MO12 and d) 3 h after the sample stop time for MO14. The top row of
1239  figures is anthropogenic and biogenic fine aerosol (ABF) surface concentration (ug m), while
1240  the bottom row is biomass burning smoke surface concentration (ug m-).
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1242  Figure 5. a) Mass size distributions for total water-soluble mass (C = sum of mass

1243  concentrations for water-soluble species) and b) percent contribution of each size range to the
1244  total water-soluble mass for the three MOUDI sets with the highest aerosol mass concentrations
1245 (MO7, MO12, and MO14), the set with the lowest concentration (MO11), and the average (+ one
1246  standard deviation error bars) for the remaining eight sets.
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1255  Figure 7. Selected elements that showed elevated concentrations during at least one of the
1256  highest aerosol events (MO7, MO8, MO12, or MO14). The concentrations from the lowest
1257  aerosol event (MO11) are also shown. The “other sets” category displays the average (+ one
1258  standard deviation) for the remaining seven sets.
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1261  Figure 8. Pie charts showing the fraction of species contributing to the measured water-soluble
1262  organic aerosol. Below each pie chart title is the sum of the water-soluble organic species

1263  measured, with the “other sets” chart showing the average + one standard deviation for the
1264  remaining sets. Acronyms: Methanesulfonate (MSA)
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