Oceanologia, 67 (1)/2025, 67109

Polish Academy of Sciences

Institute of Oceanology

Open access article under the CC BY license
https://doi.org/10.5697/TQCH9343

Carbonaceous aerosol particle sources in Manila North

Port and the urban environment

Tougeer Gilll, Simonas Kecoriusm'*, Kamilé Kandrotaité?!, Vadimas Dudoitis?!, Leizel Maduefio3,

Alfred Wiedensohler3, Laurent Poulain3, Edgar A. Vallar?, Maria Cecilia D. Galvez?, Steigvilé
Byc&enkiené?!, Kristina Plauskaite?

Abstract

This study addresses the pressing issue of black carbon (BC) pollution in urban areas, focusing on two locations in the
Philippines: Quezon City's East Avenue (QCG, roadside urban environment) and Manila's North Port. We found that
organic aerosol particles (OA) made a greater contribution (80%) to total submicron particulate matter compared to
inorganic aerosol (IA) (20%). The mean hourly average equivalent black carbon (eBC) mass concentration at the
QCG site (35.97 +16.20 ug/m?3) was noticeably higher compared to the Port (10.27 +5.99 ug/m3), consistent with
trends in other Asian cities. Source apportionment analysis identified eBC related to transport emissions (eBCqg) as
the predominant contributor to eBC, accounting for 86% at the Port and 80% at QCG. Diurnal patterns showed the
highest eBCpg mass concentrations (47.69 +9.34 ug/m?) during morning rush hours, which can be linked to light-duty
vehicles. Late-night (10 pm-12 am) high concentrations (30.63 + 8.45 ug/m?) can be associated with heavy diesel
trucks at the QCG site. Whereas at the Port site, hourly average higher eBCy concentration (12.24 +3.65 ug/m3)
during morning hours (6 am—8 am) can be attributed to the traffic of heavy-duty trucks, trollers, diesel-powered
cranes and ships. Compared to the QCG site, a lower eBC concentration at the Port site was favoured by the
more open environment and higher wind speed, facilitating better pollutant dispersion. The mean hourly average
concentrations of PM, s and PM;,, measured using an Aerodynamic Particle Sizer, consistently exceeded the air
quality standards set by the World Health Organization and the Philippine Clean Air Act at both sites. This study
highlights the persisting BC pollution in developing regions and calls for scientifically based strategies to mitigate the air

quality crisis.
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1. Introduction

Air pollution is a major environmental issue affecting
millions of people worldwide, especially in underdevel-
oped nations where excessive pollution can cause serious
health problems. According to estimates, air pollution-
related diseases and deaths impacted more than 6.7 mil-
lion people worldwide in 2019 (Donaldson et al., 2020).
Prolonged exposure to air pollutants has been linked to res-

© 2025 The Author(s). This is the Open Access article distributed
under the terms of the Creative Commons Attribution Licence.

piratory and cardiovascular diseases leading to substantial
rates of illness and premature death (WHO, 2021). More-
over, air pollution also negatively affects ecosystems, and
water bodies and contributes to climate change (Lelieveld
et al,, 2019). This global crisis presents itself differently
in various locations, each facing its difficulties and con-
sequences. In the Philippines, for instance, rapid urban-
isation and industrial growth have worsened the issue
of air pollution, turning it into a critical concern for pub-
lic health. According to the World Health Organization
(WHO, 2021), outdoor air pollution in the Philippines is
responsible for 27,000 premature deaths per year, placing
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it among the top 20 countries with the highest number of
air pollution-related deaths (Myllyvirta et al., 2020). Spe-
cific health issues for example asthma, chronic bronchi-
tis, lung cancer, and cardiovascular diseases like heart
attacks and strokes have shown significant correlations
with days of high air pollution in the Philippines (Lu et
al,, 2022). Reports from the Philippine Heart Association
(2018) have indicated a marked increase in hospital ad-
missions for heart disease during such periods, highlight-
ing the direct impact of air quality on public health (Yu
etal, 2023).

The complete picture of air quality requires investiga-
tion of various pollutant metrics, among which particulate
matter is a critical component. PM, s and PM,,, particles
with aerodynamic diameters less than 2.5 and 10 um re-
spectively, originate from sources like dust, industrial emis-
sions, and combustion. These particles are key contribu-
tors to urban air pollution, affecting both health and cli-
mate (Cohen et al., 2017). Delving further, non-refractory
PM; (NR-PM,) refers to particles smaller than 1 um, anal-
ysed primarily using advanced aerosol mass spectrometry
to understand atmospheric chemistry and its broader im-
pacts (Zuo et al,, 2023). Moreover, equivalent black carbon
(eBC) is particularly relevant for assessing combustion
sources, such as vehicles and biomass burning (Alfoldy et
al.,, 2023).

In developing regions, such as the megacity of Metro
Manila in the Philippines, the confluence of rapid urban
expansion, deficient infrastructure, and limited resources
givesrise to specific concerns regarding air pollution. Metro
Manila, housing a population of 12 million and boasting a
population density of 21 thousand individuals per square
kilometre, faces unique challenges (Philippine Statistics
Authority, 2022). Notably, it records the highest num-
ber of registered motor vehicles in comparison to other
cities in the country, with a reported figure of 2.2 million
(Philippine Land Transportation Office, 2023). Given these
statistics, it comes as no surprise that a staggering 90% of
emissions in this city originate from mobile sources (En-
vironmental Management Bureau, 2018). According to
Oanh et al. (2006) the distinctive geographical features
of Metro Manila, nestled between Manila Bay to the west
and Laguna Lake to the east, result in air quality primarily
originating from urban sources, with minimal influence
from long-range transported aerosols. In response to air
quality issues, the Philippines enacted the Clean Air Act
in 1999 and updated it in 2016. This law sets daily and
annual limits for PM;, (150 ug/m? and 60 ug/m?®) and
PM, 5 (50 ug/m? and 25 ug/m?*) (Republic of Philippines,
1999). It is clear that the air pollution problem in Manila
has generated enough momentum to set the right course
at the legislative level, but these rules have not been exe-
cuted thoroughly. As of today, a regulatory agency has not
implemented continuous air quality monitoring of major
pollutants in Manilla.
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Over the years, Manila has been a focal point of nu-
merous studies dedicated to assessing air quality and its
associated impact. These research endeavours have fur-
nished invaluable insights into pollutant levels, their di-
verse sources, and the resultant health risks (Braun et al.,
2020). For example, a study by Oanh et al. (2006) investi-
gated the sources of PM in Manila, Philippines. The authors
used a chemical mass balance model to estimate the contri-
bution of different sources to PM, including carbonaceous
aerosol particles. The results showed that vehicular emis-
sions were the primary source of carbonaceous aerosol
particles, followed by biomass burning and coal combus-
tion. Pabroa et al. (2022) analyzed the levels of differ-
ent air contaminants in Manila, such as particulate matter
(PM; 5 and PM,), sulphur dioxide (SO,), nitrogen oxides
(NOx), and volatile organic compounds (VOCs) in the city’s
ambient air. Kecorius et al. (2017, 2019) and Alas et al.
(2018) have reported extremely high eBC mass concentra-
tions in Metro Manila, which seem to be a fingerprint of
a developing urban environment. These findings provide
a baseline for comparison with the current results, which
continue to show elevated levels of eBC consistent with
rapid urbanisation. Currently, applicable air quality stan-
dards for criteria pollutants (e.g. particulate matter) do not
include eBC. Focusing solely on PM;, or PM, s may not give
adequate information on the state of air quality in Metro
Manila, and potentially other megacities. In the study of
Maduefio et al. (2019) and Kecorius et al. (2017), the
aerosol particles were extensively characterized in terms
of their particle number size distribution, particle and
equivalent black carbon number and mass concentration,
mixing state, spatial and temporal pollutant variability,
and fleet segregated emission factors. Despite commend-
able progress in previous investigations, some knowledge
gaps remain. For example, little information exists about
other BC sources besides road traffic. It is also unclear
what influence Manila Port has on eBC levels in the city.
While exploring the portarea, it is important to understand
the potential influence on air quality, particularly regard-
ing port emissions. It is known that port emissions con-
tribute significantly to elevated atmospheric pollutants in
the vicinity of the port (Merico et al., 2019; Maduefio et al.,
2022).

To improve the knowledge about aerosol composition
in Metro Manila, this study aims to (1) conduct source
apportionment of BC at key sites (Port and QCG), (2) in-
vestigate the temporal variability of air pollutants, and (3)
analyse the organic and inorganic aerosol composition at
Port site. This study supports previous studies and pro-
vides further compelling evidence that an outdated vehic-
ular fleet is the primary contributor to the elevated levels
of black carbon concentration in Metro Manila. It under-
scores the urgent need for targeted mitigation strategies
to reduce emissions from the transportation sector at both
sites.
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2. Methods

2.1 Description of measurement site

An intensive field campaign focusing on the physical-
chemical properties of the airborne pollutants was con-
ducted at two locations in Metro Manila, Philippines: Mani-
la’s North Port (14°61'N, 120°96'E) between December 20,
2019, to January 25, 2020, and Quezon City’s East Avenue
roadside (14°67'N, 121°04'E) between January 29, 2020,
to February 26, 2020. The measurements were carried out
as a part of the project “A Transdisciplinary Approach to
Mitigate Emissions of Black Carbon” (TAME-BC). The Port
site is located 12 km away from the Quezon City’s East
Avenue (Figure 1). Measurement instrumentation was
held in a specialized, air-conditioned measurement con-
tainer to ensure the quality of data collected; aerosol instru-
mentation was operated based on recommendations from
the World Calibration Centre for Aerosol Physics (WCCAP)
under the World Meteorological Organization’s (WMO)
Global Atmosphere Watch (GAW) Programme. The sam-
pling was carried out following the guidelines presented
in the GAW report 227 (WMO Report, 2016) to minimize
particle loss due to diffusion, impaction, and settling. To
ensure the accuracy of measurements, the relative humid-
ity during the campaign was maintained below 40%. This
was achieved by utilizing a Nafion® Permapure dryer and
controlling the temperature within the air-conditioned
measurement container to 27°C (Tonisson et al.,, 2020).
The Manila North Port site (Figure 1a), situated in a key
shipping and cargo-handling area, is characterised by emis-
sions from diesel-powered cranes, heavy-duty trucks, and
maritime traffic, especially during active loading and un-
loading times. This semi-open location, positioned near

3/20

Manila Bay, benefits from higher wind speeds that facilitate
pollutant dispersion (Maduefio et al., 2019). In contrast,
Quezon City’s East Avenue roadside (Figure 1b) location
experiences dense, regular traffic dominated by light-duty
vehicles and public jeepneys, with heavy emissions during
peak hours. This urban setting, with close proximity to
residential and commercial buildings, likely influences pol-
lutant dispersion patterns and retention due to the built
environment (Maduefio et al.,, 2022; Alas et al., 2018; Keco-
rius etal., 2017). Similar to findings by Grivas etal. (2019),
which details BC levels in traffic-heavy avenues, and Kamin-
ska et al. (2023), which examines BC distribution influ-
enced by urban structure, the characterisation of these
sites highlights how kerbside features impact pollutant
concentrations. These site details enhance our study’s rel-
evance to urban BC research and highlight the importance
of location-specific factors for effective air quality inter-
ventions.

2.2 Instrumentation

2.2.1 Organic and inorganic aerosols

The Aerosol Chemical Speciation Monitor (ACSM, Aero-
dyne Research Inc., Billerica, MA, USA) was utilised for
real-time continuous monitoring of non-refractory submi-
cron particulate matter (NR-PM;, ) targeting organic com-
pounds, sulphate (SO37), nitrate (NO3 ), ammonium (NH}),
and chloride (CI™) with a detection limit < 0.2 ug/m3 at
the Port site. It is important to note that while ACSM data
from the Port site was used, Quezon City site data was
excluded due to its unavailability. This instrument is ef-
fective in analysing particles within the vacuum aerody-
namic diameter size range of approximately 80 nm to 800
nm, corresponding to a 50% transmission efficiency in
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Figure 1. Map of Metro Manila with the approximate locations of the measurement sites, Manila North Port Harbour,

Manila City (a) and East Avenue Quezon City (b).
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the aerodynamic size spectrum from 75-650 nm, with the
efficiency dropping to 30-40% at 1 um (Liu et al., 2007;
Atabakhsh et al., 2023). Before the sample aerosol reaches
the device, it flows at a flow rate of 1.6 litres per minute
through a PM; o impactor inlet (custom-made), a 2.5 m long
stainless-steel vertical sampling tube (6 mm inner diame-
ter) and a Nafion dryer (MD-110-48S-4, Perma Pure LLC,
Toms River, NJ, USA). ACSM installed an NR-PM; internal
inlet that eliminated particles larger than 1 um. In com-
parison, the dryer maintained a relative humidity below
50% and a flow rate of 1.6 litres per minute minimising
particle transport losses in the particle size range of 30 nm
to 1 um. It was expected that particle losses in the system
would be less than 2%. The particles of aerosol, inside
the ACSM, were focused on a heat-resistant surface at a
temperature of 600°C, in which the NR-PM; components
that were NR-PM; were vaporised. The resulting gasses
were identified and chemically analysed using 70 eV elec-
tron impact quadrupole mass spectrometry (Pauraité et al.,
2015). As the detection takes place via thermal vaporisa-
tion at 600°C, the BC is not detectable by ACSM (Toénisson
et al, 2020). The instrument was run with a time reso-
lution of 30 minutes and a mass spectrometer scan rate
of 220 (amu/s), from m/z 12 to 149, for normal aerosol
loadings (a few ug/m?3). ACSM standard data analysis soft-
ware (v 1.5.3.0) and DAQ 1.4.4.4 were used to process the
aerosol mass concentration and mass spectra (Tonisson
et al, 2020). Ammonium nitrate (NH,NO3) and ammo-
nium sulphate (NH,)2S0, were used for periodic calibra-
tion of the device (Tonisson et al., 2020). The following
calibration parameters were set during the calibration of
the device: RIENO3 = 1.1, RIENH, = 9.14, RIESO, = 4.2,
RIEOrg = 1.4, and RIEChl= 1.3, and the response factor
was equal to 2.26 X 10711, The resulting particle count-
ing efficiency (CE) was evaluated based on the method
suggested by Middlebrook et al. (2012) and was equal to
0.5.

2.2.2 Equivalent black carbon

The measurements of black carbon aerosol were carried
out by an Aethalometer (model AE31, Magee Scientific,
Berkeley, CA, USA, Helin et al,, 2018; Liu et al,, 2018). It
measures the optical transmission of carbonaceous aerosol
particles through the filter at seven wavelengths 1 (370,
450, 520, 590, 660, 880 and 950 nm). It is considered that
absorption of light at a wavelength of 880 nm represents
BC in the atmosphere as it is the main absorbent of light in
this channel (Bodhaine, 1995; Lavanchy et al., 1999), while
other known aerosol components have a negligible effect
(Weingartner et al., 2003; Zotter et al.,, 2017). The AE31
converts the light attenuation into the eBC mass concentra-
tion by using the MAC value of 16.6 m? g~ at a wavelength
of 880 nm (standard parameter according to the manufac-
turer’s specifications). The sampling inlet is located 4 m
above the ground and is equipped with a PM, 5 cut-size im-
pactor model SCC 1.828 (BGI Co.) operating at 4 litres per
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minute. Itis known that filter-based optical measurements
suffer from the filter-loading effect (Park et al., 2010). The
eBC mass concentration exhibits a linear correlation with
its attenuation. However, as filter loading increases, the
sensitivity of the filter’s attenuation response reduces, con-
sequently leading to an underestimation of the actual eBC
concentrations. The main filter-loading correction meth-
ods were described in the article by Collaud et al. (2010).
In this study, the eBC data were corrected for the effects of
filter loading using an empirical algorithm (Virkkula et al.,
2007). The data was compiled into an hourly mean dataset
for analysis. Negative values in the hourly mean eBC data
were removed following the averaging process. Routine
calibration tests of the AE31 determined that the detec-
tion limit for eBC mass concentration is below 40 ng/m3,
operating at a measurement resolution of 5 minutes.

2.2.3 Distinction between traffic- and biomass-related eBC
The 'Aethalometer model’ developed by Sandradewi et al.
(2008) was used to differentiate the eBC mass concentra-
tions originating from biomass burning (eBCgg) and fossil
fuels (eBCg). This model utilizes the absorption Angstrém
exponent (AAE) at specific wavelengths (470 and 880 nm)
to allocate the BC concentration to its respective source.

470\"AAEpB
X by (4700m) - (222) )
abs,BCgp (880nm) = (ﬂ)AAETR ~ (ﬂ)AAEBB (1)
880 880
470 AAETR
(Babs (470nm) — (325)
Dabs ey (880 M) = (2)

270\AAEBE /470 \AAETR
() ()
The selection of AAE values for traffic (AAEtg) and
biomass burning (AAEgg) follows comprehensive studies
that examined similar urban settings with dominant traffic
and biomass burning sources such as Zotter et al. (2017),
Qin et al. (2018), Cappa et al. (2012, 2016), Pauraite et
al. (2020), Minderyté et al. (2022) and Bycenkiené et al.
(2023). These values are 0.9 for AAE1R and 1.68 for AAEgg,
as identified by Zotter et al. (2017) through extensive
measurements and eBC source apportionment analysis
across various European locations, ensuring applicability
to urban environments similar to Manila. This study’s AAE
for black carbon (AAEg() of 1.43 was chosen based on its
alignment with Zotter et al. (2017), Dumka et al. (2018)
and Pauraite et al. (2020), which analyzed environments
impacted by significant fossil fuel and biomass burning
sources, similar to the conditions observed in Manila.
Further support for the AAE values used in this study
is drawn from Minderyté et al. (2022) and Bycenkiené et
al. (2023), who also reported similar AAE values under
comparable urban pollution conditions. These findings em-
phasise the relevance and robustness of the AE31 model in
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distinguishing between biomass and traffic-related black
carbon. Additionally, although direct sensitivity analysis
has not been performed due to constraints in this study,
referencing works such as Kaskaoutis et al. (2021) con-
firmed the robustness of the Aethalometer model across
different urban environments. In our previous work by
Bycenkiené et al. (2023), we have conducted sensitivity
analysis which supports the reliability of the AAE values
adopted. The AAE values adopted are supported by multi-
ple sources and are consistent with those used in related
literature, ensuring a reliable source apportionment in the
Manila context.

Brown carbon (BrC) was investigated based on the AAE
wavelength dependence method (WDA) proposed by Wang
et al. (2016). This method is based on an assumption
that light absorption at 880 nm represents only BC while
absorption at 370 nm could be related to both eBC and
BrC light absorption. WDA method can be expressed as
follows:

AAEggo/sso = AAEgg0/850 + WDA (3)

AAEgc

babs,BC(370 nm) = babs (880 nm) - ﬁ (4)

babs,BrC(370 nm) = babs(370 nm) - babs,BC(370 nm) (5)

The technique applied here operates on the assumption
that light absorption at 370 nm could be related to both
BC and BrC absorption, while light absorption at 880 nm
solely reflects BC absorption (Pauraite et al., 2020). The
analysis also takes into account minor dust absorption at
370 nm as mentioned by Zhao et al. (2019) and Kaskaoutis
etal. (2021).

2.2.4 Aerosol particle number size distribution

For particle number size distribution within a size range
from 0.5 to 10.0 um and number concentration assessment,
an aerodynamic particle sizer (APS - model 3221, TSI Inc,,
USA; TSI, Inc. 2004) was used. It is worth noting that while
the APS accurately determines the aerodynamic diameter
for most aerosol particles (Bartley et al., 2000), its count-
ing efficiency (CE) exhibits variability and is influenced
by particle size, as demonstrated by Preifer et al. (2016).
For PM, 5 and PM;, calculation, we estimated the aerosol
mass-weighted aerodynamic concentration by utilizing the
APS data, which provided number-weighted particle size
distributions (Peters et al., 2006; Pauraite et al.,, 2021):

3/2
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dMDae = dNDae 6 Cve (pp)l/z
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where, D, is the aerodynamic diameter, dNp,__ differential
number concentration for a given aerodynamic diameter,
pp is the density of the particle, Dy, is the volumetric equiv-
alent diameter which can be calculated from the defini-
tion of terminal velocity (Hinds, 1998), p, is unit density
(1 g cm™3), X is the dynamic shape factor, C,, - Cunning-
ham correction factor associated with aerodynamic diam-
eter, and C,, - Cunningham correction factor associated
with volume equivalent diameter (Zhou et al.,, 2017). The
aerodynamic diameter is converted into the volumetric
equivalent diameter for this purpose (Hinds, 1982). Ac-
cording to (Salcedo, 2006), the aerosol particle density, pp,
was estimated to be 1.80 g cm™3, and the shape factor X
was also assumed to be 1.9 (Park et al.,, 2004).

2.2.5 Meteorological conditions

The prevailing wind patterns at the Port and QCG sites are
shown in Figure 2. At the Port site (Figure 2a), the pre-
dominantly winds originated from the north (N), northeast
(NE), and north-north-east (N-NE) directions. Conversely,
at the QCG site (Figure 2b), winds primarily originated
from the west (W), southwest (SW), and south-south-west
(S-SW) directions. Average T and RH at the Port site were
27.54 £ 1.75°C and 68.99 + 8.49% (Figure 2c and Table 1)
and at the QCG site - 26.58 + 2.95°Cand 66.45 + 11.57%
(Figure 2d and Table 1). The number after “+” shows the
standard deviation.

2.2.6 Quality assurance

To ensure the data quality of the aerosol measurements,
we strictly adhered to the protocols described in our pre-
vious studies, such as those outlined by Alas et al. (2018).
For example, the instruments and aerosol containers were
checked daily throughout the campaign. Every two weeks,
the aerosol flow of the individual instruments and the
main inlet system was measured to identify possible leaks.
Before and after the move to another location, the flow
rates of the instruments in the aerosol container were also
thoroughly checked to ensure consistent operation under
different conditions. Extending these detailed measures,
the data quality of aerosol measurements was further en-
sured by adhering to World Meteorological Organization
guidelines for aerosol measurements (e.g. aerosol dry-
ing below 40% RH using membrane dryers; using PM,,
inlet to protect aerosol sampling lines from contamina-
tion; keeping sampling lines conductive, vertical and short
to minimise aerosol losses). Furthermore, total flow and
instrument-specific flow zero checks, high voltage calibra-
tion and aerosol particle sizing accuracy (using polystyrene
latex standard of 200, 1000 and 2000 nm; for mobility
measurement-based devices and aerodynamic particle
sizer), and instrument flows were tested on a weekly bases.
The Aerosol Chemical Speciation Monitor (ACSM) was cali-
brated by using the ACSM calibration protocol (Williams
etal, 2021).
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Table 1. The average temperature (T; °C), relative humidity (RH; %), wind direction (WD; °), wind speed (WS; m/s) and
pressure (hPa) during the measurement campaign at the Port site and QCG site.

Site T(°C) RH (%) WS (m/s) WD (°) Pressure (hPa)
Mean 27.54 68.99 1.44 134.05 1013.29
Median 27.4 70 1.3 90 1013.2
Port Site SD 1.75 8.49 1.03 112.05 2.38
Max 34.3 92 6.3 337.5 1019.6
Min 23.1 42 0 0 1007.1
Mean 26.58 66.45 0.31 211.18 1010.80
Median 26.2 67 0.4 247.5 1010.8
QCG Site SD 2.95 11.57 0.36 112.87 1.95
Max 34.7 93 2.2 337.5 1016.1
Min 19.7 35 0 0 1004.9
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Figure 2. Wind diagrams showing the wind direction, wind speed and frequency at Port site (a) and QCG site (b). Time
series data of ambient temperature (°C) and relative humidity (%) at the Port site (c) and the QCG site (d) throughout

the measurement campaign.

3. Results and discussion

3.1 Overview of organic and inorganic aerosols

The time series of hourly average non-refractory particu-
late matter (NR-PM, ) species at the Port site are shown in
Figure 3a. The total PM; mass concentration of the non-
refractory species measured by the ACSM ranged from
a few ug/m3, with the maximum hourly average reach-
ing up to 99.50 ug/m3. Throughout the campaign, organic
aerosol (OA) emerged as the predominant component of
NR-PM;, constituting a mean hourly average of 80%
(23.68 +£ 16.40 ug/m3). While sulphate constituted the
second-largest fraction of 10% (3.14 + 2.60 ug/m3) of the
total NR-PM; mass (Figure 3a). Notably, nitrates and am-
monium exhibited an equivalent contribution of 4% each
(1.90 + 1.32 ug/m3 and 1.23 + 1.02 ug/m3) to the total NR-

PM; mass (Figure 3a). In contrast, chloride represented
a minor fraction, ~ 2% (0.47 + 0.78 ug/m?3) (Figure 3a).
Comparable studies conducted at different locations pro-
vide additional insight into the composition of NR-PM;.
The study conducted by Stavroulas et al. (2021) in the
port city of Piraeus, Greece similarly highlights a higher
concentration of OA (67%) than inorganics such as S03~
(19%), NHZ (7%), NO2 (6%), and C1~ (1%) in urban at-
mospheric compositions. In a study conducted by Gani
et al. (2019) in Delhi, India, OA similarly dominated and
accounted for 50% of NR-PM; mass. Ammonium, chlo-
ride, and nitrate individually constituted approximately
10%, while sulphate contributed roughly 5% to the NR-
PM; mass. Another study conducted in Delhi, India by
Patel et al. (2021) showed a higher fraction of OA (78%)
and a lower fraction of sulphate (20%). Similarly, War-
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Figure 3. The hourly average temporal variation of species (organics, sulphate, nitrate, ammonium, and chloride) at the
Port site. The pie chart shows the fractional abundances of individual ACSM species averaged (a) and diurnal patterns of
the organics and inorganics species (5037, NH}, NO3, and C17) (b) at the Port site.

den et al. (2022) in their research in Kathmandu, Nepal
observed that average NR-PM; was composed by mass
of OA (35%), SO3~ (21%), NH} (7%), NO5 (3%), and C1~
(2%). Nitrate aerosols are primarily formed through the
oxidation of nitrogen oxides (NOx), which are significant
traffic-related pollutants (Draxler et al., 1998). NOx gases,
predominantly emitted from vehicle exhausts, react with
other atmospheric components under sunlight to form
secondary inorganic aerosols such as nitrates. The concen-
tration of these pollutants is notably higher in urban areas
with dense traffic,

3.2 Diurnal analysis of organic and inorganic aerosol
particles
At the Port site, the diurnal trend analysis was performed
for organic aerosols (0A) and other species including SO%~,
NHI, NO3, and Cl-. This analysis indicated that OA showed
higher mass concentration peaks (29.43 ug/m? and 40.02
ug/m3) during morning hours (about 8 am) and late-night
hours (about 8 pm). Whereas, a lower mass concentra-
tion (12.22 ug/m3) was observed between 3 pm-4 pm
(Figure 2b). Sulphates showed a higher mass concentra-
tion (4.89 ug/m?3) during morning hours (5 am-7 am) and
a lower mass concentration (1.91 ug/m?) during evening
hours (7 pm-8 pm) (Figure 2b). The formation of SO%~-de-
rived aerosol was likely occurring by the oxidation of SO,
which is the gaseous precursor. This is followed by particle
formation through condensation. The study conducted by
Cadondon et al. (2024) indicated that SO%~ ions at Manila
North Port mostly originated from ship emissions and
marine port vessels. Nitrates, ammonium, and chloride

showed higher mass concentrations (3.08 ug/m3, 2.16
ug/m3, and 1.03 ug/m3 respectively) during morning hours
(7 am-10 am), whereas lower mass concentrations (0.37
ug/m3, 0.58 ug/m3, and 0.07 ug/m3 respectively) were
observed between 2 pm-4 pm (Figure 2b). Similar find-
ings have been consistently demonstrated across various
Asian sites. For instance, Gani et al. (2019) conducted
research in India, revealing diurnal variations in aerosol
composition. They observed higher concentrations around
7 am-8 am and again around 9 pm-10 pm , with lower
concentrations typically occurring around 3 pm-4 pm. In
addition to this, Werden et al. (2022) studies in Nepal re-
vealed that higher concentrations of organic aerosols (0A)
occurred in the morning hours and late evening around 8
pm, coinciding with typical peak traffic hours and meal-
times. Inorganic aerosols, such as NO3, SOﬁ‘, and CI-,
also exhibited higher concentrations in the morning hours
and lower concentrations during midday. The increased
concentration of SO, in the morning was attributed to traf-
fic and industrial emissions, while lower concentrations
were associated with an increase in wind speed. Similarly,
studies conducted in Bangladesh (Salam et al., 2008) and
Pakistan (Alam et al., 2011) highlighted diurnal patterns
in aerosol constituents, underscoring the significance of
regional variations in aerosol dynamics.

3.3 Mass concentration of equivalent black carbon
(eBC)

The measurement campaign revealed that the eBC mass

concentration was higher at the QCG site than at the Port

site. The mean hourly average eBC mass concentration
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Figure 4. Time series of hourly average eBC mass concentration at Port site (a) and QCG site (b) (AE 31), during the

measurement campaign.

at the Port site was 10.27 + 5.99 ug/m3, while the mean
hourly average mass concentration at the QCG site was
35.97 + 16.20 ug/m3, as shown in Figure 4a and b, respec-
tively. The maximum hourly average eBC mass concen-
tration reached up to 35.82 ug/m? at the Port site and
104.54 ug/m?3 at the QCG site. In the Philippines, particu-
larly in urban centres like Metro Manila, different studies
utilising AE31data have unveiled the alarming presence
of elevated eBC concentrations. For example, studies con-
ducted by Alas et al. (2018) and Maduefio et al. (2022)
revealed that higher eBC mass concentrations were at-
tributed to emissions from vehicles and industrial activ-
ities in the region. According to Madueiio et al. (2022),
a five-month study in Manila, Philippines revealed that eBC
mass concentrations are 2 to 17 times higher than those in
urban and traffic areas of India, China, Europe, and the USA.
The annual average eBC concentration, however, remains
undetermined. Our study corroborates these findings, as
our results also show higher eBC concentrations compared
to other sites. Building on this discussion, recent findings
by Cadondon et al. (2024) at Manila Port reported that
atmospheric particle pollution is predominantly from local
anthropogenic sources, such as ship emissions and indus-
trial activities. Moreover, their air mass backward trajecto-
ries analysis indicated that, although air masses originated
from the Pacific in the Southeast region of the study area,
high factor loadings were of local anthropogenic origins.

Beyond the Philippines, other Asian countries have also
struggled with elevated eBC levels, often associated with
rapid urbanisation and industrial expansion. Notably, re-

search conducted by Kumar et al. (2020), Dumka et al.
(2019, 2019) and Bisht et al. (2019) in India, Bilal et al.
(2022) in Pakistan, Quang et al. (2021) in Vietnam, Chen
et al. (2019) in China, and Shakya et al. (2017) in Nepal
highlighting the influence of traffic and industrial sources
on eBC concentrations. When we compare our results to
findings from previous studies, it is clear that urban and in-
dustrial emissions consistently influence higher eBC levels
in different regions. Factors like local regulations and the
intensity of industrial activities also play significant roles.
For instance, the eBC levels at our QCG site are quite higher
than those found in densely populated urban areas of India
and Nepal, mainly due to traffic and industrial emissions.
On the other hand, the lower eBC levels at the Port site
indicate stricter local regulations or lower industrial activ-
ity. Differences in measurement approaches used in var-
ious studies also contribute to discrepancies in reported
levels. Therefore, it is crucial to implement customised
strategies that take into account specific urban character-
istics and regulatory environments to effectively reduce
eBC pollution and improve public health. Table 2 provides
a comparative analysis of the daily average eBC mass con-
centrations observed at these sites against the backdrop
of global research, emphasising the pressing need for ef-
fective emission reduction measures.

3.4 Source apportionment of equivalent black carbon
(eBC)

The source apportionment of eBC originating from traf-

fic and biomass burning was rigorously examined by uti-
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Table 2. Comparative analysis of mean hourly and daily averages, maximum daily and hourly concentration values, and
diurnal trends of various airborne pollutants at the Port site and QCG site, highlighting differences in pollutant levels

between the different sites.

Instrument Mean Hourly Max Hourly Mean Daily Max Daily Max Diurnal Min Diurnal Reference

Average Conc Value Average  Conc Value Trend Trend

(ug/m*) (ug/m*)  (ug/m®)  (ug/m*)  (ug/m?) (ug/m*)
OA (Port) ACSM 23.68+16.40 99.50 23.36+894  40.47 29.43 12.22 (this study)
S042- (Port) ACSM 3.09 £ 2.60 18.0 3.14+1.55 6.84 4.89 1.91 (this study)
NO3- (Port) ACSM 1.18 +£1.32 11.20 1.18 £0.52 2.01 3.08 0.37 (this study)
NH4+ (Port) ACSM 1.19+£1.02 6.96 1.20£0.56 2.26 2.16 0.58 (this study)
Cl- (Port) ACSM 0.47 +£0.78 6.90 0.47 +£0.28 1.15 1.03 0.07 (this study)
eBC (Port) (AE31) 10.27 £5.99 35.82 10.32 £3.01 15.25 15.57 +£3.46 5.05 (this study)
eBC (QCQ) (AE31) 35.97%16.20 104.54 34.08+7.29 4425 6345+10.61 2343 (this study)
eBC (Port) (AE33) 16+3 70.21 Cadondon et al. (2024)
eBC Manila (PHL) (AE33) 25.7 Alas et al. (2018)
eBC (Quezon, PHL) (AE33) 36.7 Maduefio et al. (2022)
eBC (Delhi, India) (AE31) 13.57 Kumar et al. (2020)
eBC (Delhi, India) (AE33) 7.2 Dumka et al. (2019)
eBC (Delhij, India) (AE33) 1491 Dumka et al. (2019)
eBC (Delhi, India) (AE33) 7.89 Bisht etal. (2019)
eBC (Lahore, PAK) (AE33) 21.7 Bilal et al. (2022)
eBC, (Hanoi, Vietnam) (AE33) 32.5 Quang etal. (2021)
eBC (Guangzhou, China)  (AE31) 20.5 Chen etal. (2019)
eBC (Kathmandu, Nepal) (AE33) 15 Shakya et al. (2017)
eBCgg (Port) (AE31) 1.28 £0.72 5.73 1.28 £ 0.61 5.73 1.86+0.26 0.77 (this study)
eBCrg (Port) (AE31) 7.75+5.34 35.39 7.88+4.313 5.39 12.24 +3.05 3.65 (this study)
eBC (Port) (AE31) 8.36+5.92 43.50 8.47 +£4.80 43.50 (this study)
BrC (Port) (AE31) 2.06+2.10 26.10 2.06+1.68 26.10 (this study)
eBCgg (QCG) (AE31) 6.06 + 2.24 17.52 5.90+2.13 17.52 8.49+1.0 4.79 (this study)
eBCrgr (QCG) (AE31) 2495+14.85 10248 24.08%+12.67 10248 47.69+9.34 13.97 (this study)
eBC (QCQ) (AE31) 28.16+14.59 10290 273141292 102.90 (this study)
BrC (QCG) (AE31) 7.77 £ 3.44 24.58 7.57+3.26 24.58 (this study)
PM, 5 (Port) APS 32.24+£14.25 92.98 92.98 (this study)
PM;, (Port) APS 47.45+19.20 117.95 117.95 (this study)
PM, 5 (QCG) APS 85.38+36.52  236.37 236.37 (this study)
PM;, (QCG) APS 129.46 +£51.20 273.34 273.34 (this study)

lizing the Absorption Angstrom Exponent for transport
(AAErR) and Absorption Angstrém Exponent for biomass
burning (AAEgg) values, as mentioned in Section 2.2.3. Fig-
ure 5a and b show the hourly average time series and the
contributions of eBCtr and eBCpp to the overall eBC mass
concentration at the Port site and QCG site, respectively.
The percentage contribution reveals that at the Port site
eBCrr and eBCgg accounted for 86% and 14%, respec-
tively, of the total eBC mass concentration (Figure 5a).
Similarly, at the QCG site eBCrr and eBCgg contributed
80% and 20%, respectively, to the overall eBC mass con-
centration (Figure 5b). Notably, the dominant contributor
to eBC was eBCry at both sites throughout the measure-
ment campaign. The small variation in eBC source ap-
portionment between the two sites can be attributed to
distinct emissions profiles linked to each location. At the
Port site, where eBCrg constituted the majority, the pre-
dominant source of eBC was likely related to vehicle emis-

sions from heavy-duty trucks, trollers and diesel-powered
cranes. Furthermore, the Port’s infrastructure contributes
significantly as one of the main sources of eBC. At the QCG
site, where eBCrg also played a more substantial role, the
primary source of eBC was likely linked to pollution stem-
ming from on-road transport. The urban landscape of
Quezon City typically features a dense network of roads,
and traffic-related emissions, especially from vehicles such
as diesel-powered Jeepneys (PUJs) and light-duty vehi-
cles (LDVs) (Kecorius et al,, 2017; Madueiio et al,, 2019;
Alas etal,, 2018).

eBC and BrC have different spectral dependencies, with
brown carbon being expected to absorb strongly in the UV
range. Figure 5c-d depicts the hourly average time series
and contribution of the light absorption coefficients of eBC
and BrC at the Port site and QCG site, respectively. The
light absorption coefficient of BrC at 370 nm (b, grc) var-
ied spatially from 0.02 to 0.80 M m~*. The bgps,sc showed
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Figure 5. Time series and contributions of the hourly average eBCtg and eBCppg to the total eBC at Port site (A) and QCG
site (B); b,ps BrC and b, BC to the total b, (Mm™1) at Port site (C) and QCG site (D). Time series and contributions of
the hourly average eBCrr and eBCgp to the total eBC at Port site (A) and QCG site (B); b,,s BrC and b, BC to the total

b,ps (Mm™1) at Port site (C) and QCG site (D).

a slightly higher contribution of 80% and 78% to light ab-
sorption at a lower wavelength (370 nm) at the Port site
and QCG site, respectively (Figure 5c-d). Whereas, the con-
tribution of BrC was only 20% and 22% at the Port site and
QCG site, respectively (Figure 5c-d). According to studies
conducted at the Quezon City site by Tun et al. (2019),
Salvador et al. (2022), and Pabroa et al. (2022), significant
sources of biomass-burning-derived eBC include domes-
tic and commercial cooking, particularly involving char-
coal. Additionally, studies carried out by Liu et al. (2018)
and Qin et al. (2018) have shown that biomass burning
during cooking activities was the main source of BrC in
Quezon City. Whereas, at the Port site, distant agricul-
tural activities and waste incineration are major sources of
biomass burning-derived eBC, with the long-range trans-
port of these pollutants also playing a significant role (Ule-
vicius et al,, 2010). Notably, although vital, shipping and
maritime operations at Port sites are not directly related
to biomass burning emissions, they primarily contribute
to the combustion of fuels and the release of particulate
matter (Geng et al,, 2024). On the other hand, the primary
source of BrC at the Port site was also linked to biomass
burning, specifically from waste incineration, agricultural

burning, and shipping and maritime operations.

The BC and BrC contributions presented in this study,
along with those from various urban locations worldwide,
are compared in Figure S2. In this study, BrC contribu-
tions of 20% and 22% were observed at the Port and
QCG sites, respectively. These values are comparable to
those reported in other urban locations such as Manaus,
Brazil; Singapore; Lyon, France; Kathmandu, Nepal; and
Guangzhou, China, which reported BrC contributions of
15%, 15%, 20%, 25%, and 25%, respectively (De Sa et al,,
2019; Kasthuriarachchi et al., 2020; Zhang et al., 2020a;
Kim etal., 2021; Qin et al., 2018). Similar to our study sites,
fossil fuel and traffic-related emissions were identified as
the main contributors in these locations, with lower contri-
butions from biomass-burning sources. In contrast, lower
BrC contributions were observed in other urban areas. For
instance, Panyu, Xianlin, and Xianghe in China reported
BrC contributions of 2%, 5%, and 10%, respectively, while
Athens, Greece, and Gwangju, Korea, both recorded contri-
butions of 10% (Li et al., 2019; Liakaou et al., 2019; Wang
etal, 2018b; Yang et al,, 2009; Park et al,, 2019). The vari-
ation in BrC contribution across different urban locations
(Figure S2) likely reflects differences in primary emission
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sources, types of combustion, and prevailing meteorologi-
cal conditions in these regions. On the other hand, higher
BrC contributions were observed in several European and
Asian urban areas. For example, Bordeaux, Nantes, Rouen,
Poitiers, Marseille, Reims, and Grenoble in France each re-
ported BrC contributions of 30%, while Chiang Mai, Thai-
land, and Beijing, China, reported values of 45% and 46%,
respectively (Zhang et al., 2020a; Pani et al,, 2021; Xie et al,,
2019) (Figure S2). These elevated BrC levels are primarily
attributed to residential wood burning and biomass burn-
ing, indicating that these areas are significantly influenced
by these combustion sources.

3.5 Diurnal analysis of eBC, eBCyp and eBCg

The hourly average diurnal trend analysis for eBC, eBCtg
and eBCgg was performed at both the Port site and the
QCG site. The analysis indicated that eBC, eBCg and eBCgp
exhibited similar diurnal patterns at both measurement
sites, as shown in Figure 6A and B, respectively. At the
QCG site, the highest eBC mass concentration was noted
at 63.45 + 10.61 ug/m? during the morning hours (6 am
-8 am), with the lowest concentration of 23.43 + 10.61
pg/m? occurring midday (11 am-1 pm). At the Port site,
the peak eBC mass concentration was lower, reaching up
to 15.57 + 3.46 ug/m? in the morning and declining to
5.05+ 3.46 ug/m? at midday. Additionally, at the QCG
site, the highest eBCtgr mass concentration (47.69 + 9.34
ug/m3) was observed during the morning hours (6 am
-8 am), and the lowest concentration (13.97 + 9.34 ug/m?)
was noted around midday (11 am-1 pm). Furthermore,
another significant peak of 30.63 +9.34 ug/m? for eBCrg
was recorded late at night (10 pm-12 am). At the QCG site
in the morning rush hours, eBCtg higher mass concentra-
tion may be ascribed to enhanced traffic emissions from
cars and jeepneys, whereas late at night higher concentra-
tion may mostly be associated with emissions from diesel
trucks. The heavy diesel trucks, which are major emis-
sion sources of eBCtg, were allowed to enter the city from
10 pm to 7 am and banned during morning rush hours
(Alas et al., 2018) therefore less emission was observed
than morning rush hours. Furthermore, different factors
such as increased mixing layer and higher wind speed (Fig-
ure S1) decreased the eBCtr concentration during daytime
at the QCG site. Whereas, during late night hours lower
wind speed (Figure S1) and lower mixing layer enhanced
eBCrr concentration. The eBCgp exhibited a diurnal trend
that was quite similar to BCTR. The highest eBCgg mass
concentration at the QCG site (8.49 + 1.0 ug/m?3) was ob-
served during the morning hours (6 am-8 am) and the
lowest concentration (4.79 + 1.0 ug/m?) during midday
(11 am-1 pm). In many regions, especially in urban and
suburban areas, resident engage in morning activities such
as cooking breakfast, which often involves the burning of
biomass fuels like wood or agricultural waste (Salvador
etal,, 2022). This localized biomass burning can lead to
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elevated eBCpp levels during the early hours. In addition,
atmospheric mixing can also influence the dispersion and
concentration of pollutants. During midday, increased tur-
bulence and mixing may disperse pollutants more effec-
tively, leading to a decline in observed concentrations.

At the Port site, the higher concentration of eBCtg
(12.24 4 3.05 ug/m3) occurred during the morning hours
(6 am-8 am), while the lowest concentration (3.65 + 3.05
ug/m3) was recorded during midday (11 am-1 pm). It
can be assumed that at the Manila Port site, a decreased
concentration of eBCtg during the central diurnal hours
is due to the cycle of the planetary boundary layer height
(Cesari et al,, 2018). At the Manila Port, in the morning
hours, elevated concentrations of black carbon (eBCrg)
can be attributed to several key factors. Heavy-duty diesel
vehicles, such as trucks and buses, play a substantial role
as they transport goods to and from the Port, with exhaust
emissions surging during the morning rush hours (Bagtasa
etal, 2020; Miller et al,, 2023). Maritime traffic is a further
contributor as many ships are employing diesel engines
that emit black carbon, especially during manoeuvres near
the Port (Alas et al., 2018). Additionally, cargo handling
equipment, often diesel-powered, is active in the morning,
and traffic congestion, along with road dust resuspension,
exacerbates inefficient combustion, collectively leading to
higher concentrations of black carbon. In the afternoon at
the Manila Port site, traffic-related black carbon concen-
trations typically decrease due to reduced morning rush
hour traffic, improved traffic flow and increased mixing
layer.

The diurnal pattern of eBCgg was quite similar to eBCrp,
with the peak eBCgp concentration (1.86 + 0.26 ug/m?3)
occurring during the morning hours (6 am-8 am) and the
lowest concentration (0.77 & 0.26 ug/m?3) recorded dur-
ing midday (11 am-1 pm). The higher concentration of
eBCgp at the Port site during the morning hours can be at-
tributed to several factors such as lower turbulent mixing
and wind patterns (e.g., the measurement site is down-
wind of the pollutant source during morning hours). Dur-
ing the midday, enhance vertical and horizontal mixing
disperse pollutants, diminishing surface concentrations)
(Deng et al., 2020). In a study conducted in Manila, Philip-
pines, by Maduefio et al. (2019), the diurnal trend of eBC
showed a similar pattern to the results obtained in this
study. The highest eBC mass concentration was observed
during the morning hours (6 am-8 am), and the lowest
was observed during the afternoon (2 pm-4 pm). Similarly,
a study conducted in Beijing, China, by Nie et al. (2022)
reported a significant increase in BC mass concentration
during the morning rush hours, indicating the impact of
traffic emissions on air quality

3.6 PM25 and PMm mass concentration

The PM, 5 and PM, shown in Figure 7(A and B) illustrate
the hourly average mass concentrations at both the Port
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Figure 6. The diurnal pattern of eBC, eBCtr and eBCgg at Manila Port site (a) and QCG site (b), during the measurement

campaign.

and QCG sites. Notably, at the Port site, mean hourly av-
erage mass concentrations of PM, s was (32.24 + 14.25
ug/m3) and PM, (47.45 4+ 19.20 ug/m3) were observed.
It is important to highlight that the mean hourly average
mass concentration of PM, s, measured at 32.24 ug/m?® at
the Port site, exceeded both the WHO guideline of 15 ug/m?
and the limit value set by the Philippines Clean Air Act
of 2016 (50 ug/m3). However, the mean hourly average
mass concentration of PM; 5, which was 47.45 ug/m?, re-
mained within the permissible limits set by the WHO guide-
line (50 ug/m?) and outlined in the Philippines Clean Air
Act of 1999 (150 ug/m?). The maximum hourly average
mass concentrations of PM, s and PM;, were observed
at 92.98 ug/m? and 117.95 ug/m?3, respectively, at the
port site. Recent findings by Cadondon et al. (2024) re-
ported similar results, indicating that mean air pollutant
concentrations at Manila Port exceed the 24-hour Philip-
pine guidelines due to ship operations.

At the QCG site, the mean hourly average mass concen-
trations of PM, 5 and PM;, were even higher, reaching val-
ues of (85.38 + 36.52 ug/m3) and (129.46 + 51.20 ug/m3),
respectively. It is worth noting that, similar to the Port site,
the mean hourly average concentration of PM, 5 at the
QCG site exceeded both the WHO guideline of 15 ug/m3
and the limit set by the Philippines Clean Air Act of 2016
(50 ug/m3). Likewise, the PM;, concentration, while ex-
ceeding the WHO guideline of 50 ug/m?, remained within
the 150 pug/m? limit prescribed by the Philippines Clean
Air Act of 1999. The maximum hourly average mass con-
centrations of PM, s and PM;, were observed reaching up
to 236.37 ug/m? and 273.34 ug/m?3, respectively, at the
QCQG site.

To further understand the particulate matter composi-
tion and pollution sources, the analysis of the eBC to PM
ratios at both sites was conducted. At the Port site, the

eBC to PM, s ratio and eBC to PM;; ratio were determined
to be 0.35 (35%) and 0.24 (24%), respectively (Table S2).
In comparison, the QCG site exhibited a higher propor-
tion of eBC, with ratios of 0.42 (42%) for eBC to PM, 5
and 0.27 (27%) for eBC to PM;, (Table S2). This suggests
that the QCG site may be more influenced by combustion-
related particulate matter, possibly from vehicular traffic,
industrial activities, or biomass burning prevalent in urban
settings. Additionally, the source apportionment analysis
corroborates these findings, indicating a significant con-
tribution from traffic-related black carbon. These findings
collectively indicate a highly concerning level of particulate
matter pollution at both the Port and QCG sites.

These observations are supported by recent studies,
which highlight the role of local vehicular and shipping
emissions in high eBC concentrations, particularly intense
atthe Portsite and along congested urban corridors (Cadon-
don et al., 2024; Maduefio et al., 2022; Alas et al., 2018).
Furthermore, the presence of soot particles, mainly within
the PM, 5 size range, significantly contributes to the PM, 5
mass, supporting the high eBC percentages reported in
this study (Kecerious et al., 2017). According to Cadon-
don et al. (2024), at Manila North Port, the mean share of
eBC in PM, 5 is 18%, indicating that the eBC/PM, 5 ratios
recorded in Manila North Harbour are higher compared to
other urban areas globally, highlighting that fine to quasi-
fine particles in Manila North harbour were largely emitted
by the anthropogenic activities and associated BC. The ge-
ographic and climatic conditions of Metro Manila, such as
its coastal location and high annual precipitation, typically
lead to lower PM;, concentrations but do not similarly af-
fect finer particles like PM, 5, which regularly exceed WHO
limits (Oanh et al., 2006; Zhu et al., 2012). This results
in a disproportionately high level of eBC within the finer
particulate fraction ARE, reflecting similar findings from
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Figure 7. Time series of hourly average mass concentration of PM, 5 (dark red) and PM; (cerulean), during measurement

campaign at Port site (a) and QCG site (b).

Cruz et al. (2023) and previous traffic-related studies in
Metro Manila (Madueio et al., 2019; Kecorius et al., 2017,
2019).

In addition, we examined the influence of meteorolog-
ical parameters on PM concentrations. The analysis re-
vealed that daily average temperature (27°C), relative hu-
midity (68%), and atmospheric pressure (1013 hPa) were
quite similar at both sites (Table 1). However, wind speed
was higher at the Port site compared to the QCG site, which
may contribute to the lower PM concentrations observed
there. Despite this, the correlation analysis (Table S1) fol-
lowing the methodology of Schober etal. (2018), indicated
negligible correlations between these meteorological fac-
tors and PM, 5 and PM;, levels at both sites, suggesting
other factors such as local industrial activities and traffic
emissions play more significant roles in determining PM
levels. Manila North Port’s air quality is comparatively bet-
ter than Quezon City due to its closeness to Manila Bay as
higher wind speed helps to disperse contaminants. Fur-
thermore, the natural diffusing effects of sea breezes to-
gether with the higher relative humidity lower the pollu-
tion levels at marine and coastal locations (Plauskaité et
al,, 2017). In addition to that Manila’s North Harbour does
have some industrial activity such as transporting cargo,
but industrial emissions, such as those from manufactur-
ing and construction, are less concentrated here than in
Quezon City, which has a more varied industrial environ-
ment. To address the high levels of PM, s and PM; at the
Port and QCG sites, we recommend stricter emission stan-
dards for vehicles, regular inspections and maintenance
for heavy-duty vehicles (Kecorius et al., 2017). In addition,
banning public service vehicles such as jeepneys (Alas et
al,, 2018), expanding air quality monitoring in Manila and
improving green infrastructure are crucial (Maduefio et
al, 2019; Cruz et al,, 2023). These measures, combined

with legislative support and community engagement, are
essential to improve urban air quality and public health.

4. Limitations of the study and future work

Our study provides detailed insights into the sources and
concentrations of carbonaceous aerosols in Manila North
Port and the urban environment of Quezon City. By fo-
cusing on eBC, it highlights the urgent need for effective
air quality management in urban environments. However,
it is important to note that the data collection period in
this study does not cover all seasonal variations that could
affect air quality. Seasonal variations are known to sig-
nificantly affect particulate matter concentrations. While
the monitoring locations were carefully selected, they only
represent two specific urban areas and may not reflect
broader geographic variations within or outside Metro
Manila. In addition to that, ACSM data was only analyzed
for the Port site and not for the QCG site, which may limit
the comprehensiveness of our findings. Future studies
should aim to produce comprehensive data with a wide
geographic range to strengthen the foundation for manag-
ing air quality and developing policies. Furthermore, Mass
Absorption Coefficient (MAC), shape, and density values
were considered as the limitation of this study because they
were not previously measured but assumed from current
literature. Although these assumptions might impact the
precision of our findings, they do not drastically alter the
main conclusion: eBC concentrations are extremely high
in Metro Manila. Additionally, our study was constrained
by the use of the Aerodynamic Particle Sizer (APS), which
measures particles only within a limited size range up to
0.6 um. This restricts our ability to fully characterise finer
particulate matter components, particularly those below
this size threshold that contribute significantly to PM, 5
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concentrations. This constraint may lead to potential un-
derestimations of total particulate matter, especially finer
fractions that are critical for health impact assessments
in urban environments. For future work, we propose to
integrate the use of the Aerodynamic Particle Sizer (APS)
and the Scanning Mobility Particle Sizer (SMPS) to ensure
a comprehensive coverage of the size range of particulate
matter. While the APS effectively measures larger particles
in the 0.5 pum to 20 ym range, the SMPS excels at captur-
ing the size distribution of much finer particles, typically
from 10 nm to 1 um. This two-instrument approach will
improve our characterization of particulate matter in the
air and increase our understanding of health impacts in
urban areas.

5. Conclusion

This study investigates air pollution and its sources in an
urban environment, specifically at Quezon City’s East Av-
enue roadside and Manila’s North Port, Philippines, from
December 20, 2019, to February 26, 2020. At the Port
site organics were the primary component (80%) of non-
refractory submicron aerosols (NR-PM, ), followed by sul-
phate (10%), nitrate (4%), ammonium (4%), and chlo-
ride (2%). Furthermore, organic aerosols showed higher
mass concentrations during morning hours (6 am-8 am)
and lower during midday (3 pm-4 pm), while inorganic
aerosols peaked from 5 am to 10 am and lower concen-
trations were observed between 2 pm to 4 pm. The mea-
surements indicated that the eBC mass concentration was
notably higher at the QCG site compared to the Port site.
Specifically, the daily average eBC concentration at the
QCG site is 3 times higher than at the Port site. Compared
to other Asian cities such as Kathmandu and Hanoi but
slightly lower than in Delhi and Guangzhou, indicating sig-
nificant health risks for commuters. Further analysis re-
vealed that eBCtpr contributed significantly more to both
the Port and QCG sites, accounting for 86% and 80% of
eBC, respectively, compared to eBCgg (14% and 20%, re-
spectively). The biomass-burning-related eBC contribu-
tion was further supported by an analysis of BrC. The babs
eBC presented a higher contribution at both Port and QCG
sites (80% and 78% respectively) and babs BrC presented
a lower contribution of 20% and 22%, respectively. This
emphasizes the dominant role of the transport sector as
the primary source of black carbon in urban areas. Diurnal
analysis of eBCtg and eBCpp revealed similar patterns at
both the Port and QCG sites. The highest mass concen-
trations (47.69 + 9.34 ug/m3) of eBCg were consistently
observed during the morning rush hours (6 am-8 am),
mostly attributed to the emissions from diesel-powered
Jeepneys (PU]Js) and light-duty vehicles (LDVs), while late-
night high concentration (30.63 + 9.34 ug/m3) peaks were
associated with emissions from heavy diesel trucks at QCG
site, as it is allowed only at nighttime to regulate air pollu-
tion in the city. During the day, only light-duty vehicles and
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public transport traffic is allowed. Whereas, at the Port
site, the higher concentration (12.24 + 3.05 ug/m3) peak
of eBCrg in morning hours (6 am-8 am) was attributed
to the emissions from heavy-duty trucks, trollers, diesel-
powered cranes and ships. The proximity of Manila North
Port to Manila Bay plays a pivotal role in its relatively
cleaner air quality, benefiting from the higher wind speed
causing greater air mixing and causatively the higher dis-
persion of pollutants. Consequently, coastal areas typically
experience lower pollution levels due to the natural diffu-
sion effect of greater air mixing in the boundary layer and
higher relative humidity leading to more efficient removal
of pollutants from the atmosphere. Furthermore, higher
PM, 5 and PM;, mass concentrations were recorded at the
QCG site compared to the Port site. Alarmingly, the study
found that not only did PM, 5 and PM;, exceed WHO guide-
lines and the Philippines Clean Air Act limit values, but also
eBC was noticeably higher than those values at both sites.
This study provides extended insights into air pollution
characteristics in the megacity of Metro Manila, which can
be incorporated into urban air quality models and health
studies. It underscores the necessity of developing bet-
ter indicators to evaluate air quality where pollution is
driven by BC emissions. It is recommended to implement
monitoring of the main air pollutants in Metro Manila on
aregular basis.
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