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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Highest daily concentrations occurred 
during winter with stagnant meteoro
logical conditions. 

• Half of resolved PM2.5 mass was organic 
matter of which about 40% attributable 
to biomass burning. 

• One third of PM2.5 mass was secondary 
inorganic aerosol dominated by 
sulphates. 

• With the PMF analysis following source 
factors were found LRT and local SIA, 
traffic, biomass burning, industry and 
dust. 

• During the COVID-19 lockdown period 
concentration of elemental carbon was 
halved at the traffic site.  

Chemical composition of PM2.5 resolved mass.
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A B S T R A C T   

The chemical composition of PM2.5 was monitored simultaneously at two sites, one in a general area of the city 
center and one at a roadside, in Hanoi, Vietnam, during August 2019–July 2020 using 220 daily (24 h) filter 
samples. PM mass, water soluble ions, trace elements, organic and elemental carbon and sugar anhydrides were 
measured. The annual average PM2.5 concentrations, 49 and 46 μg m− 3 at the traffic and the general urban site, 
respectively, exceeded the national (25 μg m− 3) and 2021 WHO limit values (5 μg m− 3). Daily PM2.5 concen
trations were the highest in winter when stagnant meteorological conditions prevailed. On average, half of the 
resolved mass was organic matter, of which about 40% was attributable to biomass burning, most likely rice 
straw field burning and domestic fuel combustion. One third of PM2.5 was secondary inorganic aerosol which was 
dominated by sulphate hence indicating a high contribution of stationary sources like coal combustion. The 
elemental carbon level was higher at the traffic site, except in April 2020 during the COVID-19 restrictions. Zinc 
was the most common trace element with high daily variations and large differences between the sites, and it 
often peaked with Cd, Cl− and Pb indicating contribution of industrial sources and/or coal combustion. The 
highest zinc concentrations appeared on a few days and likely originated from open burning of municipal solid 
waste. It appeared that scattered open waste and biomass burning, as well as coal combustion, are important 
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sources causing spikes of PM2.5 pollution in Hanoi above the general levels caused by routine industrial and 
traffic sources, especially during stagnant winter days. Source contributions were further studied with positive 
matrix factorization producing six source factors: traffic (12%), local secondary inorganic aerosol (SIA, 18%), 
biomass burning (19%), industry (9%), long-range transported SIA (25%) and dust (17%).   

1. Introduction 

Air pollution, especially with high levels of fine particles (PM2.5), is a 
severe concern globally but more so for densely populated Asian cities 
(Hopke et al., 2008; Kim Oanh et al., 2006). Hanoi, the capital of Viet
nam, with its fast-growing population and economy is increasingly 
facing challenges of maintaining and improving air quality. The avail
able monitoring data has shown that the annual average concentrations 
of PM2.5 have exceeded the national ambient air quality standard 
(NAAQS) of Vietnam (25 μg m− 3, (QCVN 05, 2013) and by far exceeded 
the recently updated World Health Organization (WHO) air quality 
guideline (5 μg m− 3, WHO, 2021a). Exposure to these fine particles, 
which penetrate deep in the lungs, causes respiratory and cardiovascular 
diseases and premature deaths (HEI, 2020; Nhung et al., 2018; Luong 
et al., 2020; Lu et al., 2019; Phung et al., 2016; Xing et al., 2016; Jalava 
et al., 2007). The WHO (2021b) has estimated that around 60 000 deaths 
each year are related to air pollution in Vietnam. In Hanoi, high PM2.5 
concentrations are observed, especially in winter when drier weather is 
prevalent under the influence of the Northeast Monsoon as compared to 
summertime. Stagnant meteorological conditions limited wet removal 
and more biomass open burning occurring around the city during win
ters are some of the most important reasons for the high build-up of PM 
pollution in Hanoi (Kim Oanh, 2021; Hai and Kim Oanh, 2013). 
Regionally, the potential long-range transportation from Northern 
Vietnam and China associated with the Northeast Monsoon (Ly et al., 
2021; Cohen et al., 2010a, 2010b) also contribute to the high pollution 
levels during winter. Increased concentrations of air pollutants during 
winter are found to increase the number of hospital visits due to acute 
respiratory and cardiovascular diseases (Trinh et al., 2019). 

In addition to the mass concentrations, the chemical composition of 
particles influences their harmfulness to people, e.g., a strong and 
consistent correlation with mortality has been found for combustion 
species such as elemental carbon (EC) and potassium (Achilleos et al., 
2017). These fine particles from combustion sources also contain 
carcinogenic organic compounds such as polycyclic aromatic hydro
carbons (PAHs) and other toxic elements (e.g., arsenic, cadmium, lead) 
that increase health risks (Holme et al., 2019). In addition to health 
effects, particulate pollution leads to haze formation and decreases 
visibility (Ngoc et al., 2021). Finally, particulate matter (PM) affects the 
climate, especially the black carbon (BC) particles emitted from 
incomplete combustion can increase global warming (Ramanathan and 
Carmichael, 2008). 

In Northern Vietnam, there is a wide range of industrial sources such 
as large industrial plants, mines, smelters, and small industrial work
shops scattered in populated craft villages, emitting particles containing 
various trace elements. Coal-fired power plants, e.g., the Pha Lai thermal 
coal-fired power plant complex in Hai Duong Province, which is about 
65 km north-east of Hanoi, are the major power generation sources in 
the country (Huy and Kim Oanh, 2017; Roy et al., 2021). Dust from 
cement industrial plants scattered in Northern Vietnam and the inten
sive construction activities in the fast-growing areas of Hanoi, as well as 
road dust also contribute to PM pollution. Agricultural burning, e.g., the 
common practice of rice straw burning, is an important emission source 
in rural and suburban areas (Le et al., 2020; Kim Oanh et al., 2011; Kim 
Oanh, 2021). Backyard solid waste open burning is still a common 
practice outside the city center where solid waste collection coverage is 
still limited. In remote rural areas, agricultural residues, fuel wood, and 
derived coal fuel are still popularly used for cooking despite the 
increasing use of gas and electricity (Huy et al., 2021). The intensive use 

of diesel vehicles, both on-road and off-road, is an important source of 
PM including BC, and precursors gases (Kim Oanh et al., 2010), NOx, 
SOx, and hydrocarbons which form secondary particles in the atmo
sphere. Furthermore, the large fleets of gasoline-powered motorcycles 
and scooters increase the resuspension of road dust especially during the 
rush hours hence elevating the PM levels in Hanoi (Kim Oanh, 2021), 
and the large amounts of precursor gases released from the vehicle ex
hausts also contribute to the formation of secondary particles (Ly et al., 
2020; Phuc and Oanh, 2018, 2021). In addition to the local sources, 
long-range transportation from the north and north-east contribute 
significantly to PM2.5 levels (Cohen et al., 2010b; Ly et al., 2021; Kim 
Oanh, 2021). 

In Hanoi, continuous PM2.5 monitoring has been carried out by the 
local authorities: Northern Center for Environmental Monitoring 
(NCEM) of the Vietnam Environment Administration (VEA) from the 
Ministry of Natural Resources and Environment (MONRE; http://cem. 
gov.vn/) and the Hanoi Environmental Protection Agency (EPA) from 
the Hanoi Department of Natural Resources and Environment (DONRE; 
http://moitruongthudo.vn). The air quality data has been available for 
the public. However, there are no routine measurements of the chemical 
composition of PM2.5, and there is still limited updated information of 
source apportionment for PM2.5 in the city. 

In this paper, we present and analyze a one-year dataset of the PM2.5 
chemical composition measured in two locations in Hanoi city during 
2019–2020 to reveal the seasonal variations and potential contributing 
sources. The data were also studied with positive matrix factorization 
(PMF), which is a widely used source apportionment tool (Hopke et al., 
2020). Selected days with high PM2.5 concentrations were studied in 
detail with trajectories and fire hotspot maps. 

2. Methodology 

2.1. Description of the study area and measurement sites 

Hanoi capital city is located within the Hanoi Metropolitan Region 
(HMR) which had a population of over 8.2 million and an average 
population density of 2455 people/km2 as of 2019 (GSO, 2020). HMR is 
in the Red River Delta, about 100 km from the coast of Gulf of Tonkin. 
Weather in Hanoi is influenced by the tropical monsoon climate, typical 
for Northern Vietnam, with two main seasons, i.e., winter (November to 
March) and summer (May to September), and two transitional periods in 
between: spring (April) and autumn (October) (Ngu and Hieu, 2004). In 
winter, high-pressure ridges are frequently observed extending from 
central China to Northern Vietnam that bring in cold weather spells with 
associated low mixing heights and calm wind, typically for areas under 
the influence of stable high-pressure systems. When prevalent, these 
conditions enhance the accumulation of ambient air pollution to 
considerably high levels during winters in the city (Hai and Kim Oanh, 
2013; Hien et al., 2011; Kim Oanh et al., 2006). 

Road traffic, open burning (rice straw), industrial activities and 
construction activities release a large amount of PM2.5 into the atmo
sphere together with the gaseous precursors of NOx, SOx and volatile 
hydrocarbons for secondary PM formation. The traffic fleet is dominated 
by motorcycles: there are more than 5.6 million registered motorcycles 
compared to 0.6 million cars in Hanoi (GSO, 2020), and serious 
congestion problems appear on some roads during rush hours. Vehicle 
movement on dusty roads in the city resuspend coarse and fine PM 
which are confirmed by monitoring data (Kim Oanh, 2021). Hanoi is 
located downwind of several provinces in Northern Vietnam including 
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those having intensive industrial activities, such as Thai Nguyen, Quang 
Ninh, Bac Ninh, and Hung Yen, hence when the Northeast Monsoon is 
prevalent in the dry winter season, there is a high potential of regional 
transport on the top of the transboundary transport of the pollution. 

Two measurement sites in Hanoi city were selected in this study to 
represent the urban general area of the city center (UGA site) and 
roadside air quality (traffic site). The measurement sites were located 
about 10 km apart. The measurement site on the roof of Hanoi EPA 
office building (21◦ 0′ 53.9′′ N, 105◦ 48′ 1.9′′ E; 15 m above ground) in 
the west side of the city center was selected as the UGA site. It is sur
rounded by a park on two sides and 4–6 floor buildings on the other two 
sides. The CT20 ring road is less than 2 km west from the UGA site. The 
NCEM measurement station, (21◦ 2′ 56.3′′ N, 105◦ 52′ 56.3′′ E; 3 m 
above ground) represented a traffic site (Fig. S1). The NCEM station is 
located within 5 m from the 3-lane road 556 Nguyen Van Cu, right at the 
gateway to the inner city. The street is of a semi-street canyon config
uration. The site is located next to a 6-floor office building of NCEM and 
surrounded on the same side with similar 4–6 floor buildings of offices 
and apartments. The PM2.5 samplers were located on the roof of the 
NCEM measurement container. 

2.2. Measurement methods 

During the one-year measurement period (August 6, 2019–August 6, 
2020), about 220 filter samples were collected for gravimetric analysis, 
i.e., in total 120 at the NCEM traffic station and 100 at the Hanoi EPA 
UGA station. The target was to collect samples at both sites on the same 
days, but unfortunately this was not completely fulfilled, and during 
COVID-19 there were challenges to continued sampling. Sampling was 
done according to the standard EN 12341:2014. At both sites, two 
parallel low volume samplers (Leckel LVS/LVS6-RV) with EU type PM2.5 
sampling heads and a flowrate of 2.3 m3/h were installed to collect 24 h 
samples from midnight to midnight in intervals of 2–3 days. The air 
flow, temperature and pressure measurements of the samplers had been 
calibrated by the manufacturer. The validity of the air flow was verified 
using a SI-traceable TSI 4043 flow meter calibrated by the Finnish 
Meteorological Institute (FMI) calibration laboratory before the mea
surement campaign. Two samples were discarded because of malfunc
tion of the sampler. Initially quartz fiber filters (Tissuquartz 2500AT-UP, 
47 mm, Pall Life Sciences, no. 7202) were used in both instruments 
which were subsequently used for both gravimetric and chemical anal
ysis. However, in October 2019, it was noticed that the quartz filter was 
not suitable for the weighing process in the humid conditions of Hanoi, 
and hence the filter material for the gravimetric analysis was changed to 
a glass microfiber filter (Grade MG227/1/60 47 mm, Ahlstrom Munksjo, 
no. 443 005) which proved to be satisfactory for weighing. The gravi
metric analysis was conducted at NCEM using a Sartorius ME-5 micro
balance (resolution μg, repeatability ± 1 μg, precision 5.8 μg). Filter 
conditioning for pre- and post-weighing was done following the pro
cedure specified in U.S. EPA (2013). 

A total of 160 quartz filter samples, 82 from the NCEM traffic site and 
78 from the Hanoi EPA UGA site and ten trip blank samples from each 
station, were analyzed for the chemical composition of water-soluble 
ions, trace elements, EC, and organic carbon (OC), and mono
saccharide anhydrides including levoglucosan at the FMI. The quartz 
filters selected for the chemical analysis were punched to get four 1 cm2 

filter pieces for analysis. 
Water-soluble inorganic ions (NO3

− , SO4
2− , Cl− , NH4

+, Na+, K+, Mg2+, 
and Ca2+) were analyzed according to the standard EN 16913:2017b 
with two ion chromatographs (Waters Corporation). Trace elements (Al, 
As, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, V, and Zn) were analyzed with an 
inductively coupled plasma mass spectrometer (ICP-MS, Thermo iCAP 
Q) according to the standard EN 14902:2005, see Kyllönen et al. (2020) 
for details. OC and EC were analyzed using thermal-optical techniques 
based on the evolution of carbon species at different temperatures in an 
oxidizing environment using the EC-OC Lab Instrument (Model 5, Sunset 

Laboratory Inc). The method and temperature protocol (EUSAAR2, 
Cavalli et al., 2010) were based on the standard EN 16909:2017a. In our 
study, EC-OC optical correction of charring was performed by trans
mittance measurements using a laser beam with a wavelength of 678 nm 
before and during the analysis. Transmission decreases while OC chars 
(in the He-mode) and increases again as pyrolytic carbon and EC release 
in the He/O2-mode and the point at which the transmission reaches the 
pre-pyrolysis value is used as a split point to separate OC and EC (Cavalli 
et al., 2010). A high-performance anion-exchange chromatogra
phy–mass spectrometry (HPAEC-MS) method with an electron spray 
ionization technique and a quadrupole mass analyzer (Dionex ICS-3000 
- Dionex MSQ™) was used for the determination of monosaccharide 
anhydrides (levoglucosan, mannosan, and galactosan) at m/z 161. The 
method used is the same as described in Saarnio et al. (2013), except that 
the internal standard used in this study was 
methyl-β-D-arabinopyranoside. 

The blank filter averages were subtracted from the measurement 
results of the samples and the resulting values below the detection limits 
(DL) were assigned the values of DL/2 for further data analysis. At the 
traffic site and the UGA site, 25 and 22 nickel results and 14 and 10 
chromium results were below the DL, respectively. For Co and Al there 
were altogether 8–9 results below the respective DL, while for Na+, 
Mg2+, Cl− , mannosan, and galactosan there were 2–4 results below the 
respective DL. 

The wind data measured at the UGA site was used in this study. 
However, it was disturbed by the effects of surrounding urban envi
ronment, e.g., buildings and trees. The average daily wind velocities at 
the sites during the measurement days were low, mostly below 2 m/s, 
which also increased the uncertainty of the wind measurements because 
in low wind conditions wind directions may fluctuate widely. 

Boundary layer heights for Hanoi were extracted from operational 
forecasts of the European Center for Medium-range Weather Forecasts 
(ECMWF) using a regular 0.2-degree grid. The values at neighboring 
mesh-points were interpolated to the respective sites in Hanoi. Forecasts 
starting at 00 UTC were used, and the steps +06 and + 18 h (0100 and 
1300 Local time) were taken for nocturnal and daytime values. 

2.3. Reconstructed mass and organic matter 

The reconstructed mass (RM) presents the analyzed fraction of PM2.5 
mass, which was calculated as a sum of organic matter (OM), soot (EC), 
secondary inorganic aerosol (SIA, as a sum of ammonium, nitrate, and 
sulphate), soil minerals, sea salt and the rest of elements. Geological soil 
minerals were calculated based on the formula by Chow et al. (2015) 
and Pant et al. (2015):  

Geological minerals = 2.2Al + 2.49Si + 1.63Ca +1.94Ti + 2.42Fe              

However, it should be noted that neither silicon (Si), which is one of 
the major soil elements, nor titanium (Ti) were analyzed in this study. 
Additionally, calcium mass was calculated from the water-soluble frac
tion (Ca2+) analyzed by IC which also leads to an underestimation of 
crustal materials. Sea salt mass was calculated from sodium as 2.54Na+. 

The share of OC originating from biomass burning was calculated 
from the potassium concentration as K+ × 335.4/50 based on emission 
factors calculated from measurements of open field rice straw burning in 
Thailand (Kim Oanh et al., 2011). In this study, the mass of OC from 
biomass burning was further converted to OM using the factor 1.9 
(OM-Biomass) while the factor 1.4 was used for the rest of the OC (OM 
other). It should be noted that the conversion factor is generally one of 
the critical factors affecting the uncertainty of OM and reconstructed 
mass. In literature, various conversion factors have been used, e.g., 
Turpin and Lim (2001) suggested a factor 1.6 ± 0.2 for urban aerosol, a 
factor 2.1 ± 0.2 for non-urban, and even higher values for aged biomass 
burning aerosol (Diapouli et al., 2014). 
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2.4. Backward trajectories 

For selected days, NOAA’s Hybrid Single-Particle Lagrangian Inte
grated Trajectory (HYSPLIT) model (Stein et al., 2015; Rolph et al., 
2017) was used to draw 72 h backward air mass trajectories based on the 
global meteorological data from the Global Data Assimilation System 
(GDAS) archive starting at 7 a.m. (00:00 UTC) with a 6 h time resolution 
at the site coordinates and the height of 500 m. 

2.5. Fire hot spots 

To study the effect of field fires on Hanoi PM2.5 pollution, the number 
of fire hotspots was counted for three different domains: 1. The Red 
River Delta domain 210 km × 200 km around Hanoi, 2. The Northern 
Vietnam domain 635 km × 470 km and 3. The Northern Vietnam and 
South China domain 915 km × 650 km (Fig. S2). The number of fire 
hotspots for each measurement day was retrieved from daily Himawari 
satellite data. The Himawari geostationary satellite is managed by Japan 
Meteorological Agency and the spatial and temporal resolution of the 
data is 2 km and 10 min. 

2.6. Source apportionment 

Receptor models are used to identify air pollution sources by using 
measured time series of existing air pollutants and the knowledge of 
studied pollutants and their behavior in the atmosphere. The positive 
matrix factorization (PMF) model is widely used for ambient air quality 
research across the world (Hopke, 2016; Hopke et al., 2020). 

The PMF factor analysis method is based on an uncertainty-weighted 
receptor model that decomposes a large number of variables in a com
plex data set into two matrices, i.e., factor contributions and factor 
profiles (Paatero and Tapper, 1994; Paatero, 1997). PMF resolves the 
chemical mass balance equation to find a user defined number of factors 
(sources) and the user selects the most realistic model solution. Tradi
tionally, PMF has been used for source apportionment of particulate 
matter mass, e.g., PM10 and PM2.5 (e.g., Almeida et al., 2020), but it has 
also been applied to combinations of species measured from different 
phases like PM and gases or to measurements of different time resolu
tions (e.g., Kyllönen et al., 2020; Belis et al., 2013; Srivastava et al., 
2021; Crippa et al., 2014; Vestenius et al., 2011), particle number size 
distributions (e.g., Squizzato et al., 2019) and volatile organic com
pounds (e.g., Vestenius et al., 2011, 2021). In this study, pollution 
sources and their contribution to the PM2.5 concentration in Hanoi were 
studied using EPA’s SPECIATE 5.2 (U.S. EPA, 2013, https://www.epa. 
gov/air-emissions-modeling/speciate), and the chemical profiles of 
emission sources in Asia measured in previous studies (e.g. Kim Oanh 
et al., 2010, 2011). 

As the number of samples was quite limited, two data sets (the traffic 
and UGA site) were combined to get a more representative amount of 
data by including the time series of first site right after the other. Thus, 
no averaging was performed to create this artificial 2-year dataset. An 
attempt was made to run PMF for each data set separately, however, we 
suggest that the combination solution gave the more representative re
sults. Five days with exceptionally high Zn concentrations (>5 μg m− 3) 
at the traffic station (see 3.1.3.), and three samples at the UGA site with 
abnormal high elemental concentrations were excluded from the anal
ysis. The PM2.5 filter data (ions, trace elements, EC, OC, levoglucosan, 
PM2.5 resolved mass) together with the daily averaged gas monitor data 
(NO, NO2, and CO) from the NCEM and Hanoi EPA air quality stations 
were also used as input data for the PMF 5.0 model (Norris et al., 2014). 

3. Results and discussion 

The average concentrations of PM2.5 mass and different species 
during the whole one-year measurement period (August 6, 2019–August 
6, 2020) and separately in winter (November–March), summer 

(May–September), and the transition seasons of autumn (October) and 
spring (April) are presented in Table 1. In Hanoi the concentrations in 
general were higher in winter and lower in summer. The seasonal 
variation in Hanoi is firstly attributed to meteorological conditions. The 
highest PM2.5 mass concentrations were measured on days with low 
nocturnal boundary layer heights, and calm winds when atmospheric 
dispersion had been limited (Fig. 1). The same phenomenon has also 
been found in earlier studies (Hien et al., 2002; Kim Oanh et al., 2006; 
Hai and Kim Oanh, 2013). Hanoi features a subtropical monsoon 
climate, and in winter the area is under the influence of the Northeast 
Monsoon carrying air pollutants from north-eastern Vietnam and 
south-eastern China (Hien et al., 2021; Hai and Kim Oanh, 2013). Earlier 
studies have found that black carbon (BC) enhances haze formation by 
inducing inversion because the top of the polluted air layer containing 
BC aerosols warms up more than the air closest to the earth’s surface 
which further reduces mixing with the cleaner air aloft (Ding et al., 
2016). As sunlight does not warm the earth’s surface and there is less 
turbulence, the polluted air layer becomes even more stable and thick, 
causing the concentrations to increase even more (Petäjä et al., 2016). In 
summer, south-easterly winds carry cleaner marine air from the Gulf of 
Tonkin and the Pacific Ocean, and effective atmospheric dispersion and 
wet removal lead to declined concentrations. Dry weather during winter 
also enhances emissions from open biomass burning and road dust 
resuspension which are extensively discussed further in this paper. 

The spring data showed the effect of the COVID-19 restrictions as a 
national lockdown was implemented in Vietnam between 1 and April 
15, 2020, which was later extended until the end of April in Hanoi and 
some other higher risk areas (Vuong et al., 2021). In this study, only two 
filter samples at the UGA site and six samples at the NCEM traffic site 
were collected in April 2020 (Table 2). During the lockdown, schools, 
shopping malls and restaurants were closed, public transportation was 
stopped, and travel restrictions were implemented, and hence the con
centrations of air pollutants in Hanoi were lower than normally found in 
other studies (Vuong et al., 2021; Nguyen et al., 2021). The effect of the 
COVID-19 restrictions could be seen also in our data as the EC concen
trations at the traffic site in April were considerably lower than in winter 
while the levels at the UGA site were quite similar between winter and 
spring. Additionally, air quality in Vietnam was likely also affected by 
the restrictions of neighboring countries, e.g., in China nearly one-third 
of the cities were in lockdown during several weeks in January and 
February 2020 when transportation was largely banned, which 
improved local air quality (He et al., 2020; Yuan et al., 2021). This likely 
decreased the long-range transportation air pollution from China to the 
neighboring countries. 

3.1. PM2.5 mass and chemical composition 

The average PM2.5 concentrations of the entire one-year measure
ment period determined by the gravimetric method were 49 and 46 μg 
m− 3 at the traffic and UGA sites, respectively (n = 118 and 99, Table 2). 
The national technical regulation of ambient air quality in Vietnam 
(QCVN 05, 2013) specifies PM2.5 limit values as 50 μg m− 3 and 25 μg 
m− 3 for 24-h and annual average, respectively, and the latest WHO air 
quality guidelines (AQGs) set for PM2.5 are 15 and 5 μg m− 3, for 24-h and 
annual average, respectively (WHO, 2021a). The measured PM2.5 
annual averages in Hanoi were about twice the national limit value and 
9–10 times higher than the 2021 WHO AQG. The WHO annual interim 
target 1 of 35 μg m− 3 (WHO, 2021a) was exceeded as well. From August 
to September 2019, and from May to August 2020, daily PM2.5 con
centrations remained below the Vietnam 24-h NAAQS, but during the 
winter months the NAAQS was frequently exceeded at both sites. 
Noticeably, concentrations over 100 μg m− 3 were measured on nine 
days at the traffic site and on four days at the UGA site in winter 
(Fig. S3). The highest PM2.5 monthly average was measured in 
December: 93 μg m− 3 at the traffic site and 76 μg m− 3 at the UGA site. 
Strong seasonal variation and high concentrations of pollutants during 
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Table 1 
Average concentrations and standard deviations (SD) of daily concentrations of PM2.5 weighed mass (W) (only those samples that were taken to chemical analysis), resolved mass (RM) and chemical compounds in PM2.5 in 
Hanoi in 2019–2020 and in different seasons: summer: August–September 2019 & May–August 2020, winter: November 2019–March 2020, autumn: October, spring: April (COVID-19 restrictions in Hanoi). N = number of 
samples. The traffic site (NCEM) and the UGA site (Hanoi EPA).   

NCEM Hanoi EPA NCEM Hanoi EPA NCEM Hanoi EPA NCEM Hanoi EPA NCEM  Hanoi EPA 

All  All  Autumn Autumn Winter Winter Spring  Spring  Summer Summer 

Average SD Average SD Average SD Average SD Average SD Average SD Average SD Average SD Average SD Average SD 

W μg m− 3 55a 40 48b 38 64 17 45 12 76a 49 64 50 50 23 53 24 33a 14 31b 13 
RM μg m− 3 38 24 32 21 56 10 39 8 47 31 39 28 24 11 31 17 29 14 26 13 

Na+ μg m− 3 0.17 0.08 0.15 0.08 0.06 0.06 0.21 0.10 0.19 0.09 0.17 0.10 0.08 0.03 0.13 0.01 0.15 0.06 0.13 0.05 
NH4

+ μg m− 3 2.53 1.95 2.72 2.01 3.48 2.05 3.20 1.54 3.31 2.35 3.59 2.49 2.35 1.60 2.75 1.10 1.66 1.03 1.86 1.15 
K+ μg m− 3 0.51 0.35 0.54 0.39 0.68 0.20 0.60 0.16 0.55 0.41 0.58 0.46 0.30 0.13 0.45 0.19 0.47 0.32 0.50 0.36 
Mg2+ μg m− 3 0.04 0.03 0.04 0.02 0.07 0.03 0.06 0.02 0.05 0.04 0.04 0.03 0.02 0.01 0.04 0.03 0.04 0.03 0.03 0.01 
Ca2+ μg m− 3 0.23 0.15 0.23 0.13 0.36 0.09 0.29 0.15 0.27 0.04 0.23 0.16 0.09 0.07 0.19 0.22 0.19 0.11 0.22 0.09 
Cl− μg m− 3 0.84 1.05 0.47 0.67 1.80 1.74 0.60 0.37 1.33 0.16 0.82 0.83 0.41 0.27 0.46 0.14 0.29 0.41 0.14 0.32 
NO3

− μg m− 3 2.91 3.11 2.74 3.52 4.65 1.50 3.53 2.64 4.66 1.14 4.73 4.43 3.10 2.72 2.42 1.19 0.94 1.20 0.85 0.79 
SO4

2− μg m− 3 6.11 3.85 6.28 3.80 9.75 3.42 8.55 2.54 6.46 4.43 6.60 4.11 4.83 2.63 6.99 3.80 5.39 3.16 5.59 3.63 
OC μg m− 3 11.6 8.7 10.3 7.6 14.6 3.1 10.5 3.2 15.1 11.5 12.6 10.2 6.3 3.2 8.9 5.4 8.6 4.5 8.4 4.5 

EC μg m− 3 3.56 1.57 1.80 0.87 4.97 1.99 2.58 1.01 3.45 1.57 1.83 0.88 1.74 0.54 1.80 0.85 3.74 1.34 1.65 0.81 
Levoc μg m− 3 0.43 0.38 0.38 0.35 0.52 0.15 0.39 0.15 0.54 0.48 0.45 0.42 0.24 0.08 0.39 0.12 0.33 0.28 0.30 0.30 

Al ng m− 3 179 129 168 118 254 86 234 149 225 146 185 144 76 46 182 164 140 102 141 75 
As ng m− 3 5.31 3.47 4.94 3.06 9.04 3.19 6.67 2.86 5.86 4.11 5.35 3.58 3.49 2.13 5.57 3.79 4.46 2.41 4.24 2.46 
Cd ng m− 3 4.02 5.27 2.31 2.32 7.31 4.30 4.93 4.64 4.18 4.76 2.38 1.94 2.17 1.88 2.33 1.26 3.64 6.10 1.82 1.93 
Co ng m− 3 0.16 0.16 0.12 0.08 0.32 0.32 0.18 0.05 0.17 0.12 0.13 0.09 0.09 0.05 0.13 0.06 0.13 0.15 0.10 0.07 
Cr ng m− 3 3.97 6.98 2.79 2.75 5.33 1.43 3.62 1.46 3.75 3.05 3.40 3.78 1.23 0.87 2.64 0.57 4.40 10.09 2.11 1.47 
Cu ng m− 3 18 18 18 33 35 35 25 17 18 13 14 12 9 7 19 19 18 19 21 45 
Fe ng m− 3 271 185 215 156 398 63 293 98 316 204 234 154 166 73 265 45 226 173 183 164 
Mn ng m− 3 47 51 33 29 88 52 61 34 45 53 34 30 24 22 45 3 45 51 27 26 
Ni ng m− 3 1.40 1.20 1.27 1.45 2.52 0.78 1.72 0.39 1.72 1.42 1.67 2.05 0.36 0.16 0.52 0.32 1.10 0.87 0.88 0.63 
Pb ng m− 3 185 233 87 90 234 174 144 79 206 257 86 73 81 68 95 20 175 234 79 105 
V ng m− 3 1.39 0.84 1.36 0.89 2.07 0.71 2.49 1.35 1.41 0.98 1.20 0.71 0.64 0.38 0.82 0.31 1.38 0.67 1.35 0.85 
Zn ng m− 3 1835 2956 753 988 4539 6264 1490 1242 2013 3158 746 1098 1188 1680 865 832 1325 1787 635 823 

N samples 82  78  6  6  34  33  6  2  36  37   

a NCEM Resolved mass N = 76, winter N = 33, summer N = 32. 
b Hanoi EPA Resolved mass N = 73, summer N = 32. 
c Levoglucosan. 
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the dry season from October to January have similarly been found in 
earlier studies in Hanoi (Cohen et al., 2010a; Hien et al., 2021). The 
average concentrations of PM2.5 mass and chemical compounds are 
compared to some other urban sites with higher concentration levels, e. 
g., Wuhan and New Delhi, and sites with lower PM2.5 levels compared to 
Hanoi like Seoul and Krakow in Table S1. The PM2.5 mass concentration 
level in this study was close to that measured in Beijing in 2019, 

although the chemical composition was different (Table 1S). 
The PM2.5 reconstructed mass (RM, see section 2.3.), was calculated 

as a sum of OM, EC, SIA, soil minerals, sea salt and the remaining ele
ments (Fig. 2.). The average RM was 38.2 ± 24.3 μg m− 3 at the traffic 
site (n = 82) and 32.4 ± 21.2 μg m− 3 at the UGA site (n = 78). Thus, 
considering the averages of weighed mass, 71% and 69% of the mass at 
the traffic (n = 76) and UGA site (n = 73) were explained by these 

Fig. 1. Wind speed (at Noi Bai airport, Hanoi) as a function of weighed PM2.5 mass at the NCEM traffic site and the Hanoi EPA UGA site. Boundary layer height (BLH) 
at night at 1:00 a.m. is expressed using a color scale. 

Table 2 
Monthly average concentrations, standard deviations (SD) and number of sample days (N) of PM2.5 weighed mass (W) and resolved mass (RM) in Hanoi in 2019–2020. 
The traffic site (NCEM) and the UGA site (Hanoi EPA).   

NCEM PM2.5 Hanoi EPA PM2.5 Hanoi EPA PM2.5 NCEM PM2.5 EPA PM2.5 

Weighed μg m− 3 SD N Weighed μg m− 3 SD N Monitor μg m− 3 SD N RM μg m− 3 SD N RM μg m− 3 SD N 

Aug 2019 30 11 7 14 3 3 37 12 26 36 10 9 26 10 10 
Sep 2019 39 22 11 44 23 9 49 20 30 38 17 10 36 15 9 
Oct 2019 51 23 11 40 15 8 43 17 31 56 10 6 39 8 6 
Nov 2019 69 34 11 59 29 9 66 26 30 66 27 7 48 22 7 
Dec 2019 93 54 11 76 57 10 74 36 31 68 34 8 54 34 7 
Jan 2020 72 53 6 74 58 7 51 31 31 40 25 5 38 30 5 
Feb 2020 58 44 10 58 49 10 69 46 29 33 26 7 35 30 7 
Mar 2020 42 23 10 31 10 9 50 22 31 24 12 7 19 7 7 
Apr 2020 42 20 12 50 18 3 45 23 30 24 11 6 31 17 2 
May 2020 30 6 11 32 7 8 41 11 31 19 6 6 18 4 6 
Jun 2020 32 10 7 33 11 10 33 14 29 22 10 6 20 10 6 
Jun 2020 28 6 8 29 10 10 28 17 31 18 6 5 22 16 6 
Aug 2020 26 2 3 25 7 3 26 10 6       
Annual 49 34 118 46 35 99 48 28 366 38 24 82 32 21 78  

Fig. 2. PM2.5 reconstructed mass (RM) and chemical composition.  
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reconstructed mass groups, respectively. About half of the RM was OM, 
30–36% was SIA, 6–9% EC, 4% soil minerals, 1% sea-salt and the 
remaining 3–9% trace elements. It is likely that a portion of volatile 
compounds, e.g., ammonium nitrate and volatile organic compounds 
may have evaporated during the 24-h sampling, transportation and 
storage, although the samples were stored refrigerated (+5 ◦C) until 
analysis. More detailed results of the main analyzed components are 
presented below in sections 3.1.1.-3.1.5. 

3.1.1. Organic compounds and elemental carbon 
Organic compounds had the strongest impact on the measured PM2.5 

mass in Hanoi throughout the measurement period and OM dominated 
in all seasons. The average concentrations of OC were similar at both 
sites (Table 1). OM was calculated from OC (see 2.3) and it was 18.3 and 
16.3 μg m− 3 at the traffic and UGA site, respectively. OM was at the same 
level as in the previous studies in Hanoi (Cohen et al., 2010a; Hai and 
Kim Oanh, 2013). There was a high seasonal variation: in winter, con
centrations were considerably higher than in summer. From October to 
December 2019 there were days with increased PM2.5, OM, K+ and 
levoglucosan concentrations. Levoglucosan and potassium can be 
treated as tracers for biomass burning (see 3.1.4 and 3.3), although 
potassium has also other sources. As the correlations between potassium 
and levoglucosan were high (Pearson r2 = 0.91 at the traffic and r2 =

0.89 the UGA site), it was assumed that the main source of potassium 
was biomass burning and potassium was used for estimating the OC 
concentration originating from biomass burning (see section 2.3). 
Accordingly, 36% and 42% of OM at the traffic and UGA sites originated 
from biomass burning. The traces of biomass burning, potassium and 
sugar anhydrides, will be discussed later in section 3.4. 

Concentrations of EC were about two times higher at the traffic site 

(3.6 ± 1.6 μg m− 3) than at the UGA site (1.8 ± 0.9 μg m− 3), which was 
expected as traffic is an important source of EC (Table 1). Similar EC 
concentrations (2.7 μg m− 3) have been measured in Hanoi (Hai and Kim 
Oanh, 2013). However, during the COVID-19 restrictions in April 2020, 
the EC concentrations at the traffic site dropped to about the same level 
(1.7 μg m− 3, n = 6) as the UGA site average (1.8 μg m− 3). At both sites 
the EC levels were the highest in October, but the UGA site generally did 
not exhibit significant seasonal variation (Fig. 3). At the traffic site, EC 
concentrations were higher during the first half of the measurement 
period, decreased in January 2020 and stayed at a lower level till the end 
of the measurement period, i.e., the end of July 2021. 

The average OC/EC ratio was lower at the traffic site (3.2) than at the 
UGA site (5.7). Both values were higher than the ratios 0.8–1.4 typically 
found at traffic sites (Lee et al., 2006; Tao et al., 2012) or the ratio 2.7 
found for coal combustion by Watson and Chow (2001). The average 
OC/EC ratio 5.7 at the UGA site was at the same level as that measured 
in the smoke of rice straw open burning (5.7, Kim Oanh et al., 2011) 
indicating a high influence of biomass burning and/or aged aerosol. In 
addition to open agricultural fires and domestic solid waste open 
burning, residential biomass combustion using agricultural residues, 
fuel wood, and honeycomb coal briquettes (consisting of a mixture of 
anthracite particles, mud, peat, etc.) for cooking in Northern Vietnam 
(Huy et al., 2021) may have increased the OC/EC ratio. Additionally, an 
important factor for increasing the OM in PM2.5 is the formation of 
secondary organic aerosol (SOA) in photochemical reactions of NOx and 
volatile organic compounds (VOCs) emitted from anthropogenic (like 
traffic and industry, biomass and coal combustion) and biogenic sources. 

The concentration of OC and EC in Hanoi were higher than those 
measured in Beijing and Seoul, but OC was at about the same level as in 
Wuhan (Table S1). However, in New Delhi OC and EC concentrations 

Fig. 3. The PM2.5, OC, EC, potassium, and levoglucosan concentrations measured at the traffic site (NCEM) and the UGA site (Hanoi EPA) in Hanoi August 8, 
2019–July 30, 2020. The Vietnamese annual average limit value for PM2.5 (50 μg m− 3) is marked with the red line. 
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were even higher than in Hanoi (Table S1). 

3.1.2. Water-soluble ions 
About one third of the reconstructed mass was SIA, including 

ammonium, sulphate, and nitrate, that is 30% (11.6 ± 8.1 μg m− 3) and 
36% (11.7 ± 8.4 μg m− 3) at the traffic and UGA sites, respectively 
(Table 1). SIA is formed in ambient air from their precursor gases of 
sulfur dioxide, nitrogen oxides and ammonia. The abundance of the 
main ions was the following: SO4

2− > NO3
− > NH4

+ » Cl− , K+ > Ca2+ >

Na+ > Mg2+ (Table 1). Of the water-soluble SIA, sulphate dominated 
followed by nitrate, indicating a strong contribution of fossil fuel com
bustion, e.g., coal and oil combustion. In Northern Vietnam, the coal- 
fired thermal power plants in Hai Phong and Quang Ninh Provinces 
are large stationary sources emitting SO2 and NOx. In Hanoi city, traffic 
is considered the main source for NOx, precursor gases of nitrate, but it is 
also emitted from power plants and industries. Major ammonia sources 
are related to agricultural activities, but it is also released from biomass 
burning, sewage works, and waste handling (Sutton et al., 2000; Xu 
et al., 2018). Ammonium nitrate has temperature dependent equilib
rium state in air, and in warm conditions it decomposes to gaseous 
ammonia and nitric acid (Nowak et al., 2010), which may be one reason 
for lower NH4NO3 concentrations in summer. In addition, volatile losses 
during sampling in the warm season are expected to be remarkable. In 
general, SIAs at the two sites were in a similar range and had a similar 
temporal variation pattern with the highest concentrations in October 
and winter which decreased towards the summer in 2020 (Fig. 4). In this 
study, the sulphate concentrations were lower than those reported by 
previous studies (9–18 μg m− 3) in Hanoi (Cohen et al., 2010a; Kim Oanh 

et al., 2006; and Hien et al., 2021). 
Based on the ion balance calculations the aerosol was close to 

neutral, namely, 0.95 (slightly acidic) and 1.04 (slightly alkaline) at the 
traffic and UGA sites, respectively. However, there was some temporal 
variation: until 7 May the ion balance was mainly neutral except for a 
couple of acidic samples, but during the rest of the study period the ion 
balance was basic. The found ammonium excess may indicate the 
spreading of manure or N-fertilizers for vegetation planting. The four 
exceptional, acidic traffic site samples with chloride excess and high zinc 
and lead contribution are discussed later in section 3.4. 

The average Ca2+ concentration was 0.23 μg m− 3 at both sites and 
the highest concentrations occurred from October to December. In 
addition to Ca2+ originated from resuspended soil dust and construction 
dust which are more intensive during the dry season, this species is 
emitted from industrial sources, e.g., cement production. Na+ concen
trations were low indicating a low contribution of sea salt, about 1% of 
RM at both sites. Usually, sea salt Cl− is replaced by NO3

− during 
transportation from the seaside (Pathak et al., 2003). However, the 
measured chloride concentrations were higher than expected for solely 
sea salt origin, especially at the traffic site. The Cl− to Na+ molar con
centration ratios at the traffic (7.8) and the UGA sites (4.7) were higher 
compared to the common ratio in sea water (1.8) indicating an effect of 
anthropogenic sources which affected the traffic site more. In China, 
high Cl− concentrations and high Cl− to Na+ mass ratios (2.46–5.00) 
measured at polluted sites have been found to indicate coal combustion 
and biomass burning. Similarly, in Hong Kong, elevated non-sea salt Cl−

concentrations have been found when air masses arrived from China 
(Yang et al., 2018). Kim Oanh et al. (2011) reported about 7% of Cl− in 

Fig. 4. Concentrations of PM2.5 mass, SO4
2− , NO3, NH4

+ and Ca2+ at the traffic site (NCEM) and the UGA site (Hanoi EPA) in Hanoi August 8, 2019–July 30, 2020. The 
Vietnam 24 h NAAQS for PM2.5 (50 μg m− 3) is marked with the dotted red line. 
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PM2.5 to be emitted from rice straw field burning. 
The Hanoi sulphate concentrations were two times higher than ni

trate concentrations, at the same level as in Beijing (Table S1), indi
cating a higher contribution of fossil fuel consumption. However, sea 
salt and ammonium nitrate concentrations in Hanoi were lower 
compared to some other Asian sites (Table S1). 

3.1.3. Crustal and trace elements 
Crustal elements mostly originate from soil, road dust and con

struction work and a major part of them exist as coarse particles (>2.5 
μm). Principally, Silicon (Si) is the major crustal element; however, it 
was not measured in this study. The average shares of crustal elements in 
RM, estimated from Al, Ca, and Fe concentrations, were roughly 1% at 
both sites, and, as expected, the concentrations of Al, Fe and Mn were 
higher at the traffic site than at the UGA site because of the influence of 
resuspension of road dust (Table 1). The shares of remaining elements 
(including potassium, which is discussed in section 3.1.4.) in RM were 
8.7% and 2.8% at the traffic and UGA sites, respectively. The higher 
share of trace elements at the traffic site was caused by high Zn con
centrations. At both sites the abundance of the elements from the most 
significant was the following: Zn » Fe > Pb > Al > Mn > Cu > As > Cd >
Cr > Ni > V > Co. Typically, the concentrations of trace elements were 
higher at the traffic site compared to the UGA site except for copper, 
which did not differ between the sites and vanadium which was often 
higher at the UGA site. Copper mainly originates from non-ferrous in
dustrial sources whereas V and similarly Ni, are typically emitted from 
heavy oil refineries, fuel oil and coal combustion (WHO, 2000). 

The annual average concentrations of Pb, Cd, As, and Ni measured in 
this study did not exceed the WHO AQGs or national standard values. 
The WHO annual AQG value for Pb in PM10 is the same as the annual 
limit value of Vietnam, 0.5 μg m− 3. The Pb annual average in PM2.5 at 
the traffic site, 185 ± 233 ng m− 3, was more than twice of that at the 
UGA site (87 ± 90 ng m− 3) but with large temporal variations in daily 
values. Since Vietnam has phased out the use of leaded gasoline back in 
2001 (WB, 2002) the higher concentrations of Pb at the traffic site were 
not expected to originate directly from vehicle exhaust, but rather from 
non-exhaust emissions (such as tire and break wear) and resuspended 
road dust as well as other related sources of heavy metals like solid waste 
open burning and the industries discussed below. Compared to the 
measurements conducted in 2001–2008 (Pb average 236 ng m− 3) in 
Hanoi, lead concentrations have decreased but our results were in fact 
higher than those reported for year 2015 (Pb average about 70 ng m− 3) 
for a general urban site by Cohen et al., (2010a) and by Hien et al. 
(2021). 

The measured annual average concentrations of Cd (Table 1) were 
below the annual WHO AQG value in PM10 (5 ng m− 3, WHO, 2000). At 
the traffic site, daily Cd concentrations were often higher than at the 
UGA site and were frequently over 5 ng m− 3 from August to December. 
In the spring, however, the concentrations were low. It should be noted 
that in this study these elements were measured in the PM2.5 and not in 
the PM10 fraction, and therefore we cannot conclude that the above 
mentioned WHO AQGs would not have been exceeded if the heavy 
metals had been measured from PM10. Nevertheless, more than 80% of 
Pb, Cd, As and Ni have earlier been found in the fine fraction (e.g., 
Makkonen et al., 2010). Typical cadmium sources are coal combustion, 
industrial processes, and waste burning (Pacyna et al., 2009). 

The WHO has not set any AQG for As or Ni. However, India has set an 
air quality annual standard value of 6 ng m− 3 for As and 20 ng m− 3 for Ni 
in PM10 (India, 2009). These values are also considered as annual target 
values in the EU (EU, 2004). The measured annual averages for As and 
Ni were below these air quality standards (Table 1). Daily As and Ni 
concentrations were mainly higher in autumn and winter and lower in 
spring, possibly partly due to the COVID-19 restrictions. All the 
measured Ni concentrations in Hanoi were low (Table 1) and from April 
until July 2020 were close to the detection limit. 

The average concentrations of soil elements, e.g., Fe and Al, were 

lower in Hanoi than in Wuhan and New Delhi where soil elements 
dominated (Table S1). In Hanoi, Zn was the major element with much 
higher concentrations than in Wuhan and New Delhi. Of the elements 
typical for coal combustion, the As concentration was much lower in 
Hanoi than in Wuhan, but interestingly, the Pb and Mn concentrations 
were higher (Table S1). 

3.1.4. Zinc peaking high with chloride 
Interestingly Zn, the most abundant trace element at both sites, oc

casionally, peaked high with chloride, especially at the traffic site 
(Fig. 5). The average Zn concentration at the traffic site was twice as 
high as at the UGA site (Table 1). The Zn concentrations correlated with 
Cl− , Cd, Mn, EC, and Pb concentrations (Fig. S4) indicating a major 
industrial source, e.g., non-ferrous metal processes have been consid
ered the largest global sources of Zn, Cd and Pb (Pacyna and Pacyna, 
2001; Shiel et al., 2010). In addition, according to Huang et al. (2004), 
fly ash enriched in fine particles from coal power plants contains toxic 
elements like Zn, Pb and Cd while, hydrochloric acid is also emitted. 
However, the high chimneys of power plants allow spreading and 
dilution of the flue gas efficiently over large areas. In addition, in Hanoi 
honeycomb charcoal has also been used for domestic cooking, and ac
cording to an emission test performed in China (Yan et al., 2022) zinc is 
one major element emitted from the combustion of honeycomb char
coal. For Zn there are also other sources like waste burning, traffic (e.g., 
tire wear and lubricant oil), and re-emission from soil. For example, 
household solid waste combustion has been shown to release high 
concentrations of Zn and Cl− (Timonen et al., 2021). The high Zn con
centration days are further discussed in 3.4.2. 

3.1.5. Potassium and sugar anhydrides 
Potassium and levoglucosan (1,6-anhydro-β-D-glucopyranose) are 

considered tracers for biomass burning, although K+ also has other 
sources like the soil, production and use of fertilizers, and sea salt. The 
average contribution of K+ to RM was 1.3% (traffic site) and 1.7% (UGA 
site) (Table 1). In biomass burning, cellulose and hemicellulose break 
down forming several organic compounds including sugar anhydrides 
like levoglucosan, mannosan, and galactosan (Simoneit et al., 1999; 
Simoneit, 2002). Levoglucosan is the main biomass pyrolysis product, 
and therefore it is a commonly used biomass burning tracer, as the other 
two sugar anhydrides galactosan (1,6-anhydro-β-D-galactopyranose) 
and mannosan (1,6-anhydro-β-D-mannopyranose) are produced in 
minor quantities. The major portion of the sugar anhydrides was levo
glucosan (88%), as galactosan (7%) and mannosan (5%) were found at 
much lower concentrations in our PM2.5 samples (Table 1). 

After exclusion of the extreme K+ − results of two samples at the 
traffic site (November 8, 2019 and June 4, 2020) and one sample at the 
UGA site (June 4, 2020) (K+= 1.8–2.1 μg m-3), the OC, levoglucosan and 
K+ concentrations showed strong correlations between each other (r2 =

0.82–0.91) indicating their similar sources. From mid-September 2019 
until the end of February 2020, K+ and sugar anhydride peaks appeared 
with OC peaks indicating a high influence of biomass burning (Fig. 3). 
Like the concentrations of the other species, the biomass burning tracers 
were higher in winter, not only because of higher emissions, but also 
because of more stagnant meteorological conditions. In summer, except 
in the beginning of June, the concentrations of OC and biomass burning 
tracers were small with less variation. 

The ratios of levoglucosan/K+ and levoglucosan/mannosan have 
commonly been used to distinguish between possible biomass burning 
sources. In this study, the average levoglucosan/mannosan ratios (20.7 
± 5.9 and 21.3 ± 6.6) were in the range common for both agricultural 
waste and fuel wood burning. The average levoglucosan/K+ ratios of 
0.82 ± 0.35 and 0.70 ± 0.33 at the NCEM and the Hanoi EPA, respec
tively, were at a level typical for rice straw burning (0.62 ± 0.32) ac
cording to Cheng et al. (2013). However, the ratio of levoglucosan/K+

reported by Kim Oanh et al. (2011) for fresh PM2.5 emitted from rice 
straw spread field burning was higher, 1.12. In this study, there were 
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some days with high concentrations of levoglucosan and K+ with lev
oglucosan/K+ ratios higher than 1.2 which could indicate fresh rice 
straw burning as well as the burning of hardwood, e.g., for domestic 
cooking (e.g., September 26, 2019 and February 21, 2020). On two days 
(November 8, 2019 and June 4, 2020) there were unusually high K+

concentrations compared to levoglucosan and OC. On June 4, 2020, 
remarkably high K+ peaks occurred at both sites, indicating a more 
regional source, but based on satellite observations, there were only 9 
fires detected in the Red River Delta Domain, two of which were 10 km 
SW from Hanoi. The high contribution of K+ on June 4, 2020 could have 
partly been caused by other sources such as the application of potassium 
fertilizers. On November 8, 2019, the K+ concentration was high 

compared to levoglucosan at the traffic site and the PM2.5 mass was also 
high, 108 μg m− 3, and several fires occurred in the Red River Delta (85 
fire counts), but on the same day soil minerals and ammonium sulphate 
also peaked. Therefore, it is likely that also part of K+ originated, e.g., 
from soil dust or fertilizers. 

The levoglucosan/K+ ratios were higher in winter with 0.97 and 
0.83, compared to summer with 0.66 and 0.59, at the traffic and UGA 
sites, respectively. The amount of levoglucosan emitted from a fire 
source depends on the burning material and type of burning, e.g., in 
smoldering fires more levoglucosan is formed. The concentration of 
levoglucosan decreases sharply as the distance from the source in
creases, because of decomposition and fallout in atmosphere (Li et al., 

Fig. 5. Concentrations of PM2.5 mass, Cd, Pb, Zn, Cl− , Na+ and SO4
2− at the traffic site (NCEM) and the UGA site (Hanoi EPA) August 8, 2019–July 30, 2020. The days 

with Cl− excess are marked with black circles. The Vietnam 24 h NAAQS for PM2.5 (50 μg m− 3) and the WHO AQG values for Pb (0.5 μg m− 3) and Cd (5 ng m− 3) are 
marked with the red dotted lines. 
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2021). In the Northern Vietnam, rice straw burning is a key local source 
of PM2.5 which is more intensive in May–June and October–November 
each year following the harvesting activities. The contribution of this 
source is reflected in the PM levels and composition found in this study. 

3.2. Fire hotspots 

As in the other Asian countries, agricultural field burning is a com
mon practice in Northern Vietnam to quickly clear agricultural waste 
after harvesting, e.g., rice and maize residue, and to prepare the land for 
new crop plantation. In addition, some forest and bush fires may occur 
on hot and windy days each year in the surrounding areas of Hanoi. 
Furthermore, biomass is used as fuel for cooking and small-scale open 
burning of municipal solid waste burning is still common in suburban 
areas. 

To study the effect of open field agricultural fires on our results, the 
fire spots found in the Himawari geostationary satellite data were 
analyzed. Among the measurement days there were eight days with 
more than 100 fire counts in the Red River Delta domain (D1, Fig. S2), 
less than 100 km from Hanoi, and the two highest fire counts, >200, 
occurred on 4 and 10 December. In the Northern Vietnam (D2) and 
Northern Vietnam & South China domains (D3) the highest fire episodes 
occurred in March–April 2020. On 13 and 30 March, more than 8000 
and 15 000 fire counts were found in D2 and D3, respectively. However, 
concentrations of K+ and levoglucosan in all the samples collected in 
March remained rather low. The lifetime of levoglucosan in the atmo
sphere varies, being on average 1.8 days, but its contribution decreases 
sharply as the distance from the source increases (Li et al., 2021). 
Therefore, we can assume that long-range transportation, e.g., fires from 
the neighboring countries, does not significantly increase the levoglu
cosan concentrations at the measurement sites. However, in this study 
we did neither find K+, nor OC peaking in March, likely because of 
effective atmospheric mixing. Besides, as we saw with the other 

pollutants, the concentrations of fire tracers were higher on the days 
with a low nocturnal boundary layer. K+ and levoglucosan were occa
sionally high also on the days with less open field fires, which suggests 
the influence of domestic biomass burning for cooking and/or minor 
municipal waste burning in the region. There were just weak correla
tions (0.25–0.50) between fire counts in D1 and concentrations of PM2.5, 
K+ and levoglucosan at both sites. For the fire counts of the larger do
mains (D2 and D3) there was not any correlation. 

It may be useful to refer to a study in China where about 74% of 
levoglucosan is originated from domestic biomass burning (straw, 
corncob, and firewood) and open biomass burning (straw, grassland, 
forest) (Wu et al., 2021). Although it is difficult to distinguish between 
open and domestic biomass burning when the same kind of agricultural 
residue or wood is burned, the study for China considered that 39% of 
formed levoglucosan originated from domestic biomass burning, 34% 
from open biomass burning and about 10% from municipal waste 
burning (Wu et al., 2021). All these sources are also important con
tributors to PM2.5 pollution in Hanoi. 

3.3. Source apportionment 

In PMF modelling, different combinations of four to nine source 
factor solutions were tested. A six-factor solution was found to be the 
most interpretable and best explained the main sources of PM2.5 in 
Hanoi. The solution was validated using bootstrapping (lowest mapping 
of 92% for Factor 6) and displacement analysis. Factors 1 and 6 were less 
independent and might be slightly mixed while other factors were sta
ble. The result of PMF analysis with six main source factors (F) affecting 
PM2.5 resolved mass includes: F1: Traffic, F2: local SIA (mainly 
NH4NO3), F3: biomass burning, F4: Zn–Pb related industry, F5: LRT-SIA 
((NH4)2SO4 mixed with trace elements), and F6: Dust (Fig. 6). Profiles of 
each source factor and their contributions are presented in the supple
mentary material (Fig. S5). 

Fig. 6. The main PM2.5 sources at Hanoi and their contribution to PM2.5 resolved mass (a.), and contribution of each species to different factors (b.).  
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Factor 1 consisted mainly of traffic emissions NO (53% of com
pound mass), NO2 (41%), CO (35%), EC (33%) and OC (15%) and 
resuspended road dust (Al 31% and Ca 56%). This traffic factor 
contributed 12% of the resolved RM. A major portion, over 90%, of 
direct vehicle particulate exhaust is carbonaceous compounds, i.e., EC 
and OC (Amato et al., 2016). In an earlier study on the characterization 
of PM2.5 emitted from diesel vehicles in Asia, EC has been the dominant 
component, followed by OC and Ca (Kim Oanh et al., 2010) and the 
EC/OC ratio in the diesel composite source profile measured in Bangkok 
was 2.4 (Kim Oanh et al., 2010). However, in Hanoi the traffic fleet is 
dominated by gasoline vehicles, especially motorcycles. In this study the 
EC/OC mass ratio of the traffic factor was 0.5, which is in the range of 
the EC/OC ratios measured from motorcycle exhaust (0.24–1) by Pan
icker et al. (2015). The relatively high proportion of Ni (38%) and V 
(29%) indicate oil burning, the use of motor oils and/or engine additives 
(Cohen et al., 2010a). During the COVID-19 restrictions the contribution 
of the traffic factor was the lowest (Fig. S5). 

Factor 2 was a local SIA factor contributing 18% of RM. This factor 
consists mainly of ammonium, nitrate and chloride (39%, 81% and 66%, 
respectively) with some sulphate (10%) and trace elements. As the 
precursor gases of nitrate, NO (42%) and NO2 (26%), and CO (16%) 
were found in this factor, we assume this factor consists mainly of SIA 
formed from the precursor gases emitted by traffic in combination with 
those from other regional combustion sources, e.g., waste burning. 
Ammonia, the precursor gas of ammonium, originates not only from 
agriculture, but also from biomass and waste burning and sewage (See 
3.1.2.). The contribution of this factor was lowest in summer (Fig. S5) 
largely due to the more intensive wet removal and thermodynamic 
equilibrium of NH4NO3 favoring NH4NO3 to be in gas phase during 
warm months. 

Factor 3 was a biomass burning factor (BB) with a high contri
bution of OC (31%), levoglucosan (54%), other sugar anhydrides, and 
K+ (41%). This factor contributed 19% of PM2.5 which is in line with the 
earlier calculated contribution of BB, 17% and 21% of RM at the traffic 
and UGA site (see 3.1.1.). The contribution of this factor was highest 
during agricultural residue burning (e.g., of rice straw) season. The OC/ 
EC mass ratio of this factor was 29, much higher than the ratio 5.8 found 
for open field rice straw burning fresh emissions (Kim Oanh et al., 2011). 
However, the aging of biomass burning aerosol has been found to in
crease the amount of organic aerosol 1.5- to 6-fold within 3–4 h after 
emission as secondary organic aerosol are produced by photo-oxidation 
(Lee et al., 2008). Also, the phase of burning (smoldering vs flaming) 
affects the OC/EC ratio (Zhang et al., 2013). 

Factor 4 was an industry factor with high portions of Zn, Pb, Cd 
and Mn (76%, 54%, 46% and 38%, respectively). This factor contributed 
about 9% of RM. Zn concentrations were higher at the traffic site than at 
the UGA site, indicating a source (e.g., waste combustion) closer to the 
NCEM. This factor resembled the industrial factors found earlier in 
Hanoi (Hai and Kim Oanh, 2013; Cohen et al., 2010a), whereas the 
source has been called a vehicle primary factor in the Hanoi data (Hien 
et al., 2021) and in Beijing (Srivastava et al., 2021). However, in this 
study, there were no correlations between typical traffic related gases 
and this factor (Fig. S5). 

Factor 5 was an LRT-SIA factor contributing 25% of RM. The factor 
consists of ammonium (45%), sulphate (56%) and EC (30%) and some 
elements, such as V (58%) and Ni (27%), and As, K+ and Na+. Ammo
nium sulphate refers to longer distance transported pollution where SO2 
has oxidized and reacted with ammonia. The combustion of fossil fuels is 
a typical source of SO2, but also of As and EC. The V/Ni ratio of this 
factor was 2, which could refer to heavy oil combustion (Kotchenruther, 
2017; Pey et al., 2013, Zhao et al., 2012). This source factor had a higher 
contribution during winter months when the Northeast Monsoon was 
more prevalent (Fig. S5). 

Factor 6 was a dust factor accounting for 17% of PM2.5 RM: The 
main components of this source were soil minerals Al (46%), Mn (39%), 
Fe (37%) and Ca (35%). This factor includes also traces of heavy metals 

and combustion related compounds (i.e., 25% of levoglucosan and 15% 
of EC). This factor consisted of road dust mixed with traffic related 
pollutants and PM from construction works and the cement industry. 
The highest peaks of this source occurred in October–December 
(Fig. S5). Road dust emissions in Hanoi were found to be significant 
according to the emission inventory results, i.e., comprising about 20% 
of the primary PM2.5 emissions and by monitoring results in Hanoi (Kim 
Oanh, 2021). 

The comparison between different source apportionment studies is 
not necessarily straightforward as the naming of the factors is not 
consistent (Table S2). For example, the ammonium sulphate factor is 
mostly called an LRT or SIA factor. The factor containing high contri
bution of Zn and Pb has been assigned as an industry factor (Hai and Kim 
Oanh, 2013; Cohen et al., 2010a) or a primary vehicle factor (Hien et al., 
2021; Srivastava et al., 2021). The ammonium nitrate containing factor 
found in this study was called a BB factor for a study regarding Beijing 
(Srivastava et al., 2021), as those compounds are partly emitted from 
BB. In polluted areas, the recognition of individual sources is chal
lenging, especially during inversion situations with stagnant pollution 
layers contributed by a variety of sources, and when the data resolution 
is low (24 h) for separating short-lasting, typically, local emissions. The 
source apportionment results of this and other studies conducted in 
Hanoi are presented in Table S2. The results show consistency of major 
source factors of SIA, industry, BB and traffic. However, in this study, 
coal combustion was not found as a separate factor, and it was mixed 
with the other factors e.g., with the LRT and local SIA factors. Coal 
combustion emits e.g., K+, Ca2+, Cl− , heavy metals like As, Cd, Pb and 
precursor gases of SIA (Table S2 and references herein). Road dust was 
found to be higher in this study than other studies which may be 
attributed to our measurement locations and the year-round period of 
coverage. Hai and Kim Oanh (2013), for example, had the monitoring 
site located on the rooftop of a 4-storey building (15 m above the ground 
and 100 m away from a busy road) and sampling was done during 
December–February when a dizzy weather was prevalently observed, 
and which subsequently limited dust resuspension due to the wet road 
surface. 

3.4. Analysis of high concentration days 

3.4.1. Days with high PM2.5 mass 
PM2.5 concentrations (weighed mass) were high, over 100 μg m− 3, on 

9 day at the traffic site and on 4 day at the UGA site. To study the worst 
air pollution situations in detail, four days with high PM2.5 concentra
tions were examined closer using back trajectories and fire maps. On 
November 11, 2019 there was a high contribution of fires, SIA and As. 
December 12, 2019 was a BB episode day with a high contribution SIA 
and oil combustion tracers. January 14, 2020 had a high contribution of 
Zn, K+, Ni and SIA. February 21, 2020 was a BB biomass burning day 
with a lot of OM and SIA. 

On November 11, 2019 PM2.5 concentrations were high at both 
measurement sites, 130 μg m− 3 and 98 μg m− 3, at the traffic site and the 
UGA site respectively, concentrations of SO2 and NO2 were increased, 
and visibility was poor. More than half of the RM was OM, 53 and 43 μg 
m− 3, at the traffic site and the UGA site, respectively (Fig. S6). The 
concentrations of fire tracers were increased, levoglucosan was 1.6 and 
0.9 μg m− 3 and potassium 1.7 and 1.4 μg m− 3, at the traffic and UGA site, 
respectively, and 15 fire counts were detected in the Red River Delta 
Domain. In addition, the concentrations of As and SIA were high, and 
sulphate peaked up to 16 μg m− 3 likely indicating coal combustion. 
Backwards trajectories showed air masses arriving from the north-east 
carrying pollutants from Northern Vietnam and South China. In addi
tion, the nocturnal boundary layer height was low (42 m), and wind 
speed was low (1.4 m/s, daily average) which indicates stagnant at
mospheric conditions and supports the accumulation of local pollutants. 

In December there was an intensive biomass burning episode in the 
Red River Delta domain. On 4 December PM2.5, levoglucosan and K+
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concentrations were quite moderate despite of the high number of fires 
(224 fire counts), but the fires were clearly seen in the chemical 
composition of samples collected on 10, 12 and December 14, 2019. At 
the UGA site, the maximum concentrations of fire tracers (levoglucosan 
of 2.1 μg m− 3 and K+ of 2.0 μg m− 3), were measured on 10 December 
(228 fire counts) and at the traffic site two days later. On December 12, 
2019 PM2.5 concentrations were 174 μg m− 3 at the traffic and 166 μg 
m− 3 at the UGA site and over 60% of RM was OM at both sites (Fig. 7). 
Levoglucosan was 1.7 μg m− 3 and 1.5 μg m− 3 at the traffic and the UGA 
site, respectively. SIA concentrations were elevated and nitrate con
centrations of 10.4 and 12.6 μg m− 3 peaked to be higher than sulphate of 
10.0 and 11.2 μg m− 3 at the traffic and UGA site, respectively. Of the 
trace elements, especially arsenic was high at both sites and at the UGA 
site also Cr, Ni and V peaked indicating heavy oil combustion or an 
industrial source. In addition, Zn, Cd and Cl− peaked at the traffic site 
(see section 3.1.4.). The aerosol optical depth was about 1.0 indicating a 
very high number of airborne particles in Hanoi atmosphere. On the fire 
maps of those days, there were 190 fire spots in the Red River Delta, 
1556 in the Northern Vietnam Domain and 2983 fire counts in the 
Domain of Norther Vietnam & South China. Air masses were circulating 
over Northeastern Vietnam before arriving at Hanoi from the south. 12 
December was the coldest of all the measurement days with a daily 
average temperature of 13 ◦C. On these episode days atmospheric 
mixing was limited as nocturnal BLH (<50 m), and the daily average 
wind speed were low (<1 m/s). 

On January 14, 2020, PM2.5 concentrations were very high, 177 
and 188 μg m− 3 at the traffic and UGA site, respectively, and there was a 
high contribution of all measured compounds, especially heavy metals, 
and a minor effect of biomass burning (Fig. S7). There were no fires 
detected in the Red River Delta Domain, but 136 fires in Northern 

Vietnam, and 661 in Northern Vietnam & South China. Zn and Cd 
concentrations were higher at the UGA site (6 μg m− 3 and 9.5 ng m− 3) 
than at the traffic site (5 μg m− 3 and 5.7 ng m− 3) and similarly Cl− , SO4

2− , 
and NO3

− peaked at the UGA site, possibly indicating emissions from coal 
combustion. In addition, at the traffic site EC and Ni were peaking high. 
The backwards trajectory of the day showed air masses entering the 
region from the south passing the Thanh Hoa Province after having a 
long marine pathway through the Gulf of Tonkin. 

On February 21, 2020 PM2.5 concentrations were very high, 167 
and 183 μg m− 3 at the NCEM and the Hanoi EPA, respectively. Con
centrations of fire tracers, K+ and levoglucosan were higher at the UGA 
site (1.0 and 1.0 μg m− 3) than at the traffic site (0.77 and 0.83 μg m− 3) 
and OC was peaking, but EC was low indicating a contribution from 
biomass burning and the presence of aged organic aerosol. The contri
bution of nitrate in PM2.5 mass was higher than sulphate and the con
centrations of trace elements were low, indicating that there was less 
influence of industrial sources than usually. At the traffic site, 50% of the 
RM was OM and 40% was SIA, and at the UGA site, 48% was OM and 
47% was SIA, respectively. There was just one fire hot spot in the Red 
River Delta domain, but 311 and 1060 fire counts in Northern Vietnam 
and in the Northern Vietnam & South Chine domain, respectively. Most 
of the fire spots were in east of Hanoi and air masses were coming from 
the east passing Hainan Island and the Gulf of Tokin, possibly carrying 
organic aerosol from the fire area. The average wind speed at Noi Bai in 
Hanoi was 2.7 m/s. The BLHs were not so low (184 m at 1 a.m., 994 m at 
13 p.m.) (Fig. S8). 

3.4.2. Days with high Zn concentrations 
Among the measurement days, there were ten days with Zn con

centrations above 4 μg m− 3 at the traffic site, but only 2 day at the UGA 

Fig. 7. Chemical composition of the PM2.5 reconstructed mass on December 12, 2019 at the traffic site (NCEM) and the UGA site (Hanoi EPA) (pie charts). Fire map: 
active fires marked with red spots (on the left) and HYSPLIT 72 h backward trajectory at 7 a.m. (at 00:00 UTC) showing the transport of air masses (on the right). 
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site (Fig. 5). Of those days, the five highest Zn concentrations (>5 μg 
m− 3) that were measured at the traffic site on October 10, 2019 (17.0 μg 
m− 3), December 23, 2019 (15.8 μg m− 3), September 11, 2019 (9.6 μg 
m− 3), November 21, 2019 (8.1 μg m− 3) and January 14, 2020 (5.3 μg 
m− 3), were not included in the PMF analysis. On all the high Zn con
centration days, the nocturnal boundary layer height was low (below 
100 m at 1:00), indicating inversion situations and limited atmospheric 
mixing. On the days with high Zn concentrations (>4 μg m− 3), Cl− , Cd, 
and EC also peaked. On four out of ten high Zn concentration days at the 
traffic site, there was Cl− excess in the samples, when calculating the 
molar fractions of inorganic secondary ions (NH4

+, NO3
− , SO4

2− and Cl− ), 
possibly indicating the presence of water soluble ZnCl2 used, e.g., in the 
manufacturing of fabrics and in batteries. As all the Zn peaks were much 
higher at the traffic site, it showed that a strong local Zn source, e.g., 
open backyard solid waste burning was closer to the traffic site (NCEM) 
than to the UGA site (Hanoi EPA). Besides, the traffic site is in the 
eastern side of the Hanoi city, not far from the industrial area. Also, the 
Bac Ninh area with scrap metal recycling and forging and copper casting 
villages that is east of the traffic site could be a possible source of 
regional pollution transport. Compared to previous studies in Hanoi in 
2001–2008 (Cohen et al., 2010a) and during Nov 2015–June 2016 (Hien 
et al., 2021), the Zn and Cl− concentrations in our study were remark
ably higher, especially at the traffic site. Further studies are required to 
separate the contributions of different sources such as industrial sources, 
coal power plants, and coal briquette and waste burning. 

Three days with very high contributions of zinc at the traffic site, 
October 10, 2019, November 21, 2019, and January 14, 2020, were 
studied using back trajectories and fire maps (see Fig S9, S10 and S7). On 
October 10, 2019 the PM2.5 concentration at the traffic site, 91 μg m− 3, 
was twice as high as at the UGA site, 45 μg m− 3. At the traffic site, the EC 
concentration (8.5 μg m− 3) was double compared to the UGA site (4 μg 
m− 3). In addition, heavy metal concentrations were unexceptionally 
high at the traffic site (Zn 17 μg m− 3, Pb 0.5 μg m− 3 and Cd 12 ng m− 3), 
as was the Cl− concentration (5 μg m− 3). According to the trajectories, 
air masses came from the south and south-east (Fig. S9). 

On November 21, 2019, the PM2.5 concentration was higher at the 
traffic site (82 μg m− 3) than at the UGA site (68 μg m− 3). At the traffic 
site K+ and levoglucosan concentrations were elevated, although there 
was just one fire spot detected in the Red River Delta. The concentrations 
of Zn (8 μg m− 3), Cd (17 ng m− 3), Mn (236 ng m− 3), and Cl− . 

(3 μg m− 3) peaked. Air masses from the north-east were arriving at 
Hanoi from the east (Fig. S10). Atmospheric dispersion was limited by 
the low wind speed (<1 m/s in Hanoi city) and low nocturnal BLH (39 
m). 

4. Conclusions 

This study presents a one-year time series of PM2.5 mass and chem
ical composition measured in Hanoi at a traffic site (NCEM station) and 
an urban general area (UGA, Hanoi EPA station). The PM2.5 annual 
average concentrations measured at the traffic and the UGA site, 49 and 
46 μg m− 3, respectively, highly exceeded the annual AQ standard for 
PM2.5 in Vietnam (25 μg m− 3, (QCVN 05, 2013)). The national daily 
standard (50 μg m− 3) was also repeatedly exceeded, especially with a 
high frequency in winter on the days with stagnant meteorological 
conditions. The annual average of measured PM2.5 concentrations in 
Hanoi is about ten times higher than the 2021 WHO AQG for PM2.5 (5 μg 
m− 3), thus indicating a severe health concern for the population of 
Hanoi. 

In the source apportionment of the PM2.5 resolved mass, six source 
factors were found. Two of them were for secondary inorganic aerosol: 
one was long-range transported (25%) with high sulphate concentration 
and the other one a more locally originated (18%) with high contribu
tion of nitrate. The other four factors were biomass burning (19%), dust 
(17%), traffic (12%) and industry (9%). About half of the resolved 
aerosol mass was organic matter, and one third was secondary inorganic 

aerosol. On average, 10% of the resolved mass was soot at the traffic site, 
and twice as much as at the UGA site. However, during the COVID-19 
traffic restrictions in April, the EC concentrations at the traffic site 
were halved. 

The toxic trace elements As, Cd, Pb, and Ni measured in PM2.5 did not 
exceed the WHO air quality guidelines for PM10-based annual averages. 
However, there were days with high concentrations of these elements 
and Zn as well as Cl− . Arsenic especially peaked in winter, likely origi
nating from coal combustion. Zn concentrations were occasionally very 
high at the traffic site, often simultaneously with Cl− , Pb and Cd, indi
cating a strong pollution source, possibly waste combustion, close to the 
traffic site. Emissions from waste burning, industrial sources, and traffic 
contain heavy metals that increase the toxicity of the particles and cause 
adverse health effects on the population. 

These monitoring results have been used for the verification of the 
GAINS model results that show consistency in the PM2.5 levels and 
compositions at both sites. The findings of this study are an important 
input to the development of effective and cost-effective measures to 
reduce air pollution in Hanoi. There is an urgent need for further, 
preferably continuous, measurements of the chemical composition of 
PM2.5 to study the effects of interventions in improving air quality. 
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