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Abstract

The emission sources of fine particulate matter (PM, ;) have not yet been fully identified in Ho Chi Minh City (HCMC),
Vietnam, presenting difficulties to authorities in controlling air pollution efficiently. To address this issue, this study
explores the source apportionment of PM, s by the positive matrix factorization (PMF) model and identifies potential
regional sources through the weighted concentration-weighted trajectory (WCWT) model based on the field obser-
vation data of PM, 5 in HCMC. 24-h PM, 5 samples were collected in central HCMC for a year (September 2019-August
2020). Herein, inductively coupled plasma mass spectroscopy was used to analyze trace elements, in addition to iden-
tifying PM, s mass and other chemical species, such as water-soluble ions and carbonaceous species, reported in our
former study. The PMF results showed that PM, s in HCMC was dominated by anthropogenic-rich sources comprising
biomass burning, coal combustion, transportation, and crustal origins (36.4% of PM, s mass), followed by secondary
ammonium sulfate (18.4%), sea salt (13.7%), road dust (9.6%), and coal and crude oil combustion (9.4%). WCWT results
suggested that the geological sources of PM, s were mainly from local areas and scattered to the northeast/southwest
of HCMC. In addition, the long-range transport of PM, s from surrounding countries was revealed during the assembly
restriction and lockdown period in 2020.
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1 Introduction

Fine particulate matter (PM, ;) has become a serious air pol-
lutant due to its negative effect on human health via pro-
longed exposure, visibility reduction, and climate change
(Khan et al,, 2016; Li et al,, 2022). PM, ; with an aerodynamic
diameter of less than 2.5 um is emitted directly or formed
via gas-to-particle conversion from various natural (e.g., for-
est fire, volcanic eruption, and sea salt) and anthropogenic
sources (e.g., traffic emission, fuel combustion, and indus-
trial processes) (Zhuang et al., 2017). Industrialization and
urbanization in developing countries, especially in big cities,
are responsible for high concentration and complex sources
of PM, 5 (Yang et al.,, 2018). Therefore, identifying the main
sources of ambient PM, ; is crucial for policymakers to effec-
tively implement strategies to reduce PM, ; levels.

Southeast Asia (SEA) is the third most populous region
in the world, with most of the countries categorized as
developing nations. Several studies regarding ambient
PM, 5 in SEA have shown the dominant contributions of
biomass burning, coal combustion, and transportation
(e.g., Fuijii et al., 2016; Koplitz et al., 2017; Yin et al., 2019).
However, understanding the primary sources of PM, 5 in

Vietnam, the third most populous country in SEA remains
elusive due to the lack of long-term field observation data.
Ho Chi Minh City (HCMC) is a major city in Vietnam
with the largest population density and is surrounded by
numerous industrial zones. Road traffic emissions, ship-
ping emissions, coal combustion, and industrial processes
have been suggested as potential PM, ; sources in HCMC
(Hien et al., 2022; Ho et al., 2020; Ho & Clappier, 2011;
Huong Giang & Kim Oanh, 2014). However, relevant stud-
ies till now were conducted for short terms and/or did not
focus on trace elements, which are generally considered
to be reliable indicators of common PM, sources. For
instance, previous studies have indicated that As and Pb
represent coal combustion emissions, Ni and V suggest
heavy oil combustion in shipping activities, K is a tracer of
biomass burning, and Al and Ca originate from soil dust
(Bressi et al., 2014; Khan et al,, 2016; Taylor, 1964; Zong
et al,, 2018). Therefore, data on trace elements based on
long-term field observation should be helpful for the accu-
rate identification of emission sources in HCMC.

The positive matrix factorization (PMF) model has
been widely used for source apportionment (Bressi et al.,
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2014; Ledoux et al., 2017; Makkonen et al., 2023; Naye-
bare et al., 2018; Taghvaee et al., 2018; Zong et al., 2018).
Although it is a practical approach for source identifica-
tion, the model requires a data set of over 100 samples
and at least 10 analyzed chemical compositions (Norris
et al,, 2014). WCW'T model can be used to visualize geo-
logical PM, 5 sources based on PMF results. To the best
of our knowledge, there have been few studies in Viet-
nam that have rigorously adhered to the PMF criteria
and incorporated WCWTT for geographical source attri-
bution. This study aimed to identify (1) PM, 5 sources in
the center of HCMC using the PMF model and (2) the
geological origins of each PM, ; source using the WCW'T
model.

2 Material and methods

2.1 Sampling site and sample collection

The location and methods for sampling were described in
our former report (Tran et al.,, 2023). The sampling site
was in Vietnam National University Ho Chi Minh City—
University of Science (latitude/longitude: 10° 45" 43.6"’
N/106° 40" 52.8"" E). The university is in an urban area,
approximately 10 m away from a main street and ~300 m
away from a major traffic circle in central HCMC. HCMC
is surrounded by numerous industrial zones (e.g., food
and beverage processing, leather manufacturing, plas-
tic and rubber manufacturing, chemical manufacturing,
and power plants) within a 20-50km radius away from
central HCMC (suburban HCMC, Binh Duong Prov-
ince, Dong Nai Province, and Long An Province; Gen-
eral Statistics Office, 2021). In brief, 24-h PM, ; samples
were collected on the rooftop of a twelve-story building,
which is 49 m above the ground level, from September
19, 2019, to August 20, 2020. Two sets of PM, ; Impact
samplers (SKC, Inc.) were employed to simultaneously
collect ambient PM, ; on 47-mm polytetrafluoroethylene
(PTFE) and quartz fiber filters for 24 h at a flow rate of 10
L min~?,

2.2 Chemical analyses

In our previous study, PM,, mass, water-soluble inor-
ganic ions (WSIs; Nat, NH,*, K*, ClI7, NO;~, and SO,*"),
organic carbons (OC), and elemental carbon (EC) were
determined. Detailed analytical methods and results of
those species were provided in our former report (Tran
et al,, 2023).

In this study, a quarter of each PTFE filter was used to
quantify 11 trace elements (V, As, Pb, Mn, Ni, Cu, Zn, Fe,
Ca, Mg, and Al) using inductively coupled plasma mass
spectroscopy (ICP-MS) (Perkin Elmer, Model: NexION
2000). The filter samples were cut into small pieces for
an extraction procedure. A microwave-assisted diges-
tion system (Milestone Start D, Italy) was applied using

Page 3 of 16

an acid mixture of 6 mL of 65% HNO; and 2 mL of 98%
H,SO,. The acid mixture and the pieces of filter sam-
ples were added into a tetrafluoromethaxil (TFM) vessel.
Then, the TFM vessels were tightly closed and placed in
the safety shields in the microwave system. A two-step
temperature program was followed, consisting of 15 min
at 200°C and another 15 min at 110°C. After completion
of microwave digestion for 30 min, the TFM vessels were
cooled down and the extracted samples were filtered
before dilution to 25 mL into the volumetric flask using
deionized water. The samples were refrigerated at 4°C
for further metal analysis using ICP-MS (Perkin Elmer,
Model: NexION 2000, USA). ICP multi-element stand-
ard solution XIII (Merck, Germany) was used for exter-
nal calibration plotting and quantification of the metals
in the samples. The detailed procedure of trace metal
analyses, including quality assurance and quality control,
is described in Khan et al. (2016). The method detection
limits (MDL; ng m~3) of V, As, Pb, Mn, Ni, Cu, Zn, Fe,
Ca, Mg, and Al were 0.13, 0.08, 0.01, 0.1, 0.19, 0.13, 0.48,
45.65, 99.14, 65.41, and 18.81, respectively.

2.3 Positive matrix factorization

PMF is a receptor model that decomposes a matrix of
sample data based on the number of samples collected
over a certain time and measured chemical species to
identify possible factor contributions and factor profiles
of the target variables (Paatero & Tapper, 1994). The prin-
ciple of PMF is to address the chemical mass balance by
following Eq. (1):

p
Xij = Zgikfkj +ej (1)
k=1

where X;; is the concentration of the jy, species in the iy,
sample, p is the number of factors, g, is the contribution
of the kg, factor to the iy, sample, fi; is the fraction of the
Jun species in the ky, source, and ¢; is the residual error
related to the concentration of the j, species in the iy
sample.

PMF output includes factor contributions and factor
profiles that are obtained by minimizing an objective
function Q as follows:

Q _ Z Z [xz] Zukl]_l glkf/'(]‘| (2)

i=1 j=1

where 7 is the number of samples, m is the number of
species, and 1 is the uncertainty of the ji, species in the
iy, Sample.

In this study, the PMF model version 5.0 (Norris et al.,
2014) was used. The two data sets for PMF input (123
samples X 20 species) were prepared as follows. For the
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concentration data file, the concentration of species
below the MDL was set as MDL/2. For the uncertainty
data file, the uncertainty (Unc) of species was calculated
as Unc = 5/6 x MDL, if the concentration is < MDL or
Unc = \/ (Error Fraction x concentration)2 + (0.5 x MLD)2, or
if the concentration is > MDL. The signal-to-noise
ratio (S/N) is used for species categorization. Species
with S/N > 5 and S/N < 5 are classified as “strong” and
“weak,” respectively (Table S1) (Nayebare et al., 2018).
S/N of PM, ; mass, which is the total variable, was set as
“weak” to reduce their strong impact on the model solu-
tion. Extra modeling uncertainty was set at 5% for all
species to encompass the analytical, measurement, and
modeling errors during analyses. Additionally, six to ten
factors were examined to determine the optimal solution
based on the explicability of the factor profiles in the base
run and their high matching rate in the bootstrap run
(Fujii et al., 2017). Bootstrap analysis was conducted with
a block size of 10 with 100 bootstrap runs, and a mini-
mum correlation value of 0.6 was used as the threshold
for an acceptable run. The detailed PMF descriptions can
be obtained elsewhere (Norris et al., 2014).

2.4 Weighted concentration-weighted trajectory model
The WCWT model is an effective method for identifying
source regions (Hsu et al., 2003). In this study, TrajStat
software developed by Wang et al. (2009) was employed
for WCWTT analysis, which is reported in our former
study (Tran et al., 2023). The air mass backward trajec-
tories were calculated based on the Global Data Assimi-
lation System data, and the corresponding PM,; mass
contribution to the factors delineated by the PMF result
(Table 1) was used as the WCWT input (Ali-Taleshi
et al,, 2021; Zong et al., 2018). The 72-h backward trajec-
tories were calculated for each monitoring day using the
TrajStat software at a height of 500 m above the ground
level (Tran et al., 2023; Wang et al., 2009). Details on the
WCWT, such as its definitions, formulas, and criteria,
are available in previous reports (Hsu et al., 2003; Wang
et al., 2009).

3 Results and discussion

HCMC is strongly affected by a monsoon-influenced
tropical climate. The region has two distinct seasons:
the dry season (December—April) and the rainy season
(May—November). In late 2019, the COVID-19 pandemic
spread globally. In line with the global response to the
pandemic, Vietnam’s government declared various direc-
tives that restricted the immigration, movement, assem-
bly, and national lockdown of citizens from February to
April 2020 (i.e., during the dry season). As we described
in Tran et al. (2023), the sampling periods in this study
were categorized into four stages as follows:
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+ Stage 1 (September—November 2019): Rainy season
before the assembly restriction and lockdown period
(ARL)

+ Stage 2 (December 2019-January 2020): Dry season
before the ARL

+ Stage 3 (February—April 2020): Dry season during
the ARL

+ Stage 4 (May—August 2020): Rainy season following
the ARL

3.1 Trace elements

The annual concentration of quantified elements was 2.40
+ 1.37 ug m™ (average + standard deviation), accounting
for 8.4% + 11.9% of the PM, ; mass. The statistical results
of individual trace element concentrations are presented
in Table 1, including PM, . mass and other chemical spe-
cies concentrations. The order of the dominant trace ele-
ments, arranged based on their average concentrations, is
as follows: Al > Ca > Fe > Mg >Zn > Cu > Mn > Ni > Pb
>V > As.

Enrichment factors (EFs) are widely used to approxi-
mately estimate the trace element sources (e.g., Fujii
et al, 2016; Khan et al,, 2016; Reimann & De Caritat,
2000). The EF for each of the trace elements was calcu-
lated using the following Eq. (3):

_ (/A
B ([X]/[Al])Cmst (3)

where ([X]/[Al]) 4;, and ([X]/[A!]) cyus: are the mass ratios
of a given metal (X) to Alin PM, - and crust, respectively.
The reference crust data reported by Taylor (1964) was
used to calculate ([X]/[A!])cyys:- Al was used as a refer-
ence element due to its abundance in the Earth’s crust
(Nayebare et al., 2018). Previous studies reported that
EF > 10 suggests a strong contribution of anthropogenic
sources to trace metals, while EF < 10 indicates that the
primary contributor is the Earth’s crust (e.g., Fujii et al.,
2016; Khan et al., 2016; Reimann & De Caritat, 2000). In
this study, the EFs of Cu, As, and Zn were above 10, sug-
gesting human activities to be predominantly responsible
for their occurrence (Fig. 1a), while the EFs of Fe, Ca, Mg,
V, and Mn were below 10, indicating that their enrich-
ment occurred from the Earth’s crust. The EFs of Ni and
Pb were close to 10, implying similar contributions from
natural and anthropogenic sources. In Stage 3, the EF
value of Zn, As, and Pb decreased, while EF values of Ni
increased (Fig. 1b). This discrepancy also leads to the dif-
ferent contribution of PM, ¢ sources, which is discussed
in Section 3.2.

The total concentration of crustal elements (Al, Fe,
Ca, Mg, V, and Mn) ranged from 0.30 to 6.59 pg m™
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(2.37 + 1.37 pg m™), which accounted for 82-99% of
the total trace elements (Table 1). Thus, crustal sources
were major sources of trace elements in ambient PM, 5 in
HCMC. Non-crustal elements, such as Cu, As, and Zn,
were minor elements; however, they are important indi-
cators of anthropogenic sources. Cu and Zn are closely
related to vehicular and industrial sources, while As is
indicative of emissions from coal combustion (Nayebare
et al, 2018; Zhao & Luo, 2018). Source identification
based on trace elements is discussed in Section 3.2.

3.2 Source identification

A PM, ; data set of dimensions 123 samples X 20 spe-
cies (PM, ; mass, Cl;, NO;", SO,*, Na*, NH,*, KT, OC,
EC, V, As, Pb, Mn, Ni, Cu, Zn, Fe, Ca, Mg, and Al) with
model results of 6-10 factors were assessed using PMF.
The uncertainty of the factors was examined by boot-
strapping (BS) and displacement (DISP) methods. The
solution with eight factors was stable, where all factors
could be mapped from 99 to 100% in the BS run, and no
swaps were recorded in the DISP analysis. Moreover, fac-
tors in other solutions were mapped to only 90% or lower
in the BS trial (Table S2). Therefore, the 8-factor solution
was deemed to be the optimal solution in this study. The
statistical result calculated using PMF, including mean,
minimum, and maximum values, SD, and S/N of the 19
species by eight factors is displayed in Table S1. Figure 2
presents the source profiles of PM, . in HCMC estimated
using the PMF model. Figure S2 shows the regression
coefficients between measured and PMF-estimated PM, -
concentration. The percent contributions of each factor

and corresponding concentrations are presented in Fig. 3.
The time series of PM, . concentration (ug m™) by each
source are shown in Fig. S3.

3.2.1 Anthropogenic-rich source

This source is characterized by high loadings of K*, OC,
EC, NOg, Fe, As, and V (Fig. 2); it contributed to 36.4%
of the total PM, . mass during the sampling period. OC
and EC contributed to 40.4 + 8.9% of the PM, ; mass and
showed a high correlation with K™ (Table 2, r > 0.78, p
< 0.01). K* is generally known as a biomass burning
tracer. Additionally, As is closely related to coal combus-
tion activities (Cui et al., 2020; Zhao & Luo, 2018), and
it showed a moderate correlation with K*, OC, and EC
(Table 2). Thus, it could be inferred that As, K*, OC, and
EC originated from a common emission source. NO;~ is
known as a common pollutant from vehicular emissions
(Xue et al, 2014), and it is the second most abundant
WSIs in HCMC (Tran et al., 2023). In line with previous
studies, in HCMC, NO;~ is attributed to vehicular emis-
sions (Ho et al., 2020) and biomass burning emissions
(Huy et al,, 2022). Similarly, in this study, NO;~ showed
a moderate correlation with K¥, OC, and EC (Table 2),
implying that the influence of biomass burning on NO;~
could not be neglected. The EFs of Fe and V indicated the
influence of the Earth’s crust, as discussed in Section 3.1.
Collectively, this factor features characteristics indicat-
ing mixed sources of biomass burning, coal combustion,
transportation, and crustal origins (hereafter “anthropo-
genic-rich source”). For PMF calculation, to separately
extract these sources in the anthropogenic-rich source,
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data of additional individual source indicators (e.g., levo-
glucosan for biomass burning, and polycyclic aromatic
hydrocarbons such as chrysene, benzo(k)fluoranthene,
and indeno(1,2,3-cd) pyrene for traffic exhaust, phenan-
threne and anthracene for coal combustion) would be
required.

Contributions of the anthropogenic-rich source to
the PM, ; mass during different stages (average pg m=,
%) are as follows: Stage 1 (15.49 pg m™, 42.5%), Stage 2
(11.58 pg m, 30.8%), Stage 3 (5.42 pg m=, 17.8%), and
Stage 4 (9.49 pg m=, 42.2%) (Figs. 3 and S1). The lower
contribution of anthropogenic-rich source during Stage 2
as compared to Stage 1 is attributed to the dry deposi-
tion of EC and intensive photochemical transformation

As
Pb
Mn

Ni
Cu
Zn
Fe
Ca
Mg

Al

of OC in the dry season (Tran et al.,, 2023). During Stage
3, the contribution of the anthropogenic-rich source
to the PM,; mass decreased by approximately 53% as
compared to Stage 2 (Fig. 3). The concentration of OC,
EC, and K* (Table 1) and EF values of As (Fig. 1b) also
displayed significant reduction during Stage 3, which
could be attributed to a reduction in emissions from
local activities during the ARL (Tran et al., 2023). Thus,
it can be inferred that the anthropogenic-rich source
comprising biomass burning, coal combustion, trans-
portation, and crustal origins may mainly be present at
the local scale in HCMC. Various studies have reported
an improvement in air quality in urban areas due to the
COVID-109 restriction (Cui et al., 2020; Jeong et al., 2022;



Tran et al. Asian Journal of Atmospheric Environment (2024) 18:1

Page 8 of 16

100%
[ soil dust
0,
75% Il Pb-rich source
[ Road dust
50% [E Anthropogenic-rich source
o
[ sea salt
[J secondaey ammonium sulfate
25%, [ Mn-rich source
[l Coal and crude oil combustion
0%
Total Stage 1 Stage 2 Stage 3 Stage 4
35 1 (b)
_ m Stage 1 = Stage 2 mStage 3 = Stage 4
30 1
e 25 _
o =
2 4
S |
s
§ 15 1 I
[ =4
8
10 ‘
5 é — ﬁé i ;
0 iﬁ;é 1T L Pr=—stes) % %
Coaland  Mn-rich Secondary Sea Anthropogenic Road Pb-rich Soil
crude oil source ammonium salt  -rich source  dust source dust
combustion sulfate

Fig. 3 The contribution of each source to PM, s (a) by percentage and (b) by concentration. Box-and-whisker plot for the source contribution
to PM, s concentration by stages, in which black dots in center boxes indicate mean values of EF, horizontal lines of boxes indicate median values,
25th and 75th percentiles, and whiskers indicate the 10th and 90th percentiles

Nguyen et al, 2022). The increased PM,; concentra-
tions contributed by the anthropogenic-rich source were
also observed during Stage 4, suggesting that local emis-
sions rebounded after the lockdown period. Because coal
combustion has been identified as a local source, char-
coal combustion for cooking activities may be a cause of
PM, 5 emissions in urban HCMC. The sampling site is
surrounded by various conventional vendors and restau-
rants that use charcoal for boiling and grilling food. Thus,
charcoal consumption should be taken into considera-
tion while attempting to reduce direct local emissions in
HCMC.

3.2.2 Secondary ammonium sulfate

Secondary ammonium sulfate (SAS) is represented by
high loadings of NH," (67.8%) and SO,*" (49.6%) (Chen
et al,, 2019; Long et al., 2014). SO,>~ was the most abun-
dant species among the WSIs (~45%) in HCMC during
the sampling period (Tran et al., 2023). The favorable for-
mation of SAS in HCMC could be due to the high ambi-
ent temperatures in this region, as reported by earlier

studies (Huy et al., 2020, 2022). The NO;/SO,>" ratio
was 0.38 + 0.19, indicating the dominant role of emis-
sions from stationary sources (e.g., charcoal combustion
and/or coal-fired thermal plants) to the urban atmos-
phere in HCMC (Tran et al., 2023). Sulfate particles are
also released directly during the wet process of desul-
furization in coal-fired thermal plants (Liu et al., 2017).
SAS is generally associated with the “aging” of air pollu-
tion due to the slow oxidation of SO, to SO,*~ (Manousa-
kas et al.,, 2017), indicating that SAS may originate from
long-range transport (Bressi et al., 2014; Makkonen et al.,
2023). Luong et al. (2022) reported that SO, is related
to the long-range transport of coal combustion emissions
(e.g., from coal-fired power plants, cement, and steel
plants) in Vietnam. In addition, the presence of other
species (As, OC, EC, K*, and NO;") and moderate corre-
lation between SO, and these species (Table 1, 7 > 0.5,
p < 0.01) suggest a partial influence of the anthropogenic-
rich source on the SAS formation.

The SAS source accounted for 18% of the PM, . mass.
The contribution of this source decreased during the
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different sampling periods as follows: Stage 1 (27%), Stage
2 (20%), Stage 3 (13%), and Stage 4 (9%) (Fig. 3). The for-
mation of SAS is strongly dependent on temperature (T)
and relative humidity (RH) (Long et al., 2014; Xue et al.,
2014), which varied within a narrow range (7 = 29.1 +
1.0 °C and RH = 69.7 + 4.1%) during the sampling period.
Thus, the influence of meteorological factors on SAS for-
mation could be neglected. The generation of electric-
ity by coal-fired thermal plants was reduced due to the
ARL (Tran et al., 2023), which can explain the decreasing
trend of the contribution of SAS to the PM, ; mass.

3.2.3 Seasalt
Sea salt is represented by high loadings of CI" (81.7 %)
and Na* (49.7%). Fresh sea salt is characterized by Cl" and
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Na* (Dai et al., 2013), while aged sea salt is characterized
by SO,2~, Mg?*, and NH, " (Zhang et al., 2021). Thus, this
factor is identified to be fresh sea salt, which contributed
to 18.4% of the total PM, ; mass in HCMC. The contri-
bution of fresh sea salt was higher in dry seasons (Stages
2 and 3) than in rainy seasons (Stages 1 and 4) (Figs. 3b
and 4), which could be due to wet deposition (Tran et al.,
2023).

The molar ratio of CI' to Na* (Cl/Na™) during the
sampling period ranged from 0.04 to 2.99 with an aver-
age value of 0.63 + 0.47. Figure S4 shows the time series
of variations in CI7/Na' molar ratios. In most cases,
the CI7/Na' molar ratio values were lower than those
in bulk water (1.18), suggesting that chlorine depletion
occurred during transport (Boreddy et al.,, 2014; Farren
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et al,, 2019). The high values of ClI7/Na™ molar ratios in
May and June imply an additional source of Cl~ during
this period. Previous studies have reported that May—
June is a period of open burning of rice straw in south-
western HCMC and increased the PM, ; concentration in
urban HCMC (Hien et al,, 2019; Huy et al,, 2022). CI™ is
a major ion from maize residue and rice straw burning in
SEA (Hong Phuong et al., 2022; Khamkaew et al., 2016).
Therefore, the influence of open burning in May-June
from the Mekong Delta on air quality in HCMC could
not be neglected, which is further validated by the high
concentration of K™ in May-June and higher correla-
tions of Cl” with K*, OC, and EC observed during Stage 4
(Tran et al., 2023).

3.2.4 Road dust

The major presence of Zn (83.4%) was the predominant
reason to classify this factor as road dust. As mentioned
in Section 3.1, high EF values of Zn imply their deriva-
tion from anthropogenic activities. In SEA countries,
Zn is generated from diesel and two-stroke vehicles and
road dust (Dahari et al., 2019), tires, motor oil, and motor
vehicle brakes (Alias et al., 2020; Khan et al,, 2016). In
Vietnam, Zn has been reported to be the most abundant
element in ambient air, and it constitutes a large portion
of road dust (Bui et al., 2023; Hien et al., 2022; Makkonen
et al.,, 2023). In addition, the minor contributions (< 17%)
of K, OC, EC, V, As, Cu, Ca, Mg, and Al to this factor
suggest the fractional contribution of anthropogenic-rich
sources and crustal origins. Therefore, this factor is iden-
tified as road dust and is related to vehicular emissions.

The seasonal variation of PM, ; attributed to road dust
was not observed in this study. PM, ; mass in the rainy
season was comparable with the dry season (Stage 1, 4.41
+ 3.05 ug m>; Stage 2, 4.19 + 3.1ug m>; Stage 3, 1.9 +
2.51 pg m™; and Stage 4, 1.47 + 1.88 pg m™). Although
heavy rain could reduce a high amount of water-soluble
pollutants present in the atmosphere, the solubility of
Zn in water depends more on the acid strength of rain
by volume and on the size distribution of Zn in the PM
(Gunawardena et al, 2013; Hu & Balasubramanian,
2003). Herein, neither the pH value of rainwater during
the sampling period nor the size distribution of Zn was
analyzed. Therefore, the variation of PM, ; attributed to
road dust could not be explained.

In Stage 3, the EFs of Zn were reduced (Fig. 1b), indi-
cating a reduction in Zn emission owing to anthropo-
genic activities. The PM, ; from road dust was reduced
by ~55% from Stage 2 to Stage 3, attributing this fall to
the reduction of transportation in local areas because
of the ARL. The contribution of road dust continued
to decrease during Stage 4 regardless of the resump-
tion of work in the post-lockdown period. This result is
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consistent with other studies, indicating a similar reduc-
tion of road dust emissions before and after the lockdown
(Cui et al., 2020; Makkonen et al., 2023; Nguyen et al.,
2022).

3.2.5 Coal and crude oil combustion

This factor featured a high loading of Cu (87%) and Ni
(59%), tentatively defined as “Cu- and Ni-rich factor”
The EF values of Cu were above 10, implying that it was
derived from anthropogenic activities during the entire
sampling period. Cu is emitted from diesel combustion,
brake lining wear, and nonexhaust road dust, which are
identified as local emissions (Cui et al., 2020). The EFs
of Ni were higher during Stages 3 and 4, as compared to
during Stages 1 and 2 (Fig. 1b), implying dominant emis-
sion from anthropogenic activities during Stages 3 and 4,
which were ARL and post-ARL periods. Ni is known as
a tracer of shipping emissions (combustion of heavy oil)
(Alias et al., 2020; Hien et al., 2022), which is one of the
main sources of PM, - in Vietnam (Bui et al., 2023; Hien
et al,, 2022; Huyen et al,, 2022; Makkonen et al., 2023).
However, the highest concentrations of Cu and Ni were
observed during Stage 3 (Table 1), demonstrating a con-
tradiction with the local sources (anthropogenic-rich
source and road dust). Therefore, Cu and Ni were not pri-
marily derived from local sources.

The high concentration levels of both Cu and Ni were
obtained from the burning of coal and oil (Wang et al.,
2021). Previous studies applied the V/Ni ratio as the diag-
nostic criterion for oil combustion, where the value of
the ratio between 2 and 4 represents the combustion of
heavy oil, and a value of < 2 represents the combustion
of gasoline and diesel (Hao et al., 2018; Makkonen et al.,
2023; Manousakas et al., 2017). Meanwhile, the V/Ni
ratio < 1 represents various types of crude oils with a high
content of Ni and a low content of V in China (Chifang
et al,, 1991; Hao et al,, 2018). In this study, the V/Ni ratio
governed by Cu- and Ni-rich factors was 0.04, which was
comparable to those in Chifeng, China (Hao et al., 2018).
Therefore, the low ratios of V/Ni indicate that Ni emis-
sion in HCMC was associated with crude oil emission.
Cu is known to be one of the main elements released
into the atmosphere from industrial coal combustion in
southeast China (Li et al., 2017), residential coal combus-
tion (Yan et al,, 2022), and vehicular exhaust (Liu et al.,
2017). Based on the variation of PM, . governed by Cu-
and Ni-rich factors (Fig. 3b) and their WCWT result (Fig.
S5), high PM, . concentration in Stage 3 was attributed
to long-range transportation from south China. Previous
studies have also demonstrated the strong influence of
air masses from southeast China on HCMC (Huy et al.,
2022; Nguyen et al., 2023). The concentrations of PM, -
from shipping emissions, coal combustion, and industrial
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activities in China increased post-lockdown period (from
the middle of February) (Cheng et al., 2022; Pei et al,
2022), which coincided with the lockdown period in
HCMC. The PM,; mass in Stages 1, 2, and 4 might be
emitted from domestic coal and crude oil combustion in
the northeast/southwest direction of the sampling site.
Hence, Cu- and Ni-rich factor is defined as long-range
transport from coal and crude oil combustion and com-
prise 9% of the PM, ; mass.

3.2.6 Minor sources

Soil dust emission is reflected in the high levels of Ca,
Mg, Al, and Fe, which are generally considered indicators
of soil dust (Reimann & De Caritat, 2000; Taylor, 1964).
The annual contribution of soil dust to PM,; were 6%,
6%, 15%, and 8% during Stage 1—4, respectively, with an
annual average contribution of 8%. The high correlation
between Ca, Mg, and Al (Table 1, r > 0.85, p < 0.01) dem-
onstrated that they originate from the same source dur-
ing the sampling period. The high concentration of Al in
this study agrees well with previous studies in Vietnam
(Hien et al,, 2022; Vuong et al,, 2023). The significant
contribution of soil dust during Stage 3 remains unclear;
however, a reduction in human activities due to ARL
could be the cause for minor sources of PM, 5 becoming
more prominent in the HCMC.

Mn-rich source is represented by the highest loading of
Mn (~79%), constituting ~4.3% PM, ; in HCMC. Sources
of Mn emissions include sand mining (Bari & Kindzier-
ski, 2017), abrasion (road dust and tire ware) (Bressi et al.,
2014; Jeong et al., 2022), and other natural processes (soil
erosion, volcanic activity, and excavation) (Fakhri et al.,
2023). The EF values of Mn were below 10, indicating Mn
to have crustal origins. Therefore, the impact of abrasion
emissions can be neglected. However, the contribution of
Mn-rich sources to PM, ; poses a discrepancy with the
contribution of anthropogenic-rich sources, suggesting
nonlocal origins for this source. Notably, sand mining
activities in the Mekong Delta have increased in recent
years (Jordan et al., 2019) leading to challenges, such
as coastal erosion and airborne Mn emissions. Conse-
quently, these factors should be carefully considered in
developing future air quality management efforts.

The Pb-rich source was characterized by high levels
of Pb (~81%), contributing a very small portion (< 1%)
to the total PM,; concentrations. The mean EFs of Pb
exceeded 10 in Stages 1, 2, and 4, compared to Stages
3, where it was lower than 10. Thus, Pb was considered
derived from natural and anthropogenic sources. Addi-
tionally, it showed a moderate correlation with K* (r =
0.554, p < 0.01), suggesting that Pb emissions may be
related to combustion activities.
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3.3 WCWT analysis

Figure 4 illustrates clusters of backward trajectories cat-
egorized by the four stages. During Stage 1, two of the
main trajectories observed were originating from the
northeast (~68%), while the other two clusters origi-
nated from the south (~16%) and southwest (~16%). In
addition, 100% of the cluster patterns were distributed in
the northeast regions during Stage 2 and Stage 3. Mean-
while, most of the clusters were derived from the south
and southwest (~78%) and eastern regions (~12%) during
Stage 4.

Herein, we utilized WCWT analysis to investigate the
geological source of each component, which involved
integrating the PMF-derived PM, s concentrations with
the backward trajectories. Figure 5 indicates the transport
pattern in the whole sampling period, while Figs. S5, S6,
S7, S8, S9, S§10, S11, S12 illustrate the transport pattern
for each state of each source. Based on the WCWT anal-
ysis, PM, s emission sources were in the center of HCMC
and were majorly scattered to the northeast area of this
region (Fig. 5). These results are consistent with previous
studies in HCMC (Bui et al., 2023; Hien et al., 2022; Huy
et al,, 2022; Tran et al., 2023). For instance, Hien et al.
(2022) and Bui et al. (2023) suggested that long-range
transport from coal-fired thermal plants in northeastern
HCMC and in south China is reflected through the pres-
ence of As and Pb in HCMC. In addition, the presence
of As in HCMC may specifically be related to emissions
from Bien Hoa City (BHC). BHC is a hotspot of industrial
establishment and is located about 35 km to the north-
east of the sampling site. Bui et al. (2023) reported that
the sources of As were closely related to coal combustion,
industrial emissions, and processes involving excavating
and treating contaminated soil. The occurrence of As in
HCMC is a serious concern as it is a carcinogen respon-
sible for posing 10% of the total carcinogenic risk in
HCMC (Hien et al., 2022).

The influence of coal and crude oil combustion was
clearly observed during Stage 3 (Fig. S5) when local
anthropogenic emissions were largely minimized. The
Mn-rich source was associated with air masses originat-
ing from south/southwest HCMC, supporting our sug-
gestion that it could be a result of Mn emissions from
sand mining in the Mekong Delta (Fig. S6). The road
dust source represented by Zn demonstrated a similar
pattern to previous studies, implying that long-range
transport from the Philippines is a potential Zn source
(Bui et al., 2023; Hien et al., 2022). In this study, the long-
range transport from surrounding regions of HCMC and
neighboring countries was observed to play an important
role in the high concentration of PM, ; and thus cannot
be neglected.
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4 Conclusion

The ambient PM, . samples were collected from HCMC
between 2019 and 2020 to identify the primary sources
and geological origins of PM, ;. The main conclusions are
as follows:

1. The EFs of Al, Mn, V, Mg, Ca, and Fe were < 10, indi-
cating that their primary contributor was the Earth’s
crust. The EFs of Cu, As, and Zn were > 10, implying
a substantial anthropogenic contribution. The EFs of
Ni and Cu were ~10, suggesting a contribution from
both anthropogenic emissions and the Earth’s crust.

2. The apportionment of the source of ambient PM, . in
HCMC was estimated using PMF for the first time.
The results of PMF indicated that the most signifi-
cant contributor of PM, . in HCMC was anthropo-
genic-rich sources (36.4% of PM, ; mass), comprising
biomass burning, coal combustion, transportation,
and crustal origins. Other secondary sources of PM, -
were ammonium sulfate (18.4%), sea salt (13.7%),
road dust (9.6%), and coal and crude oil combus-
tion (9.4%). Soil dust, Mn-rich sources, and Pb-rich
sources were minor contributors that accounted
for 13.1% of the PM,; mass. The WCWT analy-
sis combined the backward trajectories of air mass
with PM, ; mass attributed to each factor. The pri-
mary contribution of PM, » was observed in HCMC,
whereas air masses originating from the northeast
and southwest areas of HCMC were contributed by
long-distance transport.

3. During the ARL, a considerable decrease in PM,
resulting from anthropogenic activities was docu-
mented, highlighting the substantial contribution
of direct emissions from anthropogenic activities
to ambient PM,; in urban areas. Furthermore, the
influence of air masses from neighboring countries
on HCMC was observed during this period.
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