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Editorial 

It is our great pleasure to issue our journal ‘Global Environmental Research’ which aims to disseminate the results of studies on global 
environmental issues, studies conducted not only in Japan but also in other parts of the world. Many scientists monitor research in their 
own fi elds, but communications between scientists are not always easy, because the ranges of their fi elds are so broad, subjects are so 
diverse, and reports may not be written in an internationally spoken language. This journal is intended to help to fi ll these gaps.

In recent years, many reports, publications, and other forms of information have been released relating to Japanese studies on global 
environmental issues. The main purpose of ‘Global Environmental Research’ is to provide information on Japanese research results to 
scientists internationally and in a timely manner. We also hope that ‘Global Environmental Research’ will encourage exchanging 
information among such as the Asian and Pacifi c regions where local language barriers and limited opportunities exist. 

International Geosphere-Biosphere Programme (IGBP), International Human Dimensions Programme of Global Environmental 
Change (IHDP) and other international and interdisciplinary programmes have produced a lot of important results. A new global research 
platform ‘Future Earth’ will provide the knowledge required to face risks posed by global environmental changes and to seize opportunities 
for global sustainability. The results of these studies need to be distributed worldwide. We hope this journal will also make a contribution 
to this end. 

It was said that the title of the third scientific symposium of the IHDP ‘Global Change, Local Challenge’ recognizes that global 
changes are the results of a variety of local activities shaped by particular cultures, histories, political boundaries, and national policies. 
We are certain that our ‘Global Environmental Research’ will serve as a transmitter of information on local activities about global change.
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Preface

Urban and regional air pollution caused by PM2.5 and other pollutants is a major issue worldwide. Air 
pollution is especially serious in Asia’s developing countries. Since 2013, when severe air pollution occurred 
around Beijing, long-range transboundary PM2.5 air pollution has become a public concern in Japan. Much 
research on PM2.5 pollution has been conducted in Japan since then. On the other hand, Asia’s developing 
countries face more severe air pollution than Japan. PM2.5 pollution poses not only a major health risk but also 
impacts ecosystems and influences regional-scale climate change.

This special issue provides comprehensive information on recent progress in PM2.5 research projects in 
Japan as well as PM2.5 pollution and approaches toward its mitigation in Asia. Part 1 provides a review of PM2.5 
pollution research conducted under the Environment Research and Technology Development Fund （ERTDF） of 
the Ministry of the Environment, Japan （MOEJ）, and a discussion of future issues in PM2.5 pollution policy 
needing research. In Part 2, experts in various Asian countries give an overview of the current status of PM2.5 
pollution and its mitigation in their respective countries. In addition, future directions toward ameliorating that 
pollution are discussed.

Many articles have been provided by researchers in Japan and experts in East and Southeast Asia. We are 
profoundly grateful for their contribution of valuable scientific knowledge toward clean air and blue skies, and 
strongly hope that this information will prove useful in actions toward PM2.5 mitigation in Asia.

Guest Editors
Toshimasa OHARA

Masaji ONO

Keiichi SATO
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An Overview of PM2.5 Pollution Research Conducted in  
ERTDF Projects since 2011
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Abstract
Urban and regional air pollution caused by PM2.5 and other air pollutants is a major issue worldwide. 

Air pollution in the developing counties of Asia is especially serious. In Japan, environmental standards for 
PM2.5 were established in 2009. After severe air pollution occurred around Beijing in 2013, long range 
transboundary air pollution of PM2.5 became a public concern in Japan. Since then, much research on PM2.5 
pollution has been conducted under the Environment Research and Technology Development Fund 
（ERTDF） funded by the Ministry of the Environment, Japan （MOEJ）. This paper gives a comprehensive 
overview of the outcomes of these projects and discusses issues needing research to promote domestic and 
international PM2.5 pollution policies. These research efforts need to be further strengthened toward solving 
issues of PM2.5 and other air pollutants.

Key words : Environment Research and Technology Development Fund （ERTDF）, PM2.5 pollution

1. Introduction

The Environment Research and Technology 
Development Fund （ERTDF） aims to contribute to 
preservation of the environment in Japan and around the 
world to establish a sustainable society. It will achieve 
this by assembling the collective strength of researchers 
within Japan from a range of fields to promote survey 
research and technology development in a comprehensive 
manner from an international academic perspective. The 
ERTDF website can be accessed here : http://www.env.
go.jp/policy/kenkyu/suishin/english/gaiyou/index.html

Particulate matter （PM） with an aerodynamic 
diameter of less than 2.5 µm （PM2.5） is an atmospheric 
pollutant consisting mainly of several major components 
such as sulfate, nitrate, ammonium, organics and others. 
Based on accumulated epidemiological evidence, the 
World Health Organization （WHO） has issued air 
quality guidelines for PM2.5 of 10 µg/m3 for long-term 
（annual mean） exposure and 25 µg/m3 for short-term 
（24-hour） exposure （WHO, 2005）. The rapid growth in 
economic activity and energy consumption in recent 
decades has resulted in increased anthropogenic 
emissions of air pollutants in Asian countries, 
particularly China （Ohara et al., 2007）. In the winter of 
2013, China faced extreme PM2.5 pollution, and the 
hourly PM2.5 concentration reached 886 µg/m3 on 12 
January in Beijing （https://twitter.com/BeijingAir）. This 

extreme PM2.5 pollution was widely reported in the mass 
media and attracted much public attention in Japan.

Environmental standards for PM2.5 were established 
in Japan in 2009, and since then, many kinds of measures 
including monitoring of PM2.5 have been taken. These 
actions accelerated after the PM2.5 episode of January 
2013. In March 2014, the Expert Committee for PM2.5 
and others of the Central Environmental Council were set 
up and began discussing PM2.5 measures, publishing 
Principles of Domestic Emission Control for PM2.5 
Mitigation （ Interim Report）（MOEJ, 2015） in March, 
2015. They suggested that more scientific knowledge 
about PM2.5 needed to be gathered to help promote 
measures. In this context, research projects related to 
PM2.5 have increased under the ERTDF since around 
2011, and a variety of studies are being carried out.

This paper summarizes the research projects related 
to PM2.5 that have been carried out under the ERTDF 
since 2011 （including ongoing projects）, reviewing them 
from the viewpoint of the policy needs shown in the 
MOEJ’s Interim Report （MOEJ, 2015）, and indicates 
research subjects that should be more emphasis in the 
future.

2. Review of ERTDF Projects since 2011

2.1 Overview
National Air Quality Standards for fine particulate 
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matter （PM2.5） were established in Japan in 2009. After 
that, many research projects for PM2.5 funded by the 
ERTDF MOEJ were conducted. This section focuses on 
and reviews 13 research projects on formation 
mechanisms of PM2.5 and their modeling and 10 research 
projects on health effects of PM2.5 conducted since 2011. 
Additionally, three topics from these research projects 
are covered in this special issue : “Characterization and 
Source Apportionment Studies of PM2.5 Using Organic 
Maker-based Positive Matrix Factorization” by Kumagai 
and Iijima, “Establishing a Reference Modeling for 
Source Apportionment and Effective Strategy-Making 
for Suppressing Secondary Air Pollutants” by Chatani  
et al. and “Epidemiological Studies on Health Effects of 
Fine Particulate Matter （PM2.5） in Japan” by Shima.

2.2 PM2.5 Formation Mechanisms and their Modeling
This section gives a summary of the outlines and 

outcomes of 13 research projects related to PM2.5 
formation mechanisms and their modeling, funded by the 
ERTDF since 2011 （including ongoing projects） shown 
in Table 1, summarized referring to the Ministry of the 
Environment’s Environment Research and Technology 
Comprehensive Information webpage （MOEJ, 2018）.

2.2.1 Brief Summaries and Outcomes of the 
Research Projects

（1）Current Status Elucidation and Source Contribution 
Assessment of PM2.5 Pollution in Collaboration with 
Environmental Research Institutes across Japan （5B-
1101）

The purpose of this project is to gain a better 
understanding of the current status of PM2.5 across Japan, 
update PM2.5 source profiles and estimate PM2.5 source 
apportionments. The monitoring network has shown 
some new findings, such as a seasonal mean PM2.5 
concentration profile that is higher in the west and lower 
in the east among remote sites, except in summer. Long-
range transport and local source fractions largely depend 
on the season, year and weather conditions. PM2.5 
emission inventories for industrial soot and heating 
facilities have been updated.

（2）Integrated Observational and Modeling Study on 
Kosa Impacts throughout Japan for the Japanese PM2.5 
Regulations （5B-1202）

The three-dimensional distribution of Asian dust 
and air pollution particles was continuously observed 
using a ground-based lidar network （AD-Net）. At the 
same time, continuous observation was performed in 
Seoul with an in-situ polarization particle counter 
（POPC） that could measure the size and non-sphericity 

of single particles. A method of characterizing states of 
mixing using lidar-derived particle depolarization ratios 
and backscattering color ratios was validated by 
comparison with the POPC measurement. Also, 
empirical conversion factors were determined for 
estimating dust PM2.5 and air pollution PM2.5 from lidar-
derived dust extinction coefficients and spherical aerosol 

extinction coefficients.
The chemical transport model was improved to 

calculate PM2.5 for dust and other major aerosol 
components. A dust emission model for the Gobi Desert 
was improved by an inverse method using observation 
data. The model estimated the dust emissions from the 
Gobi desert to 300─600 Tg/year, demonstrating that 
approximately 5％ was deposited in the area surrounding 
Japan.

（3）Investigation of Un-measured VOCs that might 
Contribute for Photochemical Oxidant Formation （5-
1301）

OH reactivity was measured using a laser 
instrument and concentrations of 100 kinds of VOC 
species were measured by chemical analysis. “Missing 
OH reactivity” was defined as the difference found in 
reactivity between the laser instrument and chemical 
analyses. The missing reactivity in the summer trial in a 
semi-urban area in Tokyo were detected to be 36％. A 
series of chamber experiments on the photooxidation of 
VOCs was conducted to evaluate the contributions of 
unmeasured products to total product OH reactivity. 
Propene, isoprene, toluene, p-xylene, 1, 3, 5- 
trimethylbenzene, and several monoterpenes were used 
as the precursors of secondary products. The 
contributions of unmeasured products to total product 
reactivity were found to be 55─72％ and were higher 
than those of unmeasured products to total product 
reactivity for the other classes of VOCs. Product OH 
reactivity was simulated using an MCM model that 
approximated the experimental results for total product 
OH reactivity. The results suggest that models taking into 
account products similar to MCM can be applied for 
predicting OH reactivity of unmeasured products after 
adjusting product yields. Effects of unmeasured and 
unidentified VOCs on OH reactivity and photochemical 
ozone creation potential were evaluated using a regional 
air quality model. The sum of OH reactivity by 
unmeasured species using simulated concentrations was 
much smaller than the observed value. Ignoring 
unidentified secondary VOCs in air quality models might 
result in overestimation of the amount of ozone that 
would be decreased by reducing anthropogenic VOCs 
emissions.

（4）Characterization and Source Apportionment Studies 
of PM2.5 Using Organic Marker-based Positive Matrix 
Factorization （5-1403）（Kumagai & Iijima, 2018）

Organic marker compounds in PM2.5 were observed 
over four seasons at urban, suburban, and forested sites 
in the Kanto region of Japan, and their source 
contributions to PM2.5 were evaluated. At both urban and 
suburban sites, the concentrations of levoglucosan （a 
biomass burning marker） increased in winter and fall, 
whereas dicarboxylic acids （photo-oxidation products） 
increased during warm seasons. At a forested site, the 
concentrations of 2-methyltetrols （a biogenic secondary 
organic aerosol marker from isoprene） tended to increase 
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Table 1    Summary of research projects related to PM2.5 formation mechanisms and their modeling, funded by ERTDF since 2011 （including 
ongoing projects）.

Subject 
No.

Principal 
Investigator

Period Subject name Key Words
Category

1 2 3 4 5 6 7

5B─1101
Seiji 
SUGATA

2011─
2013

Current Status Elucidation and Source 
Contribution Assessment of PM2.5 
Pollution in Collaboration with 
Environmental Research Institutes 
across Japan

PM2.5, Transboundary pollution, Local 
pollution, Source attribution, Receptor 
analysis, Remote site observation, 
Environmental standard

◎

5B─1202
Nobuo
SUGIMOTO

2012─
2014

Integrated Observational and Modeling 
Study on Kosa Impacts throughout 
Japan for the Japanese PM2.5 
Regulations

Asian dust, Aerosol, Internal mixing, 
External mixing, Dust PM2.5, Polluted 
dust, Lidar observation network, Dust 
forecast model, Transport, Deposition

◎ 〇

5─1301
Yoshizumi 
KAJII

2013─
2015

Investigation of Un-measured VOCs 
that might Contribute for 
Photochemical Oxidant Formation

OH reactivity, Photochemical oxidant, 
Unknown reactivity, Unmeasured VOC, 
Smog chamber, Unidentified secondary 
VOC

〇 〇 〇 ◎

5─1403
Kimiyo 
KUMAGAI

2014─
2016

Characterization and Source 
Apportionment Studies of PM2.5 using 
Organic Marker-based Positive Matrix 
Factorization 

Organic carbon, Levoglucosan, 
Secondary formation, Biogenic source, 
Biomass burning, Primary organic 
aerosol, Secondary organic aerosol

〇 ◎

5─1408
Seiji 
SUGATA

2014─
2016

Improvement of a Simulation Model 
and Emission Data and Evaluation of 
the Aerosol Volatilization Characteristic 
for the Improvement of the Accuracy of 
PM2.5 Forecast

Organic aerosol, Volatility, Volatility 
Basis-Set （VBS） model, Oligomer, 
Emission inventory, Condensed dust, 
Secondary formation, Photochemical 
aging, Heterogeneous reaction

◎ 〇 〇

5─1502
Atsushi 
SHIMIZU

2015─
2017

Development of an Advisory and 
Assessment System for the 
Environmental Impacts of Aeolian Dust

Aerosol transport model, Asian dust, 
Lidar, Data assimilation, Epidemiology

◎ 〇

5─1506
Yuji 
FUJITANI

2015─
2017

Development of Measurement Method 
of Semi-volatile Primary Aerosols by 
Isothermal Dilution at Combustion 
Sources

PM2.5, Condensable particle, Volatility 
distribution, Volatility basis set, 
Combustion source, Organic aerosols

〇 ◎ 〇 〇

5─1601
Satoru 
CHATANI

2016─
2018

Establishment of a Reference Modeling 
for Source Apportionment and Effective 
Strategy Making to Suppress Secondary 
Air Pollutants

Air quality modeling, Model inter-
comparison, Secondary air pollutants, 
Source apportionment

◎

5─1604
Kazuo 
OSADA

2016─
2018

Factors Controlling Enhancement of 
Urban PM2.5 and Development of a 
Supporting Method for Administrative 
Monitoring Data

Urban PM2.5, Ammonia, Organic 
marker, Open burning, Monitoring data

〇 ◎

5─1605
Mizuo 
KAJINO

2016─
2018

Studies on PM2.5 Composition, 
Oxidative Potential, Health Hazard and 
Their Model Prediction

PM2.5, Chemical composition, 
Oxidative potential, Health hazard, 
Exposure model, Chemical transport 
model

◎

5-1708
Masayoshi 
KIMOTO

2017─
2019

Investigation on Removal 
Characteristics of PM2.5 in Flue Gas 
Treatment Equipments of Large Scale 
Plant

Fine particle, Fuel gas treatment, 
Removal characteristic

◎

5-1801
Yu 
MORINO

2018─
2020

Model, Field, and Laboratory Studies 
on Source Apportionment of 
Anthropogenic and Biogenic Organic 
Aerosols

Organic aerosols, Source 
apportionment, Condensable particle, 
Organic maker, Receptor model, 
Organic aerosol model, Secondary 
organic aerosol

〇 〇 ◎ 〇

5-1802
Tatsuya 
SAKURAI

2018─
2020

Assessment Study for Air Quality 
Improvement obtained from the 2020 
Global Sulphur Limit in Marine Fuels

Marine Fuels Sulphur, Ship emission 
inventory, Regulation effect, Air 
quality, Assessment

〇 ◎

（Note） These research projects are classified into categories （1） ─ （7）: （1） better understanding of formation mechanisms ; （2） improvement of chemical transport 
models ; （3） development of emission inventories ; （4） clarification of condensable dust emissions from stationary sources ; （5） better understanding of formation 
mechanisms of secondary PM; （6） accumulation of scientific knowledge on VOC; and （7） others. The marks ◎ and 〇 indicate primary and secondary focus, 
respectively. 



during warm seasons, especially in summer. The levels 
of organic markers for cooking and vehicle emissions 
were higher at the urban site than the other sites. As a 
result of a positive matrix factorization analysis using a 
PM2.5 component data set, it was possible to apportion 80 
to 90％ of PM2.5 mass concentration to 12 sources, 
including sources of organic particles such as those of 
biogenic primary/secondary origin, biomass burning and 
cooking. The contribution ratios of these sources 
involved in organic aerosols in PM2.5 were estimated to 
be 41％ at urban, 39％ at suburban, and 46％ at forested 
sites.

（5）Improvement of a Simulation Model and Emission 
Data and Evaluation of the Aerosol Volatilization 
Characteristic for the Improvement of the Accuracy of 
PM2.5 Forecast （5-1408）

To improve the performance of chemical transport 
models at simulating organic aerosols （OA）, the 
volatility of primary OA （POA） and secondary OA 
（SOA） were determined. An emission inventory for 

semi-volatile organic compounds （SVOC） emitted from 
stationary combustion sources was developed by 
analyzing measured PM concentrations from stationary 
combustion sources before and after dilution. Total POA 
emissions increased by a factor of five and, accordingly, 
simulated OA concentrations increased greatly in both 
winter and summer.

（6）Development of an Advisory and Assessment 
System for the Environmental Impacts of Aeolian Dust 
（5-1502）

Continuous observations by the East Asian AD-Net 
lidar network of the vertical distribution of Asian dust 
were evaluated. The data confirmed a negative trend in 
Asian dust density over Japan over last 10 years and that 
intensity was dependent on altitude. The AD-Net data 
were provided to Japan’s Ministry of the Environment for 
their Dust and Sand-Storm information web page. An 
analytical method （LETKF; Local Ensemble Transform 
Kalman Filter） for assimilating satellite observation data 
（Himawari-8） in the aerosol transport model was 
developed. Also, a data assimilation method （2D-Var） 
capable of high-speed computation was developed and a 
daily data assimilation and prediction experiment was 
started. In addition, it has become possible to conduct 
health risk assessments in areas where lidar observations 
have not been available and epidemiologic studies have 
not been performed due to lack of current information on 
concentrations of Asian dust. Furthermore, we propose a 
method for providing information to vulnerable people 
and provided it, demonstrating that the provision of 
information reduced the risk of unscheduled clinic visits 
by vulnerable people on days with high Asian dust 
concentrations.

（7）Development of Measurement Method of Semi-
volatile Primary Aerosols by Isothermal Dilution at 
Combustion Sources （5-1506）

For improving PM2.5 emission inventories and 
predictivity of air quality models, it is important to 
understand emission factors of condensable organic 
compounds including semi/intermediate volatile organic 
compounds emitted from combustion sources. For this 
purpose, we developed a measurement method applied it 
to diesel automobile exhaust, incineration plants and 
sludge dryer combustion using bunker A oil. The 
emission factors were presented as volatility distribution, 
which is a function of saturation concentrations of the 
material emitted using two sophisticated methods and 
one simplified method. We confirmed that the volatility 
distribution based on each method was similar. Finally, 
we found it recommendable to apply sophisticated 
methods to combustion sources using different fuel types 
and simplified methods to combustion sources as much 
as possible to estimate the representativeness and 
variability of combustion sources within the same fuel 
type in order to develop PM2.5 emission inventories that 
include condensable organic compounds in Japan.

（8）Establishment of a Reference Modeling for Source 
Apportionment and Effective Strategy-Making to 
Suppress Secondary Air Pollutants （5-1601）（Chatani, 
et al., 2018）

Regional air quality modeling is a powerful tool for 
considering effective strategies to suppress ambient 
PM2.5 concentrations. It is particularly able to evaluate 
source apportionments, which are critical information for 
designing effective strategies, by simulating complex 
photochemical reactions and aerosol formation in the 
atmosphere. Its performance at reproducing PM2.5 
concentrations, however, needs improvement. 

There are many factors that could alter simulated 
pollutant concentrations. It is not an easy task for a single 
model user to get a grasp of the uncertainties arising 
from these factors overall. The aim of this project, called 
“Japan’s Study for Reference Air Quality Modeling”
（J-STREAM），is to promote research in Japan that can 
provide an assemblage of references on air quality 
modeling. The variabilities and uncertainties in pollutant 
concentrations simulated by currently available models 
are being evaluated using model inter-comparisons. The 
project is also seeking suitable model configurations 
among the models participating in these inter-
comparisons. Such information could serve as a 
reference for model users in Japan. A detailed analysis of 
model performance and source apportionments is being 
conducted.

（9）Factors Controlling Enhancement of Urban PM2.5 
and Development of a Supporting Method for 
Administrative Monitoring Data （5-1604）

The purpose of this project is to gain a clearer 
picture of the actual emission sources contributing to 
high PM2.5 concentrations in urban areas and propose a 
new auxiliary methodology for interpreting hourly PM2.5 
concentration data from monitoring stations using a new 
sophisticated method of measuring and a conventional 
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measurement method. For that purpose, field 
measurements, data analysis and method development 
are being conducted on the Kanto and Nobi plains, 
aiming at the three following goals : （1） obtaining 
scientific knowledge on the formation mechanisms of 
secondary particles in winter based on field 
measurements and analysis of ammonia, nitric acid and 
other gaseous matters ; （2） obtaining scientific 
knowledge on emission sources causing high 
concentrations of PM2.5 based on an analysis of organic 
and elemental markers using time-dependent or wind 
direction-dependent air sampling in coastal and inland 
areas ; and （3） proposing an auxiliary methodology for 
interpreting hourly PM2.5 concentration data from 
monitoring stations based on the relationship between 
humidity, volume concentration of particles and chemical 
composition measured by a light scattering particle 
detection sensor or other methods not relying on 
particulate collection.

（10）Studies on PM2.5 Composition, Oxidative 
Potential, Health Hazard and Their Model Prediction （5-
1605）

The purposes of these studies are to grasp the 
relationship between PM2.5 and respiratory illness based 
on atmospheric field observations focusing on the 
oxidative ability of particulate matter as an index of 
harmfulness to health, to understand the spatiotemporal 
variations of that ability using an air quality model, and 
to evaluate the validity of air quality policies based on 
the weight concentration of particulate matter. For this 
purpose, automatic instrumental measurement of the 
oxidation ability of PM2.5 was newly developed and 
simultaneous measurement of oxidation ability, metals 
and organic matters was conducted. In addition, the 
quantitative relationship among emission sources, 
chemical matter, oxidation ability and oxidation stress 
were determined through a cell exposure experiment and 
factor analysis. As a result, we newly propose 
“respiratory illness hazard” for oxidation stress caused by 
chemical matter deposited in the respiratory tract. 
Additionally, a combined model was created 
incorporating a three-dimensional chemical transport 
model and a respiratory tract deposition model based on 
this knowledge, and used to clarify the source 
contributions and spatiotemporal variations of respiratory 
illness hazard. Finally, the difference between risk 
assessments based on the hazard in this study and 
conventional method based on PM2.5 will be clarified 
through both observation and modeling.

（11）Investigation on Removal Characteristics of PM2.5 
in Flue Gas Treatment Equipments of Large Scale Plant 
（5-1708）

The electric dust collecting equipment, bag filters 
and wet removal equipment are widely adopted as flue 
gas treatment equipment in large-scale plants. However, 
the solid-fine-particle dust collecting characteristics have 
not been sufficiently clarified and depend highly on the 

operating condition of the equipment. The purpose of 
this study is to grasp the solid-fine-particle dust 
collecting characteristics of each kind of flue gas 
treatment equipment and the influence of operating 
conditions. In the first year, the solid-fine-particle dust 
collecting characteristics of electric dust collecting 
equipment and the influence of electric charge conditions 
were investigated, along with characteristics by 
particulate size when bag filters with unused filter cloth 
were used.

（12）Model, Field, and Laboratory Studies on Source 
Apportionment of Anthropogenic and Biogenic Organic 
Aerosols （5-1801）

Focusing on organic aerosols, of which the 
dynamics and emission sources are poorly understood 
and are difficult to predict using models, an innovative 
organic aerosol model is being developed to facilitate 
elucidation of the formation mechanisms and origins of 
organic aerosols using laboratory experiments and field 
observations. Firstly, a kinetics model considering 
production and loss processes of SOA is being 
developed. Secondly, the emission and transformation 
process of condensable dust is being modeled and 
validated based on emission estimations using vapor 
pressure and dust oxidation experiments in a chamber. 
Finally, atmospheric observations of the organic markers 
of anthropogenic SOA are being conducted, and the 
sources of the organic aerosols are being estimated by a 
receptor model based on the observed data. These results 
are being used for validation and improvement of the 
organic aerosol module in the chemical transport model. 
Through this study, it is expected that the contributions 
of evaporative sources of VOC and stationary combustion 
sources to organic aerosols can be estimated.

（13）Assessment Study for Air Quality Improvement 
Obtained from the 2020 Global Sulphur Limit in Marine 
Fuels （5-1802）

In this study, improvement in PM2.5 pollution from 
ships as a result of stronger regulation of sulphur in ship 
fuel oil （hereafter, regulation reinforcement） in 2020 is 
quantitatively estimated. Long-term/regional-scale 
estimation including secondary particles and short-term/
local-scale estimation of primary particles is being 
conducted using observation and numerical simulation. 
In the long-term/regional-scale estimation, observations 
of PM2.5 concentration and boundary layer height will be 
conducted each year before and after regulation 
reinforcement on the Seto Inland Sea coast. The effect of 
regulation reinforcement will be estimated through a 
combined analysis of these observation data with other 
weather, air quality and ship traffic data and through use 
of an air quality model. In addition, the process by which 
ship emissions on the Seto Inland Sea influence PM2.5 in 
the coastal area will be clarified and the contribution of 
ship emissions to PM2.5 after the regulation reinforcement 
will be estimated using a model. In the short-term/local-
scale estimation, the change in ships’ contribution caused 

7Overview of PM2.5 Pollution Research



by regulation reinforcement will be estimated by 
observing primary pollutants （SO2, NOx, particulate 
matter） on both sides of the Kanmon channel, close to 
sea lines. In addition, using a diffusion model, the ships’ 
emissions will be inversely estimated quantitatively from 
the concentration contributed by ships and the change in 
the ships’ emissions due to regulation reinforcement.

2.2.2 Summary and Discussion
In Table 1, the research projects are classified into 

categories （1） ─ （7） based on the policy needs indicated 
in the “Interim Report” （MOEJ, 2015）：（1）better 
understanding of formation mechanisms, （2） 
improvement of chemical transport models, （3） 
development of emission inventories, （4） clarification  
of condensable dust emissions from stationary sources, 
（5） better understanding of formation mechanisms  

of secondary PM, （6） accumulation of scientific 
knowledge on VOC, and （7） other projects. As can be 
seen in Table 1, some features of the PM2.5 research 
projects conducted by ERTDF at present or in the past 
are as follows :
・There have been few studies in category 3 （emission 

inventories）. Emission-related research such as 
developing an emission inventory system and reducing 
uncertainties in emission inventories based on 
inversion modeling have not been carried out so far.
・There are few projects primarily corresponding to 

category 6 （VOCs）.
Based on these weaknesses in previous research, 

strengthening of this research field to contribute to policy 
making in the future is expected. In addition, it will be 
necessary to conduct research on assessment of 
technology and measures for PM2.5 reduction, develop 
and evaluate PM2.5 measurement technology, and conduct 
future prediction and mitigation scenario studies for 
PM2.5 reduction. Furthermore, with regard to both 
climate change and air pollution, studies of co-benefit/
co-control policies, interaction among phenomena, and 
co-effects on human health and ecosystems will be 
needed.

2.3 Health Effects
In this section, outlines and outcomes of 10 research 

projects related to the health effects of PM2.5, funded by 
ERTDF since 2011 （including ongoing projects） shown 
in Table 2 are summarized, referring to the Ministry of 
the Environment’s Environment Research and 
Technology Comprehensive Information webpage 
（MOE, 2018）.

2.3.1 Brief Summaries and Outcomes of Research 
Projects

（1）Quantitative Evaluation of Desert Dust （Asian 
Dust） on Respiratory/Allergy Risk, Taking into 
Consideration Times Spent Outside （5C-1152）

The purpose of this project is to examine possible 
health effects of desert dust exposure on pregnant women 
and their children, as an adjunct study of the Japan 

Environment and Children’s Study （JECS） involving 
three regions : Kyoto, Toyama and Tottori. Light 
Detection and Ranging （LIDAR） was used with a 
polarization analyzer for exposure measurements. The 
outcomes were allergic symptoms among the mothers and 
development of asthma and other allergic or respiratory 
diseases among their children. The data were acquired in 
a time-coordinated manner by connecting local LIDAR 
equipment to an online questionnaire system. The 
participants answered the online questionnaire using their 
mobile phones or personal computers.

The pregnant women were more likely to develop 
allergic symptoms on Asian dust days compared with 
other days. Those who had a past history of allergic 
rhinitis or pollinosis and who spent times outside on the 
day had a significantly higher risk of developing 
symptoms than those who did not. Children with higher 
exposure to Asian dust during the first year in their lives 
developed wheezing or asthma/asthmatic bronchitis 
earlier than children with lower exposure. This was more 
apparent among boys than girls.

（2）Research to Reveal Association of Human Health 
and Asian Dust by the Clinical and Basic Study （5C-
1154）

The purpose of this project is to investigate the 
effects of Asian dust storms （ADS） on the respiratory 
system. A telephone survey of the effects on respiratory 
tract symptoms was conducted for patients with asthma 
and chronic obstructive pulmonary disease （COPD）. The 
adverse effects of ADS on patients with asthma were 
greater than on the patients with COPD. Peak expiratory 
flow （PEF） testing was conducted with school children 
in spring for two years. The PEF values in these children 
were significantly reduced upon exposure to ADS. The 
decrease in PEF was greater in the children with asthma. 
Substances attached to airborne ADS particles may 
increase airway inflammation by elevating interleukin-8.

Exposure to ADS aggravates respiratory tract 
symptoms in adult patients with asthma and COPD, and 
in schoolchildren. Substances attached to airborne ADS 
particles may increase airway inflammation by elevating 
interleukin-8 （IL-8）.

（3）Studies on Biological Effects and Clarification of 
the Mechanisms of Asian Dust Aerosol, Attached 
Microorganisms and Chemical Substances （5C-1155）

Asian sand dust （ASD） contains various air 
pollutants. In this project, the aggravating effects and 
mechanism of microbial elements and chemical products 
on allergic diseases were investigated. Direct sampling 
and bioanalysis over Suzu City on the Noto Peninsula 
using a tethered balloon and an airplane were conducted 
in order to reveal the health effects of kosa bioaerosol. 
Gram-positive and gram-negative bacteria and 
Bjerkandera adusta fungus increased in the atmosphere 
during dust storm events. Two kinds of ASD were 
collected using a high-volume air sampler from the 
atmosphere in Kitakyushu, Fukuoka on 1─3 May, 2011 

8 T. OHARA and M. ONO



9Overview of PM2.5 Pollution Research

Table 2  Summary of research projects related to health effects of PM2.5, funded by ERTDF since 2011 （including ongoing projects）.
key words methods subjects outcomes

5C─1152
Takeo 

NAKAYAMA

2011─
2013

Quantitative Evaluation of 

Desert Dust （Asian Dust） on 

Respiratory/Allergy Risk, taking 

into consideration times spent 

outside

Asian dust, Kosa, transboundary 

air pollution, PM2.5, Asthma, 

Allergy, Maternal and Child 

Health

online 

questionaire

pregnant 

women and 

their children

asthma, allergic or 

respiratory diseases

5C─1154
Masanari 

WATANABE

2011─
2013

Research to Reveal Association 

of Human Health and Asian 

Dust by the Clinical and Basic 

Study

Asian dust, Airborne particles, 

Asthma, COPD, School 

children, Pulmonary function, 

Airway inflammation, 

Interleukin-8, PM2.5

telephone 

survey

school 

children and 

their parents

asthma, COPD, 

respiratory synptoms, 

daily recording 

survey, peak 

expiratory flow

5C─1155
Takamichi 

ICHINOSE

2011─
2013

Studies on Biological Effects 

and Clarification of the 

Mechanisms of Asian Dust 

Aerosol, Attached 

Microorganisms and Chemical 

Substances

Asian sand dust, Allergic 

diseases, Airway epithelial cells, 

Immune cells, Splenocytes, 

Male reproductive function, 

Kosa bioaerosol

cell exposure 

experiments,

asthma, allergic 

rhinitis, airway 

epithelial cells, 

Immune cells, 

Splenocytes, 

reproductive function

5─1452
Akinori 

TAKAMI

2014─
2016

Research on Health Effects of 

Short-term Exposure to PM2.5, 

Composition, and Asian Dust 

Particles on Cardiovascular and 

Respiratory Diseases

PM2.5, Asian dust, 

Transboundary air pollution, 

chemical composition, Health 

effects, Emergency 

transportation, Acute myocardial 

infarction

Emergency 

transportation, 

hospitalization 

database

Emergency 

transportation, 

hospitalization

acute myocardial 

infarction

5─1453
Masanari 

WATANABE

2014─
2016

A Study to Determine the 

Toxicity of Substances 

Contained in Asian Dust and 

PM2.5, and Monitor Their 

Effect on Health

Air pollution monitoring, 

Allergy, Cancer, Component 

analysis, Epidemiological study, 

Inflammation, Asian dust, 

PM2.5, Schoolchildren

questionaire
school 

children

respiratoy system, 

peak expiratoy flow, 

allergy, 

carcinogenisity, 

inflammation

5─1456
Masayuki 

SHIMA

2014─
2016

An Epidemiological Study on 

Effects of Fine Particulate 

Matter（PM2.5） and Ozone on 

Respiratory Health in Areas 

with Different Air Pollution 

Levels

Fine particulate matter, 

Chemical composition, Ozone, 

Asthma attacks, Pulmonary 

fuction, Positive Matrix 

Factorization （PMF）analysis, 

Chemical transport model, 

Epidemiology

hospital and 

clinic database

hospital and 

clinic 

database, 

school 

children

asthma attacks, peak 

expiratory flow, 

forced expiratory 

volume in 1 second

5─1457
Takamichi 

ICHINOSE

2014─
2016

Aggravating Effects of the 

Combined Air Pollution by 

Asian Dust and PM2.5 on Lung 

Inflammation and Allergy 

Disease, and Elucidation of the 

Mechanism

PM2.5, Asian sand dust, 

Combined exposure, 

Inflammation, Immune 

response, Lung allergy, Asthma, 

Allergic conjunctivitis, Quinone, 

PAHs , Microbial elements, LPS

（Lipopolysaccharide）

cell exposure 

experiments,

Inflammation, 

Immune response, 

Lung allergy, 

Asthma, Allergic 

conjunctivitis

5─1555
Takeo 

NAKAYAMA

2015─
2017

Short-Term Health Effects on 

Infants of Asian Dust : 

Considering Fossil Fuel Related 

Air Pollution as an Effect 

Modifier

PM2.5, Asian dust, PAH, 

PAH-quinone, cross-border air 

pollution, source apportionment, 

infants, pregnant women, 

allergy, JECS

questionaire

pregnant 

women, 

infants

allergy

5─1651
Tomoaki 

OKUDA

2016─
2018

Identification of the Factors 

Responsible for the Health 

Effects of PM2.5 by Newly 

Developed Sampling Methods 

and Exposure Experiments

physical and chemical 

characteristics, cyclone based 

particle sampler, cell exposure 

experiment

cell exposure 

experiments,

respiratory system, 

immunological 

system

5─1751
Akinori 

TAKAMI

2017─
2019

A Study for Acute Effects of 

Stroke and Mortality Caused by 

PM2.5 and Coarse Particle

Stroke, mortality, emergency 

transportation, out-hospital 

cardiac arrest, PM2.5 

monitoring databse, chemical 

components database, receipt 

data

hospital 

database

hospital 

database
stroke, cardiac arrest



（ASD1） and 12─14 May, 2011 （ASD2）, after dust storm 
events. ASD2 had higher levels of PAHs, LPS and  
β-glucan, compared with ASD1, but ASD1 was richer in 
SiO2 than ASD2. The effects of ASD on splenocytes 
were also investigated. Western blotting demonstrated 
that nuclear factor kB （NF-kB） was activated in 
splenocytes. These novel findings may serve as a 
warning about the deleterious effects of airborne desert 
dust on the human respiratory system.

（4）Research on Health Effects of Short-term Exposure 
to PM2.5, Composition, and Asian Dust Particles on 
Cardiovascular and Respiratory Diseases （5-1452）

This project consists of epidemiological studies to 
elucidate PM effects on human health and chemical 
analyses of PM to investigate the influence of 
transboundary air pollution on local air quality. PM 
sampling was performed in Kumamoto and Fukuoka, 
Kyushu, where transboundary air pollution is severe. In 
the epidemiological studies, emergency transportation 
data from seven major cities throughout Japan provided 
by the Fire and Disaster Management Agency, and data 
on hospitalization due to acute myocardial infarction 
（AMI） in Kumamoto Prefecture collected by the 
Kumamoto Acute Coronary Events （KACE） Study 
Group were used. The concentrations of sulfate ions and 
highly oxidized organics were higher in the daytime with 
high PM2.5 concentrations, indicating that transboundary 
air pollution was influencing the local air quality of 
Fukuoka and Kumamoto, Kyushu. The epidemiological 
studies suggested that short-term exposure to PM2.5 
increased emergency transportation due to acute 
illnesses.

（5）A Study to Determine the Toxicity of Substances 
Contained in Asian Dust and PM2.5, and Monitor Their 
Effect on Health （5-1453）

This study aimed to investigate the effects of PM2.5, 
PM10 and Asian dust （AD） on the respiratory system in 
schoolchildren and the inflammatory potential of PM. 
The schoolchildren’s morning peak expiratory flow was 
measured daily as a respiratory function and respiratory 
symptoms were recorded. Inflammatory potential was 
assessed to measure production of cytokines such as IL-8 
in THP1 cells stimulated by PM10 and PM2.5 collected 
daily during the epidemiology study. These IL-8 
concentrations were determined as the daily  
inflammatory potential of PM10 and PM2.5. PM10, PM2.5 
and AD particle levels were not significantly associated 
with respiratory function. By contrast, this study found a 
significant negative association between respiratory 
function and daily levels of IL-8 induced by PM10 and 
PM2.5. The association between respiratory symptoms 
and exposure to PM10 and PM2.5 was found to be similar. 
These findings suggest that the effects of airborne PM 
exposure on the respiratory system of schoolchildren 
differ with the type and source of PM10 and PM2.5 and 
might depend more on pro-inflammatory reactions 
among the responses to the PM composition rather than 

the PM mass concentration. According to the analysis, 
among the components of PM collected, endotoxins 
constitute one of the important factors in harm to the 
respiratory system due to exposure to PM10, PM2.5 and 
AD particles.

（6）An Epidemiological Study on Effects of Fine 
Particulate Matter （PM2.5） and Ozone on Respiratory 
Health in Areas with Different Air Pollution Levels （5-
1456）（Shima, 2018）

In order to evaluate the effects of fine particulate 
matter （PM2.5） and ozone on respiratory health, 
epidemiological studies were conducted in two regions 
located around the Seto Inland Sea.

In Himeji City, Hyogo, weekly data on asthma 
attacks from hospitals and clinics and daily numbers of 
primary care visits were collected. The mass 
concentrations and chemical components of airborne 
PM2.5 were continuously measured. The association 
between the average concentration of PM2.5 and weekly 
asthma attacks was significant in subjects aged 15─64 
years. The concentrations of water soluble organic 
carbon and particle acidity were significantly associated 
with weekly asthma attacks. These associations were 
marked in spring and summer.

On Yuge Island, Ehime, peak expiratory flow （PEF） 
and forced expiratory volume in one second （FEV1） 
were measured every morning in spring and autumn 
among 48 healthy students. The concentration of PM2.5 
was continuously measured, and the chemical 
components of PM2.5 were analyzed at the school. PEF 
and FEV1 significantly decreased in relation to increased 
PM2.5 concentrations. Decreases were also significantly 
associated with various components of PM2.5, including 
carbon and sulfate ion. In addition, pulmonary function 
was associated with sulfate suggesting transboundary 
advection.

（7）Aggravating Effects of the Combined Air Pollution 
by Asian Dust and PM2.5 on Lung Inflammation and 
Allergy Disease, and Elucidation of the Mechanism （5-
1457）

This project tried to elucidate the effects of kosa and 
PM2.5 on pulmonary inflammation and allergic asthma, 
find the components of those particles affecting inverse 
effects on pulmonary inflammation and allergic diseases, 
and evaluate the combined exposure effects of these 
components.

An epidemiologic survey demonstrated a significant 
association between the number of outpatient visits for 
allergic conjunctivitis and the PM2.5 level. In 
experimental studies, ASD acted as an adjuvant to 
promote allergic disease induced by allergens such as 
pollen and fungi. Also, PM2.5 and ASD promoted pollen-
induced allergic inflammation through conjunctival 
epithelial damage. Furthermore, particle-bound microbial 
elements exacerbated pollen-induced allergic 
conjunctivitis via a TLRs/MyD88-signaling pathway. In 
an in vitro study, PM2.5 increased the level of 
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inflammatory molecules from cultured human 
conjunctival epithelial cells.

（8）Short-Term Health Effects on Infants of Asian Dust : 
Considering Fossil Fuel Related Air Pollution as an 
Effect Modifier （5-1555）

Asian dust （AD） exposure is associated with 
increased risk of exacerbation of allergic symptoms in 
pregnant women. There is limited evidence, however, 
regarding the influence on infants, who are theoretically 
anticipated to be vulnerable to air pollution, whether 
within Japan or overseas. Also, how much of an effect 
AD and PM2.5 actually exert, and on the other hand, what 
must be reduced to effectively reduce their effect, are not 
yet understood. AD particles contain anthropogenic 
pollutants such as PAHs. Further, their catalytic effects 
promote secondary formation of chemicals, one of 
which, PAH-quinone, is known to generate ROS in the 
human body, which may contribute to allergic diseases.

How much of the effects of AD can be attributed to 
PAH-quinone and the effects of PM2.5, AD and PAH-
quinone on infants who had never wheezed were 
estimated. Both AD and PAH-quinone showed significant 
associations with allergic symptoms both in pregnant 
women and infants who had never wheezed. In pregnant 
women, the term of interaction of AD and PAH-quinone 
was significantly larger than 0 （P＜0.1）, and it was 
thought that the effects of AD were attributable to PAH-
quinone. In infants who had never wheezed, AD and 
PAH-quinone were independently associated with 
symptom development.

（9）Identification of the Factors Responsible for the 
Health Effects of PM2.5 by Newly Developed Sampling 
Methods and Exposure Experiments （5-1651）

The adverse effects of PM2.5 depend on its physical 
and chemical characteristics. Thus research on its health 
effects needs to be conducted, focusing on differences in 
the particles’ components. In this project, PM2.5 
collection using a newly developed cyclone-based 
instrument, and a chemical components analysis and 
exposure experiment using collected particles were 
conducted. The final aim was to define the factors and 
chemical components that contribute to health effects.

Two approaches were used : 1）development of a 
new particle sampler that can collect large amounts of 
fine and coarse particles, 2）cell exposure experiments 
using the particles collected.

In the first project, sampling fine and coarse 
particles at three points in Japan and analyzing the 
components of the particles collected began. In the 
second project, cell exposure experiments using fine and 
coarse particles collected in Yokohama and two standard 
particles （fine particles from automobile exhaust and 
total particles from city air pollutants） were started.

（10）A Study for Acute Effects of Stroke and Mortality 
Caused by PM2.5 and Coarse Particle （5-1751）

The purpose of this project is to elucidate the acute 

effects of stroke and mortality caused by PM2.5 and 
coarse particles using the mortality and emergency 
transportation cases in Japan and stroke database of 
Fukuoka Stroke Registry （FSR）. The following three 
matters were investigated : 1）the effects of PM2.5 on 
mortality and out hospital cardiac arrest in Japan, 2）
acute health effects of PM2.5 and coarse particle on stroke 
in Fukuoka, 3）the effects of PM2.5 on emergency 
transportation cases and outpatients in Japan.

The present situations is as follows : 1）Data were 
collected via PM2.5 monitoring data in Japan, a chemical 
components database of PM2.5 in four seasons compiled 
by MEJ, a chemical components database of three cities, 
a mortality database in Japan and an outpatient cardiac 
arrest database in Japan, and analyses of those data were 
started. 2） FSR data collection was continued, and an 
analysis of the relationship between FSR data and 
concentration and chemical components of PM2.5 
collected in Fukuoka City was started. 3）Emergency 
transportation and reimbursement specification （receipt） 
data in Japan were collected.

2.3.2 Summary and Discussion
Table 2 provides an outline of the subjects, methods 

and outcomes of the projects. Seven are epidemiological 
studies and the other three are experimental studies.

Many of the epidemiological studies focus on 
allergic diseases, respiratory symptoms and immune 
responses, for instance asthma, PEF and FEV1. Other 
studies focus on strokes and myocardial infarctions. 
Among the epidemiologic studies underway, there are 
questionnaire studies ; online surveys （by telephone）, 
interview surveys and studies using hospital databases. 
The subjects of the questionnaire studies are mainly 
pregnant women and their children （infants）, and school 
children. The studies using hospital databases cover all 
age groups.

In the three experimental studies, experimental cells 
are exposed to PM2.5, particles and components of 
particles. In these studies, respiratory systems, 
immunological systems, splenocytes, reproductive 
function, inflammation, etc. are being tested.

Regarding the previous research overall, including 
ongoing research, almost none focuses directly on future 
prediction. In addition to research using high quality air 
pollution （PM2.5） datasets acquired using newly 
developed measurement and estimation methods, 
research focusing on future prediction of air pollution 
（PM2.5） taking climate change into account is needed.

3. Conclusions

PM2.5 research projects funded by ERTDF since 
2011 are summarized and reviewed herein from the 
viewpoint of policy needs. Additionally, research subjects 
that should receive more emphasis in the future are 
suggested. ERTDF is expected to promote research that 
contributes to mitigation of PM2.5 and other air 
pollutants, based on strong collaboration between policy 

11Overview of PM2.5 Pollution Research



makers and scientists.
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Abstract
In this study, organic marker compounds in fine particulate matter （PM2.5） were observed during four 

seasons at forested （Akagi）, suburban （Maebashi） and urban （Saitama） sites in the Kanto region of Japan, 
and the source contributions of PM2.5 were evaluated. Organic compounds were analyzed using an 
extraction-derivatization GC/MS method. PM2.5 samples were also analyzed for ion components, organic 
carbon, elemental carbon and metallic elements. At both urban and suburban sites, the concentrations of 
levoglucosan （a biomass burning marker） increased in winter and fall, whereas dicarboxylic acids （photo-
oxidation products） increased during warm seasons. At the forested site, the concentration of 2-methyltetrols 
（a biogenic secondary organic aerosol （BSOA） marker from isoprene） tended to increase during warm 

seasons, especially in summer. The levels of organic markers for cooking and vehicle emissions were higher 
at the urban site than the other sites. As a result of positive matrix factorization analysis using a PM2.5 
component data set, it was possible to apportion 80-90％ of PM2.5 mass concentration to 12 sources, 
including sources of organic particles such as biogenic primary/secondary origin, biomass burning and 
cooking. The contribution ratios of these sources involved in organic aerosols in PM2.5 were estimated to be 
41％ at the urban, 39％ at the suburban, and 46％ at the forested site. These results will provide basic data 
for planning of future PM2.5 reduction measures in Japan.

Key words :   biogenic source, biomass burning, levoglucosan, organic carbon, secondary organic aerosol, 
source contribution

1. Introduction

In Japan, air quality standards for fine particulate 
matter （PM2.5）（35 µg/m3 for 24-hour mean and  
15 µg/m3 for annual mean） were introduced in 2009 to 
reduce the adverse effects on human health. Following 
that, monitoring of PM2.5 concentrations has been 
conducted by local governments. The results of 
nationwide PM2.5 monitoring show the air quality 
standard achievement ratio to be not so high. Therefore, 
measures to reduce PM2.5 concentration are required. 
There is also concern about transboundary PM2.5 air 
pollution from East Asia to Japan. To create policies to 
achieve air quality standards, it is necessary to know the 
major sources and formation mechanisms of PM2.5.

PM2.5 can be classified into primary particles 
directly emitted from the sources as particulate matter 
and secondary particles which are formed from gaseous 
substances by photochemical reactions. In Japan, 

regulations on vehicle exhaust emissions have been 
gradually tightened, whereby PM concentration has 
declined moderately over the last two decades （Iijima & 
Kumagai, 2012）. On the other hand, the proportion of 
secondary particles has become relatively large. To 
ameliorate PM2.5 pollution, deepening our understanding 
of the dynamics of the secondary particles and source 
contributions will be indispensable.

Although organic aerosols （OA） are the most 
important constituents of PM2.5 in Japan, the chemical 
properties, environmental behavior and the contribution 
of potential sources have not been sufficiently elucidated 
due to chemical complexity. OA is not only directly 
emitted from potential sources but also formed by 
photochemical reactions of volatile organic compounds 
in the atmosphere （Turpin et al., 2000）. OA is classified 
into primary organic aerosols （POA） and secondary 
organic aerosols （SOA）, and further classified into 
anthropogenic OA （APOA, ASOA） and biogenic OA 
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（BPOA, BSOA） from the viewpoint of its origin. It is 
important to clarify the source contributions of organic 
particles in PM2.5. Recently, organic tracer-based source 
apportionment methods have been employed to 
determine the contributions of specific primary organic 
sources to ambient OA concentrations （Schauer et al., 
1996 ; Kleindienst et al., 2007 ; Fabbri et al., 2009）. For 
example, levoglucosan, which is formed by combustion 
of cellulose （Simoneit, 2002）, is well known as a 
biomass burning tracer （Simoneit, et al., 1999 ; Kleeman 
et al., 2008 ; Fabbri et al., 2009）. Dicarboxylic acids are 
related to photo-oxidation products of organic precursors 
of both anthropogenic and biogenic origin （Kawamura  
et al., 1996 ; Kerminen et al., 2000）. Sugars, such as 
glucose and arabitol, are derived from pollen and fungal 
spores, so they are treated as biogenic primary 
compounds （Schauer et al., 2002 ; Graham et al., 2003 ; 
Medeiros et al., 2006 ; Bauer et al., 2008）. 2-methytetols 
are formed from the oxidation of isoprene （Claeys, 
2004）, and pinonic acid is formed from the oxidation of 
α-pinene （Kleindienst et al., 2007 ; Fu et al., 2010）. The 
ambient behavior of organic marker compounds will help 
elucidate the sources and formation of OA. In Japan, 
many studies and monitoring surveys on PM2.5 
components have been done, but knowledge about 
organic compounds in PM2.5 remains deficient.

In this study, we focused on the characteristics of 
source-specific molecular markers of organic aerosols 
with other components in PM2.5. Multicomponent 
analysis of each organic marker of various sources, such 
as biomass burning, photo-oxidation products, BSOA, 
BPOA, cooking and vehicles, was developed using an 
extraction-derivatization GC/MS （gas chromatography–
mass spectrometry） method. Then PM2.5 source 
apportionment was carried out using positive matrix 
factorization. One more purpose of this study was to 
provide an organic marker measurement method and 
source apportionment method for policy making in Japan 
that can be applied to monitoring methods in Japan.

2. Methods

2.1 Observation Sites
We conducted PM2.5 observations at the three 

different locations, forested, suburban and urban, in the 
Kanto region of Japan （Fig. 1）. The suburban site, 
Maebashi （36.4054°N, 139.0945°E）, was selected in a 
suburban city situated inland on the Kanto Plain, about 
100 km northwest of central Tokyo. The sampling site 
was surrounded by residential areas and agricultural 
fields. The forested site, Akagi （36.5380°N, 139.1818°E） 
was selected in a mountainous area north of the Kanto 
Plain. The sampling site was surrounded by deciduous 
trees and had snow cover in winter. There were no 
anthropogenic sources around the Akagi sampling site. 
The straight-line distance between Akagi and Maebashi 
was approximately 16 km. The urban site, Saitama 
（35.8642°N, 139.6079°E）, was selected in the Tokyo 

metropolitan area on the Kanto Plain, characterized by a 

large population and heavy traffic. Its location was about 
30 km northwest of central Tokyo.

Regarding the atmospheric environment, the Kanto 
Plain, where these sampling sites were located, has 
characteristic meteorological conditions. On this plain, a 
sea breeze produces a southerly wind during the daytime 
during the warm seasons. This wind can bring polluted 
air from the Tokyo metropolitan area. Contrastively, a 
strong, dry northwest wind frequently blows down from 
the mountainous area during the cold seasons.

2.2 Sampling and Analytical Methods
PM2.5 sampling was conducted during four seasons; 

winter （from December 3 to 18, 2014）, spring （from May 
26 to June 8, 2015）, summer （from August 7 to 21, 2015）, 
and fall （from October 5 to 19, 2015）. Samples were 
collected on quartz fiber filters （φ47 mm, 2500 QAT-UP, 
Pallflex, USA） and PTFE （Polytetrafluoroethylene） 
membrane filters （φ47 mm, R2-PJ047, Pallflex, USA） 
with low-volume air samplers （FRM2025, Thermo 
Fisher Scientific Inc., USA, 16.7 L/min, or MCAS-SJ, 
Murata Keisokuki Service Co., Ltd., Japan, 30.0 L/min）, 
respectively. Although high-volume air samplers are 
often used in field studies targeting organic particulate 
matter （Alves et al., 2010 ; Offenberg et al., 2011 ; Wang 
et al., 2011）, we used low-volume samplers because they 
are commonly used in PM2.5 monitoring surveys in 
Japan. The sampling period was 24 hours, starting at 10 
a.m. Japan Standard Time （JST）. The quartz filters were 
pre-cleaned to remove carbonaceous components present 
originally in the filters by baking for one hour at 350℃. 
We obtained particulate mass with the PTFE filters by 
the gravity method under conditions of constant 
temperature and humidity （21±1.5℃ and 35±5％
RH）.
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Fig. 1    Locations of the observation sites : Akagi （forested site）, 
Maebashi （suburban site）, and Saitama （urban site）. The 
shading of the enlarged map represents the topographic 
image.



The PM2.5 filter samples collected at the three sites 
were analyzed for organic marker compounds, ion 
components, carbonaceous components, and metallic 
elements. The detailed components are summarized in 
Table 1. Ion components, oxalic acid （C2） and water 
soluble organic carbon （WSOC） on the PTFE filters 
were ultrasonically extracted with ultrapure water, and 
subsequently their solutions were filtered through 
hydrophilic syringe filters. The ion components and 
WSOC were measured with an ion chromatograph 
（Dionex ICS1100, Thermo Fisher Scientific Inc., USA） 

and a total carbon analyzer （TOC-V, Shimadzu, Japan）, 
respectively. Organic carbon （OC） and elemental carbon 
（EC） on the quartz filters were determined using a 
thermal/optical carbon analyzer （DRI Model 2001, 
Atmoslytic Inc., USA） by following the IMPROVE 
protocol （Chow et al., 2001）. Metallic elements on the 
PTFE filters were determined by acid digestion ICP-MS. 
The sample preparation procedure is described in detail 
elsewhere （Iijima et al., 2009）. Metallic elements （e.g., 
Al, V, Zn, Fe, Cu） were determined by ICP-MS （7500cx, 
Agilent Technologies Inc., Japan）. Blank filters were 
analyzed for all components, and blank values were 
subtracted for some detected components.

Organic marker compounds were determined by a 
derivatization GC/MS method （Kumagai et al., 2010）. 
This method is widely used for measurement of 
levoglucosan, and can also be used for measuring other 
polar organic compounds （e. g., Fabbri et al., 2009, Fu & 
Kawamura, 2011）. We carried out preliminary 
observations of PM2.5 at Maebashi and Akagi by using 
high-volume air samplers and determined the operational 
conditions for multicomponent analysis. The organic 
compounds we targeted were as follows : levoglucosan, 
mannosan and β-sitosterol as biomass burning tracers ; 
dicarboxylic acids （e. g., malonic acid, C3 ; succinic, C4 ; 
malic, hC4, azelaic, C9） as photo-oxidation products ; 
pinonic acid as a BSOA marker of α-pinene ; 
2-methyltetrols （2-methylthreitol and 2-methylerythritol） 
as BSOA markers of isoprene ; arabitol and glucose as 
BPOA markers ; oleic acid, linoleic acid and cholesterol 
as cooking markers ; and hopanes （17α（H）21β（H）- 
30-norhopane, HP29, and 17α（H）21β（H）-hopane, 
HP30） as vehicle markers. One half of each quartz filter 
was extracted with a dichloromethane and methanol 
mixture （2 : 1, v/v） by ultrasonic agitation for 15 
minutes. Each sample was spiked with internal standards 
（d7 -levoglucosan and cis-ketopinic acid）. The extracts 
were filtered and dried in a nitrogen stream and then 
derivatized with 50 µL of N, O-bis （trimethylsilyl） 
trifluoroacetamide （BSTFA） containing 10％
trimethylchlorosilane. The samples were heated to 70°C 
for two hours for the derivatization reaction. Organic 
compounds were analyzed using a GC/MS instrument 
（7890GC/5975MSD, Agilent Technologies, USA）. The 
instrument was equipped with a fused silica capillary 
column （DB5MS, 60 m×0.25 mm-i.d.×0.25 µm film 
thickness, Agilent Technologies, USA）. For further 
details on the GC/MS analysis conditions, see Kumagai 

et al. （2017）.

2.3 PMF Modeling
Source apportionment was conducted using a 

positive matrix factorization （PMF） model （EPA PMF 
5.0）. In this model, a speciated data set can be viewed as 
a data matrix X of i by j dimensions, in which i number 
of samples （i＝1,…, m） and j chemical species （ j＝1,…, 
n） have been measured, with uncertainty u （US EPA, 
2014）. The goal of PMF is to solve the mass balance 
between measured species concentrations and source 
profiles, as shown in Equation （1）, with number of 
factors p （1,…, k）, the species profile f of each source, 
and the amount of mass g contributed by each factor to 
each individual sample :

xij＝
p
Σ
k＝1

gik fkj＋eij …（1）

where xij is the concentration of species j in sample i and 
eij is the residual of each sample/species. Factor 
contributions and profiles are derived by the PMF model 
minimizing the objective function Q as defined in 
Equation （2）:

Q＝
m

Σ
i＝1

 
n

Σ
j＝1

eij

uij（ ）2 

…（2）

where uij is the uncertainty of each sample/species. If the 
model is appropriate, then （eij /uij）2 approximates 1 and 
the expected Q （Qexp） will correspond to the degree of 
freedom （mn－p（m＋n）） of the fitted dataset.

Our dataset for PMF modeling consisted of 167 
samples with 38 selected species : PM2.5 mass 
concentration, seven ions, OC, EC, 10 elements, and 18 
organic markers, as shown Table 1. Uncertainties of the 
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Table 1    Summary of measured components in PM2.5 and species 
selected for the PMF （positive matrix factorization） model.

Compounds

Mass＊

Ions Cl－＊, NO3
－＊, SO4

2－＊, Na＋＊, NH4
＋＊, K＋＊, 

Mg2＋, Ca2＋＊

Carbonaceous 
components

OC＊, EC＊, WSOC

Metallic
Elements

Li, Be, B, Na, Mg, Al＊, K, Ca, Sc, Ti, V＊, Cr, 
Mn＊, Fe＊, Co, Ni, Cu＊, Zn＊, Ga, Ge, As＊, Se, 
Br, Rb, Sr, Y, Zr, Nb, Mo, Ru, Rh, Pd, Ag, Cd＊, 
Sn, Sb, Te, Cs, Ba＊, La, Ce, Pr, Nd, Sm, Eu, 
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Re, 
Ir, Pt, Au, Pb＊, Tl, Bi, Th, U

Organic 
markers

Levoglucosan＊, Mannosan, β-Sitosterol＊, 
Dicarboxylic acids （oxalic acid, C2

＊; malonic, 
C3
＊; succinic, C4

＊; malic, hC4
＊, glutaric, C5

＊; 
adipic, C6

＊; pimelic, C7 ; suberic, C8 ; azelaic, 
C9
＊; maleic acid, phthalic acid＊）, Pinonic 

acid＊, 2-Methyltetrols＊ （2-methylthreitol and 
2-methylerythritol）, Arabitol＊, Glucose＊, Oleic 
acid＊,  Linoleic  acid,  Cholesterol＊,  
Hexadecanoic acid＊, 17α（H）21β（H）-30- 
norhopane＊ （HP29）, 17α（H）21β（H）-hopane 
（HP30）

＊Species selected for the PMF model.



respective data were calculated using the error estimation 
function （Polissar et al., 1998） with obtained method 
detection limits and error fraction of 10％. The extra 
modeling uncertainty was set at 5％. The uncertainties of 
duplicated variables （PM2.5 mass and OC） and HP29 
with low S/N ratios were down-weighted by setting them 
as “weak” in the modeling. By considering the Q/Qexp 
ratio, correlation coefficient between obtained and 
modeled data, distribution of residuals and bootstrap 
error estimation, we could resolve a twelve-factor 
solution using PMF.

3. Results and Discussion

3.1  Chemical Characterization of PM2.5 at the Three 
Sites

3.1.1  PM Mass Concentration and Major 
Components

The average concentrations of PM2.5 mass obtained 
in the four seasons from December 2014 to October 2015 
were 7.2 （minimum 0.5 ─ maximum 21.9）, 12.3 （1.9 ─
31.9）, and 12.7 （3.5 ─ 36.0）µg/m3 at Akagi, Maebashi 
and Saitama, respectively. The relatively most abundant 
component in PM2.5 was OC, with average concentrations 
of 1.3, 2.8, and 3.9 µg/m3 ; then SO4

2－, with average 
concentrations of 1.8, 2.1, and 2.4 µg/m3 at Akagi, 
Maebashi, and Saitama, respectively. Overall, the 
concentrations of PM2.5 mass and its chemical 
components were higher at the urban and suburban sites 
than at the forested site.

Figure 2 shows the temporal variations in 
concentrations of PM2.5 mass and major chemical 
components during the observation period. In winter, at 
Maebashi and Saitama, the range of PM2.5 concentrations 
was larger than during other seasons. High 
concentrations of PM2.5 observed in winter were caused 
by increasing OC and NO3

－ concentrations at Maebashi 
and Saitama, as shown in Fig. 2. EC and Cl－ also tended 
to increase at Saitama in winter. This was considered to 
result from a strong influence by anthropogenic 
emissions. On the other hand, the PM2.5 concentration 
remained low in winter at Akagi, attributed to a relatively 
low influence of air pollution from human activities in 
the area due to the prevailing north wind. In spring, mass 
concentrations of PM2.5 were observed to be relatively 
high at all the sites, the major components being OC and 
SO4

2－. High concentrations （approximately 100 ppb） of 
photochemical oxidants （Ox） were observed several 
times during our sampling period. The increase in OC 
and SO4

2－ could be attributed to secondary formation 
through photochemical activity. In summer,  
photochemical activity is generally high, but the mass 
concentrations of PM2.5 were relatively low during the 
sampling period, except for August 7, on which day high 
Ox concentrations were observed. The PM2.5 
concentrations may have remained low due to rain from 
typhoons. OC and SO4

2－ were predominant components 
in PM2.5 in summer. In fall, relatively high concentrations 
of PM2.5 were observed at Maebashi, when OC was the 
dominant component. The proportions of SO4

2－ and 
NO3

－ were high, second to OC. OC was commonly 
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Fig. 2    Temporal variations in PM2.5 mass, ion components, OC （organic carbon） and EC 
（elemental carbon） during the sampling period （winter : December 2014, spring : May–

June 2015, summer : August 2015, fall : October 2015） at the three sites specified in Fig. 1.



dominant, but there was no increase in NO3
－ at Saitama 

or Akagi. OC was the dominant component of PM2.5 
throughout the four seasons.

3.1.2 Seasonal Variation of Organic Markers in PM2.5

Figure 3 shows seasonal average concentrations of 
organic marker compounds in PM2.5 collected at the three 
sites. Biomass burning markers, levoglucosan and 
mannosan increased in concentration during the cold 
seasons （winter and fall） in urban and suburban areas. 
The average concentrations of levoglucosan were found 
to be 175 ng/m3 in winter and 96 ng/m3 in fall at Saitama, 
and 93 ng/m3 in winter and 94 ng/m3 in fall at Maebashi, 
respectively. The levoglucosan concentrations obtained 
were strongly correlated with OC concentrations at 
Maebashi and Saitama during these seasons （r＝0.92-
0.99）. A similar relationship between OC and 
levoglucosan at Maebashi also was observed in our 
previous study （Kumagai et al., 2010）. The 
concentration of levoglucosan at Akagi increased slightly 
when the main wind direction was southerly on the 
Kanto Plain, but overall the concentration was lower than 
at the other sites. From these results, biomass combustion 
should be noted as an important regional source of 
organic particles during the cold seasons.

The most abundant dicarboxylic acid in PM2.5 was 
oxalic acid, which was common at all the sites and its 
average concentrations in spring were the highest among 
all seasons : 111 ng/m3 at Maebashi, 108 ng/m3 at Akagi, 
and 82 ng/m3 at Saitama, respectively. The highest 
concentrations of the other dicarboxylic acids were also 
observed in spring, as shown in Fig. 3. The Ox 
concentration level during the sampling period was 
higher in spring than in summer, indicating photo-
oxidation activity was higher during the spring period. 
Concentrations of low-molecular diacids such as C3-, 
C4-, and hC4- diacid were found to be significantly high 
at Akagi, followed by Maebashi. Low-molecular-weight 
diacids are most likely to be generated by photochemical 
reactions （Kawamura & Ikushima, 1993）. These results 
show that SOA formation increases during the warm 
seasons （spring and summer）. At Saitama, C9 diacid was 
found at a relatively higher abundance than the other 
diacids. C9 diacid is an oxidation product of unsaturated 
fatty acids （Kawamura & Ikushima, 1993）. Long-chain 
diacids can be oxidized to short-chain diacids by 
photochemical reactions （Kawamura & Yasui, 2005）. 
Therefore the differences in compositions of dicarboxylic 
acids observed at each site were thought to indicate 
differences in aging of organic aerosols. In the Kanto 
area, as the southerly wind blew dominantly in the 
daytime during the warm seasons, as previously 
mentioned, the air mass was transported from the 
metropolitan area as photochemical reactions occurred. 
The organic aerosols inland in the Kanto region （the 
suburban and forested sites in this study） are considered 
to have undergone advanced aging compared to those 
within the metropolitan area.

2-methyltetrols, which are oxidation products of 

isoprene, increased notably during the warm season. The 
average concentration of 2-methyltetrols was 15.1 ng/m3 
in summer at the forested Akagi site, which was 3─5 
times higher than at Maebashi and Saitama. In this study, 
we conducted simultaneous measurement of VOC when 
the isoprene concentration level increased significantly in 
summer at Akagi. Our observation results suggested that 
the high concentration of 2-methyltetrols was related to 
isoprene emissions and photochemical activity. Similar 
seasonal trends in isoprene oxidation products were 
reported by Kleindienst et al. （2007）. The concentration 
of pinonic acid, which is an oxidation product of 
α-pinene, was high in spring at Maebashi but was detected 
throughout all seasons. In contrast with isoprene, 
α-pinene existed at the same order of concentration 
during all seasons. These results suggest that isoprene 
BSOA increases during the warm seasons and α-pinene 
BSOA is present during all seasons.

Oleic acid and cholesterol, as organic markers for 
cooking （Schauer et al., 1999）, and hopans, as specific 
markers for vehicular emissions （Schauer et al., 2002）, 
were detected at relatively higher concentrations at 
Saitama than at Maebashi, and increased in winter. The 
influence of anthropogenic emissions is thought to have 
arisen strongly under the stable meteorological 
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Fig. 3    Seasonal average concentrations of organic marker 
compounds in PM2.5 at the three sites specified in Fig. 1.  
Lev : levoglucosan, Chol : cholesterol, HPs : hopanes



conditions of winter. In many samples collected at Akagi, 
these compounds were below the detection limit.

As described above, the concentration levels of 
various organic markers had different characteristics 
according to the season and surrounding environment at 
each site.

3.2 Source Apportionment by PMF
Each of the 12 factors has a distinctive grouping of 

species that can be associated with a specific source 
sector （F1 : BPOA, F2 : BSOA from monoterpene, F3 : 
BSOA from isoprene, F4 : cooking, F5 : urban site 
organic aerosol, F6 : biomass burning, F7 : vehicular and 
road dust, F8 : nitrate, F9 : sulfate from fuel combustion, 
F10 : sulfate from coal combustion, F11 : transboundary 
pollution, and F12: soil）. These are summarized in Table 2. 
Conventional studies on PM2.5 source contribution by 
PMF analysis based on datasets with ion components, 
carbon components and metallic elements showed six to 
seven factors, typically including nitrate, sulfate, 
transboundary pollution, vehicle exhaust, oil burning, 
soil, road dust, etc. （Iijima & Kumagai, 2012 ; Belis et 
al., 2013 ; Toyonaga et al., 2017）. In many cases, it was 
difficult to identify certain sources that were supposed to 
be present as origins of organic particles. By using 
organic markers for receptor modeling, six factors ; F1-
F6 related to OA could be determined in this study.

Source contributions of PM2.5 at Akagi, Maebashi 
and Saitama are shown in Fig. 4. OC concentrations were 
converted to organic matter concentrations by 
multiplying them with a coefficient of 2.1 at Akagi and 
Maebashi, and 1.6 at Saitama （Turpin & Lim, 2001）.

Although the PM2.5 mass concentrations were 
approximately comparable at Maebashi and Saitama, the 
source contributions were found to be significantly 
different for each site, as shown in Fig. 4. At Akagi, at 
the forested site, the most abundant factor was F3 
（BSOA from isoprene, 27％）, followed by F10 （15％）. 
At Maebashi, the suburban site, the most abundant factor 

was F10 （sulfate from coal combustion, 17％）, followed 
by of F1 （BPOA, 14％）, F9 （sulfate from fuel 
combustion, 14％）, and F6 （biomass burning, 13％）. At 
Saitama, the contribution of F5 （urban site organic 
aerosol, 17％） was dominant, followed by F10 （16％） 
and F9 （13％）.
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Fig. 4    Average factor contributions to PM2.5 concentrations 
（upper） and percentages （bottom） at Akagi, Maebashi, 

and Saitama. F1 : BPOA, F2 : BSOA from monoterpene, 
F3 : BSOA from isoprene, F4 : cooking, F5 : urban site 
organic aerosol, F6 : biomass burning, F7 : vehicular and 
road dust, F8 : nitrate, F9 : sulfate from fuel combustion, 
F10 : sulfate from coal combustion, F11 : transboundary 
pollution, F12 : soil.

Table 2  Assignment of decomposed factors by the PMF model to their respective sources.

Factor Source Indicated components
Comparison 
between sites1）

Seasonal 
characteristics2）

F1 BPOA Arabitol, Glucose MA＞＞ST＞AK Sp, Sm, Fl

F2 BSOA from monoterpene Pinonic acid, C5-C6 diacids MA＞AK≒ST Wn, Sp

F3 BSOA from isoprene 2-methyltetrols, C3-C4 diacids AK＞＞MA＞ST Sp, Sm

F4 Cooking Cl－, Linoleic acid, Oleic acid, β-sitosterol ST＞＞MA≒AK Wn

F5 Urban site organic aerosol C16 acid, C9 diacid, Na＋ ST＞＞MA≒AK Sp, Sm

F6 Biomass burning K＋, Levoglucosan MA＞ST＞＞AK Fl, Wn

F7 Vehicular and road dust Ca2＋, EC, Mn, Cu, Zn, Ba, Hopane ST＞MA＞AK All seasons

F8 Nitrate NO3
－, NH4

＋ MA＞ST＞AK Wn, Fl

F9 Sulfate from fuel combustion V, C2 diacid, SO4
2－ ST≒MA＞AK Sp, Sm

F10 Sulfate from coal combustion NH4
＋, SO4

2－, As MA≒ST＞AK Sm, Fl

F11 Transboundary pollution As, Cd, Pb MA≒AK≒ST Sp, Fl

F12 Soil Ca2＋, Al, Fe MA＞＞AK≒ST Sp

1）Predominant sites in order of contribution. MA: Maebashi, AK: Akagi, ST: Saitama.
2）Predominant seasons with higher contributions. Wn: winter, Sp : spring, Sm: summer, Fl : fall



Regarding the source contribution of OA, the 
following characteristics were observed when focusing 
on seasonal trends. Biomass burning was presumed to be 
the most influential source during the cold seasons at 
Maebashi and Saitama. The contribution of BSOA 
derived from isoprene was remarkably high at Akagi in 
spring and summer, and it was characteristic at the 
forested site. The contributions of urban site organic 
aerosols were the predominant source during the warm 
season at Saitama, but the specific source was unclear. 
More detailed seasonal characteristics of source 
contributions are now under consideration. Source 
contribution ratios of organic aerosols, which are 
associated with the total of F1 to F6, could be estimated 
to 39％ at Maebashi, 46％ at Akagi, and 41％ at 
Saitama. Thus, organic markers were shown to be useful 
for source apportionment of PM2.5. It was concluded that 
countermeasures against sources of organic aerosols 
would be effective for reducing PM2.5 mass  
concentration.

4. Conclusions

In this study, we observed organic marker 
compounds and other chemical components in PM2.5 at 
forested （Akagi）, suburban （Maebashi） and urban 
（Saitama） sites in the Kanto region of Japan, and 
evaluated the source contribution of PM2.5. As a result of 
our observation, we could clarify the seasonal and 
regional characteristics of various organic marker 
compounds at these sites. The concentration of 
levoglucosan significantly increased during the cold 
seasons （winter and fall） at Saitama and Maebashi. 
Organic markers of cooking and vehicles had relatively 
higher concentrations at Saitama than at the other sites. 
Dicarboxylic acids had high concentrations during the 
warm seasons because of photochemical activity. 
Furthermore the dicarboxylic acid compositions were 
different at each site, suggesting aging of the organic 
particles. 2-metyltetrols, BSOA markers derived from 
isoprene, tended to increase during the warm seasons, 
significantly at the forested site, Akagi. We found that, 
together with α-pinene BSOA, naturally occurring 
secondary-generated organic particles exist in non-
negligible amounts.

As a result of PMF analysis using a PM2.5 
component dataset, it was possible to apportion 80─90％ 
of PM2.5 mass concentration among 12 sources. By 
measuring various organic marker components in 
addition to the ion components, carbonaceous 
components and elements, we were able to evaluate the 
contribution rate of the sources of organic particles such 
as BPOA, BSOA, biomass burning and cooking. In 
particular, when we focused our attention on the source 
contribution rate of OA, we found the following 
characteristics. At Maebashi in spring, fall and winter, 
the influence of biomass burning was great, affecting the 
gain in organic particle concentrations. In spring and 
summer at Akagi, the contribution of BSOA derived from 

isoprene was remarkably high. The influence of local OA 
in urban areas during the warm seasons at Saitama and 
biomass burning in the cold season were characteristic. 
The contribution ratio of sources involved in OA in PM2.5 
was 39％ at Maebashi, 46％ at Akagi, and 41％ at 
Saitama. Thus measures against sources of organic 
particles would be effective for reducing PM2.5 
concentrations.

We established an organic marker measurement 
method and receptor modeling that can be applied to 
monitoring methods already implemented in Japan. Our 
observations can provide a model case for PM2.5 
monitoring surveys. These results can serve as basic data 
for planning future PM2.5 reduction measures in Japan.
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Abstract
Regional air quality modeling is a powerful tool for considering effective strategies to suppress ambient 

PM2.5 concentrations. It is particularly suited to evaluating source apportionments─critical information for 
designing effective strategies─by facilitating consideration of complex photochemical reactions and aerosol 
formation in the atmosphere. Its performance at reproducing PM2.5 concentrations, however, needs 
improvement. It incorporates various factors that could alter simulated pollutant concentrations. It is not an 
easy task for anyone relying on a single model to get a grasp of the uncertainties arising from these factors 
overall. The aim of this project, called “Japanʼs Study for Reference Air Quality Modeling” （J-STREAM），
is to promote research in Japan that can provide an assemblage of references on air quality modeling. The 
variabilities and uncertainties in pollutant concentrations simulated by currently available models are being 
evaluated using model inter-comparisons. The project is also seeking suitable model configurations among 
the models participating in these inter-comparisons. Such information could serve as a reference for model 
users in Japan. This project has other sub-themes, as well : contributing to improvement of currently 
available emission inventories based on the results of model inter-comparisons, solving remaining issues 
related to secondary inorganic aerosols through specific measurements, and newly investigating three-
dimensional structures of ozone concentrations. Various findings have already been obtained through the 
model inter-comparison, to which an ample number of models have submitted their results. Detailed model 
performance and source apportionments will be evaluated in forthcoming phases of this project.

Key words : air quality modeling, model inter-comparison, secondary air pollutants, source apportionment

1. Introduction

Although ambient concentrations of fine particulate 
matter with a diameter of 2.5 µm or less （PM2.5） are 
gradually decreasing, they still exceed the Environmental 
Quality Standards （EQSs） in some regions of Japan. The 
influences of their sources need to be clarified when 
considering effective strategies to reduce their 
concentrations. PM2.5 consists of primary particles, 
which are directly emitted from sources, and secondary 
particles, which are formed from gaseous precursors via 
photochemical reactions and aerosol formation processes 
occurring in the atmosphere. For developing effective 

strategies, it is essential to understand the nonlinear 
relationships between the gaseous precursors and 
secondary particles produced by these complex 
processes.

Regional air quality modeling has been utilized in 
simulating spatial and temporal variations of ambient 
pollutant concentrations including PM2.5. Its major 
components are emission inventories, regional 
meteorological models and regional chemical transport 
models. Changes in pollutant concentrations due to 
photochemical reactions and secondary aerosol formation 
can be represented by regional chemical transport 
models. They are promising tools for clarifying the 
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influences of PM2.5 sources considering nonlinear 
relationships between gaseous precursors and secondary 
particles. Their performance in reproducing PM2.5 
concentrations, however, need improvement if reliable 
results are to be obtained.

Various factors affect model performance in 
regional air quality modeling. There are multiple models, 
schemes, modules, parameters and input datasets. 
Suitable combinations of these need to be determined to 
obtain acceptable performance. That is not an easy task 
for users of single models. Model inter-comparison with 
a number of participants is an effective way to achieve it, 
though, allowing variabilities in pollutant concentrations 
simulated by various model configurations to be 
evaluated. It may provide valuable information for 
determining suitable combinations of influencing factors 
and required directions for further improvement of model 
performance. That is why a model inter-comparison 
project was launched, called “Japanʼs Study for 
Reference Air Quality Modeling”（J-STREAM）．

This paper presents an overview of J-STREAM. 
Section 2 introduces regional air quality modeling and 
major influencing factors included within it. Section 3 
introduces a research project that promotes model inter-
comparison as a part of J-STREAM. An example of an 
inter-comparison of PM2.5 concentrations by different 
models is described in Section 4. Finally, future 
directions are summarized in Section 5.

2. Regional Air Quality Modeling

As mentioned in the introduction, regional chemical 
transport models serve a core function in regional air 
quality modeling. For input, they need emission 
inventories and meteorological fields simulated by 
regional meteorological models. The subsections below 
provide an overview of each component and influencing 
factors producing uncertainties in simulated ambient 
pollutant concentrations.

2.1 Regional Chemical Transport Models
A regional chemical transport model can simulate 

spatial and temporal variations in ambient pollutant 
concentrations arising from various physical and 
chemical processes, including advection, diffusion, 
deposition, photochemical reactions and aerosol 
formation in horizontally and vertically discretized grids 
of a specified target domain. Multiple numerical schemes 
for each process are embedded in major community-
based regional chemical transport models, including the 
Community Multiscale Air Quality （CMAQ） modeling 
system （Byun and Schere, 2006）, which is widely used 
in Japan. Choices of models as well as schemes within 
any single model can result in differences in simulated 
pollutant concentrations.

The key processes in secondary particle formation 
are photochemical reactions and aerosol formation. 
There are a huge number of gaseous species participating 
in reactions in the atmosphere. It is impossible to 

represent individual species and reactions explicitly 
because computing resources are limited. A chemical 
mechanism is a way of lumping species and reactions 
together to efficiently treat them in models with 
acceptable accuracy. A few major chemical mechanisms 
are commonly used in regional chemical transport 
models. Gaseous species are partitioned into an aerosol 
phase in accordance with their concentrations and related 
properties. Partitioning of individual inorganic species is 
often represented by equilibrium schemes like 
ISORROPIA （Fountoukis and Nenes, 2007）. It is 
challenging to represent the partitioning of organic 
species appropriately because their numbers and ranges 
of properties are enormous. Issues remain in the 
performance of currently available schemes regarding 
reproducing concentrations of secondary organic aerosols.

Boundary concentrations, along with meteorological 
fields and emissions, which will be described in later 
sections, constitute major input data affecting simulated 
pollutant concentrations. Knowledge of boundary 
concentrations is required when considering transport of 
pollutants from outside a target domain. A simple 
constant profile is applied with spatially and temporally 
variable outputs obtained from global chemical transport 
models. Choices of boundary concentration datasets 
could affect concentrations of pollutants such as PM2.5 
whose lifetimes in the atmosphere are relatively longer.

2.2 Regional Meteorological Model
A regional meteorological model can simulate 

spatial and temporal variations in meteorological fields, 
including wind, temperature, humidity, precipitation and 
atmospheric stability in horizontally and vertically 
discretized grids of a specified target domain. Multiple 
numerical schemes for various fields in physics, 
including microphysics, longwave radiation, shortwave 
radiation, surface layer, land surface, planetary boundary 
layer and cumulus parameterization, are embedded in 
major community-based regional meteorological models, 
including the Weather Research and Forecasting （WRF） 
Model （Skamarock et al., 2008）, which is widely used 
in Japan. Choices of models as well as schemes within 
any single model can result in differences in simulated 
meteorological fields.

Terrestrial and meteorological objective analysis 
data constitute major input data affecting simulated 
meteorological fields. Terrestrial data, particularly land 
use information, is important for simulating interactions 
between the lower atmosphere and the ground, which is 
critical for accurately simulating air pollution occurring 
near the ground （Chatani et al., 2018a）. Three-
dimensionally gridded analysis data contain major 
meteorological parameters, including observation-based 
wind and temperature. They are used in nudging and as  
initial and boundary conditions by regional  
meteorological models. Nudging is a technique in which 
a term is added to physical equations in models, forcing 
the simulated values closer to the input values with 
timescales specified by the nudging coefficients. 
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Simulated values in each grid are nudged to values which 
are spatially and temporally interpolated from analysis 
data of the corresponding grid. If the spatial and temporal 
resolution of the analysis data is rough compared with 
that of the target domains, nudging to these interpolated 
values may not give better results. It is necessary to judge 
appropriate nudging coefficients the necessity of nudging 
itself, considering spatial and temporal resolutions as 
well as the quality of the analysis data.

2.3 Emission Inventory
An emission inventory is a database that compiles 

emission amounts. Data on emissions of all species 
related to primary pollutants and precursors of secondary 
pollutants are required in regional chemical transport 
models. Typical species used by models include sulfur 
oxides （SOX）, nitrogen oxides （NOX）, carbon monoxide 
（CO）, non-methane volatile organic compound 
（NMVOC）, ammonia （NH3） and particulate matter 
（PM）. SOX, NOX, CO, and PM are major emissions from 

various anthropogenic sources involved in energy 
combustion, including power plants, industrial facilities 
and vehicles. Non-combustion sources, including VOCs 
evaporated from solvent use, fuel use and other industrial 
processes, and NH3 emitted by agricultural activities, are 
also important. Not only anthropogenic but also natural 
sources, including SOX emitted from volcanoes, VOCs 
emitted from vegetation, natural dust, sea salt and 
wildfires, need to be considered.

Emissions are often estimated by multiplying 
activities and emission factors that correspond to 
emission amounts per unit activity. In the case of energy 
combustion, data on energy consumption available in 
statistics are used for these activities. It is critical to 
prepare appropriate emission factors representing the 
characteristics of respective emission sources. Estimated 
emissions are allocated into prefectures, cities and finer 
meshes to be used in regional air quality modeling. 
Various surrogate information, including population, 
number of employees and land use information, which is 

available in finer mesh statistics, is utilized to allocate 
emissions into finer scales. Emissions from some sources 
are often estimated according to highly detailed 
methodologies. For example, vehicle emissions in each 
finer mesh are estimated considering their dependency 
on various factors, including kilometers traveled, 
temperature, humidity, speed and deterioration, all of 
which are defined in each respective mesh. VOC 
emissions from vegetation are estimated from detailed 
information of vegetation and emission factors specified 
for major individual vegetation types （Chatani et al., 
2018a）, which can vary depending on meteorological 
conditions. Many of the data used in estimating 
emissions produce uncertainties in emission amounts and 
the resulting pollutant concentrations.

VOC and PM emissions need to be speciated into 
lumped species groups and aerosol components, used in 
chemical mechanisms and aerosol schemes, respectively, 
for use in regional chemical transport models. Speciation 
profiles containing fractions of lumped species groups or 
aerosol components in total VOC and PM emissions need 
to be prepared. SPECIATE is a useful database containing 
VOC and PM speciation profiles of various emission 
sources （Simon et al., 2010）, though their profiles may 
not reflect characteristics of sources specific to Japan. If 
anything is to be recommended, it would be to prepare 
speciation profiles representing emission sources in Japan.

3．Project Framework

Progress on J-STREAM has been accomplished 
through the research project titled “Establishing a 
Reference Modeling for Source Apportionment and 
Effective StrategyMaking for Suppressing Secondary Air 
Pollutants,” which started in 2016. The objective of this 
project is to establish an assemblage of references on 
modeling that model users in Japan can refer to based on 
model inter-comparisons and newly developed schemes 
for regional chemical transport models. This project 
comprises four sub-themes, shown in Fig. 1, each of 
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which is introduced in the subsections that follow.

3.1  Sub-theme 2 : Development of an Overall 
Methodology for Evaluating Source 
Apportionments Based on Model Inter-
comparison

Under Sub-theme 2, the J-STREAM model inter-
comparison is proceeding. This subsection presents a 
brief overview, but for technical details see Chatani et al., 
（2018b）. The first phase in the first year focused on the 
variabilities and uncertainties in PM2.5 and ozone 
concentrations simulated by the participating models. 
The second phase in the second year focused on model 
performance during the specific measurements conducted 
under Sub-themes 3 and 4, introduced in later 
subsections. The third phase in the third year has focused 
on uncertainties in source apportionments and 
sensitivities derived by the models.

Uncertainties  originating  from  various  
configurations of regional chemical transport models are 
the main focus of J-STREAM, which provides its 
participants with common model inputs for emissions 
and meteorological fields, and boundary concentrations 
for common domains. It also encourages investigation 
into uncertainties caused by other factors, as described in 
Section 2. Four nested domains were specified as the 
common target domains. Domains d01, d02, d03 and d04 
cover the countries in East and Southeast Asia, most of 
Japan, major city clusters in western Japan and the Tokyo 
metropolitan area, respectively. Figure 2 shows maps of 
d02, d03 and d04. The common meteorological fields 
were prepared using WRF-Advanced Research WRF 
（ARW） version 3.7.1 （Skamarock et al., 2008）, which 
utilizes U. S. Geological Survey （USGS） terrestrial data, 
the National Centers for Environmental Prediction 
（NCEP） Final （FNL） Operational Model Global 

Tropospheric Analyses （ds083.2）（National Centers for 
Environmental Prediction/National Weather Service/
NOAA/U.S. Department of Commerce, 2000），and 
real-time global sea surface temperature （RTG_SST_
HR） analysis datasets （Gemmill et al., 2007）. The 
common boundary concentrations were derived from 
output of the CHASER global chemical transport model 
（Sudo et al., 2002）.

All common model inputs in formats compatible 
with CMAQ and WRF-Chem, which is an online-
coupled regional model that can simulate interactions 
between meteorology and ambient pollutants （Grell et 
al., 2005）, are stored on data servers. Participants can 
download them and upload their results. The common 
model inputs and results can be also transferred by hard 
disk for participants without access to the data servers. 
The participantsʼ model configurations are not restricted 
to the common model inputs ; they can use their own 
model configurations, particularly for WRF-Chem, 
which simultaneously simulates meteorological fields 
and pollutant concentrations. The results they submit are 
analyzed and discussed at meetings in which interested 
model users can participate. Possible improvements to 
the common model inputs are being explored in 
subsequent phases of J-STREAM.

3.2  Sub-theme 1 : Development of an Emission 
Inventory for Better Model Performance and 
Strategy Evaluation
Under Sub-theme 1, attempts are being made to 

improve currently available emission inventories based 
on results of model inter-comparisons. The following 
currently available emission inventories were compiled 
as common model inputs for the first phase of 
J-STREAM: Hemispheric Transport of Air Pollution 
（HTAP） version 2.2 for anthropogenic sources 
（Janssens-Maenhout et al., 2015）, Global Fire Emissions 
Database （GFED） version 4.1 for open biomass burning 
（van der Werf et al., 2017）, biogenic VOC emissions 

estimated by Model of Emissions of Gases and Aerosols 
from Nature （MEGAN） version 2.1 （Guenther et al., 
2012）, and Aerosol Comparisons between Observations 
and Models （AeroCom） for volcanic emissions （Diehl 
et al., 2012）. These were combined as common emission 
input for Asian countries, except Japan. Vehicle 
emissions estimated by the Japan Auto-Oil Program 
（JATOP） emission inventory-vehicle emission estimation 
model （JEI-VEM）（Chatani et al., 2011），the Japan 
Auto-Oil Program emission inventory database （JEI-DB） 
for other anthropogenic sources, ship emissions provided 
by the Sasakawa Peace Foundation （SPF）, biogenic 
VOC emissions estimated by MEGAN version 2.1, and 
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Fig. 2    Horizontal distributions of mean PM2.5 concentrations simulated by the five models for the 
target period in domains d03 （major city clusters in western Japan） and d04 （the Tokyo 
metropolitan area）. Those simulated by model M4 in d02 （most of Japan） are also shown.



volcanic emissions derived by the Japan Meteorological 
Agency （http://www.data.jma.go.jp/svd/vois/data/tokyo/
volcano.html） were combined as common emission 
inputs for Japan. Improvements have been already made 
in them for some sources, including biogenic VOC 
emissions in Japan （Chatani et al., 2018a）, which can be 
estimated from detailed databases on the vegetation and 
emission factors specific to Japan. Speciation profiles of 
particulate matter emissions have been updated to 
improve representations of Fe and Mn, which play 
important roles in secondary aerosol formation through 
aqueous reactions （Itahashi et al., 2018）. Further 
improvements are being explored based on the results of 
the model inter-comparison. Useful tools and required 
data for converting emissions to model input are also 
being developed.

3.3  Sub-theme 3 : Detailed Measurements and 
Modeling of Surface Flux of PM2.5 and Related 
Gaseous Species
Current air quality models have difficulties in  

predicting  PM2.5  component  concentrations ;  
overestimating nitrates, underestimating wintertime 
sulfates and underestimating organic species （Morino et 
al., 2010）. Many efforts to improve organic aerosol 
predictions have been made through emission modeling, 
chemical modeling, field monitoring and laboratory 
experiments （e.g., Morino et al. （2015））. Therefore, we 
have focused on inorganic ionic species, nitrates and 
sulfates in this project. There are three missions under 
this sub-theme : 1）modeling and observational research 
on dry deposition of nitrates, 2）evaluating the effects of 
heterogeneous chemistry on wintertime sulfates, and 3）
monitoring diurnal variations in PM2.5 chemical 
components.

3.3.1  Dry Deposition of Particulate Nitrates and 
Gaseous HNO3

In our previous study, we conducted a broad set of 
sensitivity analyses using CMAQ to explore factors key 
to altering modeled PM2.5 nitrate concentrations 
（Shimadera et al., 2014）. From this study, we found that 

PM2.5 nitrate predictions were considerably improved by 
making dry deposition velocities of ammonia （NH3） and 
nitric acid （HNO3） five-times larger than CMAQʼs 
originally calculated velocities. The decision to make 
such a large amplification of dry deposition velocities 
was based on very high HNO3 dry deposition velocities 
estimated by Neuman et al. （2004） from aerial 
measurements inside power-plant plumes. To our 
knowledge, such high dry deposition velocities of HNO3 
have not been reported from near-ground measurements.

As is well known, particulate nitrates are 
approximately in equilibrium with gaseous HNO3, and 
dry deposition velocities of gaseous HNO3 are much 
higher than those of particulate nitrates. Based on those 
characteristics, it is possible to assume a mechanism: 1）
gaseous HNO3 is rapidly deposited on the ground 
surface, then 2）particulate nitrates evaporate to 

establish an equilibrium, so as a result 3）particulate 
nitrates decrease through dry deposition plus evaporation, 
and finally, 4）gaseous HNO3 from particulate nitrates is 
deposited on the ground. This mechanism apparently 
accelerates dry deposition velocities of particulate 
nitrates.

To confirm this mechanism through observation, we 
used denuded filter-pack samplers to measure gaseous 
and particulate nitrate concentrations at two heights, say 
1.5 m and 5.5 m above the ground. This sampler 
consisted of a denuder, the inside walls of which were 
coated with Na2CO3 to capture HNO3, followed by 
another denuder, the inside walls of which were coated 
with citric acid. One filter pack consisted of a 
polytetrafluoroethylene filter, nylon filter and quartz-
fiber filter impregnated with citric acid. In the first year 
of the project, we built a tower in a rice paddy in 
Tsukuba, Ibaraki Prefecture, in cooperation with the 
Institute for Agro-Environmental Sciences. Gaseous and 
particulate species were sampled every twelve hours for 
three to four days most weeks from late August to late 
November. Based on this experience, we built another 
tower in a field in Yokosuka, Kanagawa Prefecture in the 
second year of the project. These observations are 
expected to continue until the winter of the third year.

The measurements from the towers are being used 
to develop a one-dimensional model that accounts for 
vertical diffusion, dry deposition and thermodynamic 
transfer between gas and particulate phases.

3.3.2 Heterogeneous Chemistry of Sulfates
To address the underestimation of wintertime 

sulfates by current air quality models applied in East 
Asia, we initiated processes to review sulfate production, 
although there were other issues like uncertainties 
regarding emissions of condensed particles containing 
sulfur. The pathways of atmospheric sulfate production 
are known. Gas-phase reactions of SO2 and OH, which 
are quite slow in general, have already been introduced 
in current air quality models. Liquid phase reactions of 
dissolved SO2 in water, like clouds or rain droplets, are a 
major sulfate production pathway, and are also accounted 
for in air quality models. These liquid-phase reactions 
are catalyzed by Mn and Fe. In CMAQ version 5.0 or 
later, concentrations of Fe and Mn are predicted. We 
examined CMAQ for the catalytic effects of Mn and Fe 
on sulfate production in East Asia and found some degree 
of improvement in winter （Itahashi et al., 2018）.

It has been observed in laboratory experiments that 
SO2 is converted to sulfates on crustal aerosol surfaces 
（e.g. Zhao et al., 2018）. This reaction depends on the 

surface concentration of crustal aerosol. The surface 
concentration of crustal aerosol is usually low, except in 
the case of dust storms. Thus, this heterogeneous reaction 
is not considered in general air quality models. We are 
also considering liquid-phase reactions taking place in 
water-bounding aerosol surfaces.
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3.3.3 Diurnal Variations in PM2.5 and its Components
Air quality models calculate hourly concentrations 

of PM2.5 and its components. It is possible to validate 
modeled hourly PM2.5 mass concentrations with 
measurements. For PM2.5 components, however, 
validation is carried out for daily averages to ensure 
sample amounts sufficient for chemical analysis. 
Recently, automatic continuous monitors have become 
commercially available for PM2.5 ionic and carbonaceous  
species.  In   the   current   project,   we   introduced  
carbonaceous monitors （Kimoto Electric Co. Ltd., APC-
710） at about 10 and 320 m AGL in central Tokyo in 
2017. We also set a PM2.5 mass monitor （Kimoto Electric 
CO. Ltd., PM-712） at each of the same places. PM-712 
monitors use tape filters to collect hourly samples. The 
filters used by the PM-712 monitors are analyzed for 
ionic species in a laboratory so that hourly concentrations 
of PM2.5 ionic species can be obtained. These hourly  
datasets   are   being   used   to   validate   modeled  
concentrations in the current project.

3.4  Sub-theme 4 : Observation-based Research for 
Spatial Structures of Oxidant Pollution and 
Uncertainties in their Modeling
Under Sub-theme 4 photochemical oxidants （Ox）, 

another important secondary pollutant, are being studied. 
The EQS achievement rate for Ox has remained at almost 
0％ nationwide for the past few decades. During the 
current decade, Ox warnings have been issued for the 
first time in several Japanese prefectures （e.g., Nagasaki 
and Kumamoto in 2006, Niigata and Oita in 2007, 
Nagano and Saga in 2008, Yamagata and Kagoshima in 
2009, and Kochi in 2011）. This suggests that Ox 
pollution has been increasing rapidly. The expansion of 
Ox pollution all across Japan seems to be resulting from 
transboundary air pollution from the continent, which 
occurs during spring. Air masses containing relatively 
high concentrations of O3 are transported easily from the 
continent when low-pressure systems move across 
western Japan toward the east, or the seasonal rain front 
lies around the southern part of the Japanese archipelago. 
On the other hand, urban areas including the Tokyo 
metropolitan area also have severe Ox pollution in 
summer. Since the Pacific high covers the Japanese 
Islands in a typical summer, transboundary air pollution 
from the continent cannot be the cause of the severe Ox 
pollution during summer. Some previous studies have 
pointed out that this severe Ox pollution originates in the 
accumulation of precursors （NOx and VOCs） which are 
carried by the sea breeze from the south toward the 
inland part of the Tokyo metropolitan area （e.g., 
Yoshikado （2015）. If the sea breeze contains lots of Ox, 
its concentration inland is likely to be boosted. Moreover, 
it has been suggested that inclusion of high Ox 
concentrations created the previous day in upper 
atmospheric layers in the mixing layer is the cause of the 
increased Ox background concentration at the surface 
during the daytime （Uno et al., 1984）.

In order to identify the mechanism of Ox pollution 

in summer around the Tokyo metropolitan area, it is 
important to evaluate quantitatively the inflow of Ox into 
the inland surface area via the sea breeze and the 
development of the mixing layer in addition to local 
photochemical formation. In this context, efforts under 
Sub-theme 4 aim to observe （i） the vertical profile of Ox 
concentration using Ozone zonde, and （ii） transport of 
Ox passing over the sea surface toward the coastal part of 
the Tokyo metropolitan area. Ozone zonde monitoring 
was conducted in July of 2016 and May and July of 
2017. In total, twenty balloons with zonde have been 
launched on six days so far. In July 2016 and 2017, 
hourly concentrations of O3 were also monitored for two 
weeks at Niijima, which is located about 150 km south of 
the center of Tokyo, to observe the transport of Ox on the 
sea surface. The observational data obtained on O3 
concentrations and meteorology have been utilized in 
model validation to analyze uncertainties.

4．Results and Discussion

This section introduces an example of inter-
comparison of the five participating models, designated 
M1 through M5 as shown in Table 1, in the first phase of 
J-STREAM. All of them were CMAQ models, but M1 
employed version 5.1. Models M2, M3, M4 and M5 all 
used the same version, 5.0.2, but different chemical 
mechanisms : CB05 （Whitten et al., 2010）, RACM2 
（Stockwell et al., 1990）, SAPRC07 （Carter, 2010）, and 
SAPRC99 （Carter, 2000）, respectively, within the same 
version. Only M5 used a different aerosol scheme, aero5, 
whereas the other models used aero6. There were several 
differences between these aerosol schemes, including 
which inorganic aerosol components were considered in 
phase equilibriums. Formation of secondary organic 
aerosols was simulated by Carlton et al. （2010） in both 
schemes. The same configuration as M4 was used to 
prepare the common boundary concentrations for 
domains d03 and d04 from the results in d01 and d02. 
Each model performed simulations for a target period 
from July 12 to August 10, 2013 for target domains d03 
and d04 using common input emissions, boundary 
concentrations and meteorological fields.

Figure 2 shows horizontal distributions of mean 
PM2.5 concentrations simulated by the five models for the 
target period in domains d03 and d04. Those simulated 
by model M4 in d02 are also shown. While the prevailing  
wind   direction   is   southerly   in   summer,   high  
concentrations expanding from Korean Peninsula to the 
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Table 1  Configurations of the five participating models.

Model Version
Chemical

mechanism
Aerosol
module

M1 CMAQ 5.1 SAPRC07 aero6
M2 CMAQ 5.0.2 CB05 aero6
M3 CMAQ 5.0.2 RACM2 aero6
M4 CMAQ 5.0.2 SAPRC07 aero6
M5 CMAQ 5.0.2 SAPRC99 aero5



east over the Sea of Japan indicate that transport from the 
continent by westerly winds caused relatively higher 
concentrations in western Japan during the summer in 
question. Coastal urban areas and the nearby inland sea 
showed higher concentrations in domains d03 and d04.

Figure 3 shows comparisons of observed and 
simulated daily concentrations of PM2.5 and its 
components at two monitoring stations, one in Kobe 

City, Hyogo Prefecture in d03 and the other in Adachi 
Ward, Tokyo in d04. The simulated concentrations are 
shown by ranges between the minimum and maximum 
values obtained by any of the five models. PM2.5 
concentrations were higher in Kobe than Adachi, 
reflecting a larger influence of transport from the 
continent during the target period. Their absolute values 
were slightly underestimated by all the participating 
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Fig. 3    Comparisons of observed and simulated daily concentrations of PM2.5 and its components 
at two monitoring stations located in （a） Kobe City of Hyogo Prefecture in d03 and （b） 
Adachi Ward, Tokyo in d04.



models except for some peak values, while their daily 
variations were mostly reproduced. It is obvious that OC 
and NO3

－ concentrations were underestimated and 
overestimated, respectively, by all the models. Their 
opposite deviations canceled each other in the PM2.5 
concentrations. The smaller variabilities of EC 
concentrations imply that differences among the five 
model configurations have little influence on the inert 
components. On the other hand, the larger variabilities of 
OC and NO3

－ concentrations indicate that secondary 
components are quite affected by different model 
configurations. The larger variabilities of SO4

2－ in d04 
than d03 imply that SO4

2－ formation within d04 is 
strongly affected by different model configurations, 
whereas SO4

2－ in d03 is mainly present due to transport 
from outside, which is represented in the boundary 
concentrations used in common by all the models. NH4

＋

reflects the characteristics of SO4
2－ and NO3

－ as their 
counter cation.

Figure 4 shows comparisons of observed and 
simulated concentrations of PM2.5 and its components 
averaged over the target period at the two monitoring 
stations. Larger differences among the models are seen in 
the OC and NO3

－ concentrations. Deviations of the 
simulated OC and NO3

－ concentrations from the 
observed values are largest for model M5. That indicates 
the older chemical mechanism SAPRC99 and aerosol 
module aero5 have inferior performance to the newer 
ones. Differences among models M2, M3 and M4 
correspond to influences of different chemical 
mechanisms. The NO3

－ concentrations simulated by 

CB05 of M2 and SAPRC07 of M4 tend to be lower than 
those simulated by RACM2 of M3. Differences between 
M1 and M4 correspond to the influences of different 
versions of CMAQ with the same chemical mechanism, 
SAPRC07. The newer version 5.1 tends to give lower 
and higher NO3

－ concentrations in Kobe and Adachi, 
respectively. Reasons for the opposite influences in these 
two locations have not been clarified, as various parts 
have been updated in version 5.1. Higher OC 
concentrations simulated by model M1 are possibly 
caused by updated isoprene chemistry （Xie et al., 2013）, 
which has been incorporated in version 5.1.

Although there were certain differences in the 
concentrations simulated by the five participating 
models, their variabilities were relatively smaller than the 
deviations of simulated concentrations from the observed 
values. That means further improvements beyond these 
five participating models will be required for better 
model performance. These five models are not the only 
ones participating in the first phase of J-STREAM. 
Results have been submitted for models other than 
CMAQ as well as CMAQ with wider varieties of model 
configurations. More analyses will be necessary to 
evaluate the variabilities of currently available model 
configurations and possible directions of further 
improvements based on the submitted model results.

5．Future Directions

While the comprehensive analyses in the first phase 
of J-STREAM have not been completed, the preliminary 
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Fig. 4    Comparisons of observed and simulated concentrations of PM2.5 and its components 
averaged over the target period at two monitoring stations located in （a） Kobe City of 
Hyogo Prefecture in domain d03 and in （b） Adachi Ward, Tokyo in domain d04.



analyses, as introduced in Section 4, indicate the 
effectiveness of model inter-comparison in elucidating 
the variabilities and limitations of simulated  
concentrations and finding suitable model configurations 
for better performance. One possible reason for the 
relatively small differences among the models is that the 
model results were constrained by the common model 
inputs for limited spatial scales. Therefore, subsequent 
phases will expand the target uncertainties to wider 
spatial scales by requesting participants to conduct 
simulations for domains d01 and d02 as well as for d03 
and d04. In addition, participants are being requested to 
conduct their simulations of meteorological fields by 
themselves, which could also give rise to uncertainties in 
simulated pollutant concentrations. Moreover, the second 
and third phases of J-STREAM are expected to give 
unprecedented findings on model performance in 
comparison with specific measurements conducted under 
Sub-themes 3 and 4, as well as source apportionments 
and sensitivities evaluated by multiple participating 
models, which have not been mutually compared in 
previous studies in Japan. These outcomes should 
contribute to the establishment of an assemblage of 
references on air quality modeling that can be applied in 
considering effective strategies to improve air quality in 
Japan.
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Abstract
To evaluate the short-term effects of fine particulate matter （PM2.5） on respiratory health, 

epidemiological studies were conducted in two regions around the Seto Inland Sea in Japan. In Himeji City, 
Hyogo Prefecture, weekly data on asthma attacks reported from 46 hospitals and clinics and daily data on 
primary care visits （PCVs） due to asthma attacks were collected. The mass concentrations and chemical 
constituents of airborne PM2.5 were continuously measured at a central site in the city. The weekly numbers 
of asthma attacks were significantly associated with the average concentration of PM2.5 in the previous week 
among subjects aged 15 to 64 years. The concentration of water soluble organic carbon and acidity 
（hydrogen ions） were also significantly associated with weekly asthma attacks. These associations were 
marked in spring and summer. By contrast, the associations between daily PCVs for asthma and PM2.5 were 
significant in winter. On Yuge Island, Ehime Prefecture, peak expiratory flow （PEF） and the forced 
expiratory volume in 1 second （FEV1） were measured every morning among 48 healthy students, for about 
one month. Among subjects with a history of allergies, outdoor concentration of PM2.5 was significantly 
associated with a decrease in FEV1. The association between indoor concentration of PM2.5 and PEF was 
also significant. However, among subjects without such a history, neither outdoor nor indoor concentrations 
of PM2.5 were associated with changes in any parameters of pulmonary function. In conclusion, these studies 
revealed that increases of PM2.5 have short-term effects on respiratory health. Subjects with allergic diseases 
were considered to be more susceptible to air pollution.

Key words :   asthma attacks, epidemiology, fine particulate matter （PM2.5）, ozone （O3）,  
pulmonary function, primary care visits

1. Introduction

The World Health Organization （WHO）（2018） 
estimated that ambient air pollution caused around 4.2 
million premature deaths worldwide in 2016. This 
mortality is presumed to be mainly due to exposure to 
fine particulate matter of 2.5 µm or less in diameter 
（PM2.5）, which causes respiratory and cardiovascular 
diseases, and cancers. Therefore, the WHO recognizes 
that air pollution including PM2.5 is the greatest risk to 
human health. Many epidemiological studies have been 
conducted worldwide, and the adverse health effects of 
PM2.5 on morbidity and mortality due to respiratory and 
cardiovascular diseases have been reported in many 
countries.

In Japan, several epidemiological studies were 
conducted on acute and chronic health effects of 
exposure to PM2.5 by study groups established by the 
Ministry of the Environment of Japan （MOEJ） from 
1999 to 2006, and the reports on this research were 
released in 2007 （MOEJ, 2007）. Since then, we have 

conducted another epidemiological study to evaluate the 
short-term effects of exposure to PM2.5 on respiratory 
health among asthmatic children （Ma et al., 2008）. 
Thereafter, in order to investigate the effects of exposure 
to PM2.5 and ozone （O3） on respiratory health, we have 
performed some epidemiological studies in two regions 
around the Seto Inland Sea of Japan, under the 
Environment Research and Technology Development 
Fund （ERTDF）（Project No. 5─1456）.

In this paper, the epidemiological studies on health 
effects of PM2.5 conducted by the MOEJ in the past in 
Japan are reviewed, and the results of our studies, which 
were conducted under the ERTDF, are referred to.

2. Epidemiological Studies by the MOEJ 
Study Group

The MOEJ study group conducted several 
epidemiological studies to evaluate the effects of short- 
and long-term exposures to PM2.5 on mortality and 
morbidity from respiratory and cardiovascular diseases 
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from 1999 to 2006. The main subjects of these studies 
were chosen in view of the health effects observed in 
previous studies in the United States and European 
countries. The main results of these studies are 
summarized in Table 1. In some of the studies, the effects 
of suspended particulate matter （SPM） were evaluated 
as a surrogate for PM2.5, because data on the 
concentrations of PM2.5 were unavailable in the study 
areas. In Japan, SPM is defined as particles with an 
aerodynamic diameter of 10 µm by the 100％ cutoff 
point, which corresponds approximately to PM7.0 by the 
50％ cutoff point.

In the study on the mortality in 20 cities in Japan, 
the daily all-cause mortality risk rose slightly in relation 
to increases in daily average concentrations of PM2.5, but 
the risk was not significant. The daily risk of mortality 
due to respiratory diseases rose significantly in relation 
to PM2.5 concentrations with a lag of three days. 
However, mortality due to cardiovascular diseases was 
not associated with PM2.5 concentrations after any 
number of lag days, although many studies in foreign 
countries have reported effects of PM2.5 on mortality due 
to cardiovascular diseases.

For short-term respiratory morbidity, a panel study 
was conducted to evaluate the association between 
exposure to PM2.5 and peak expiratory flow （PEF） 

among 17 children aged 8 to 15 years hospitalized with 
severe asthma （Yamazaki et al., 2011）. PEF was 
measured twice daily for three months, and a total of 
1,198 and 1,175 measurements were performed at 7 a.m. 
and 7 p.m., respectively. The changes in PEF were 
estimated in 10 µg/m3 increments of PM2.5, after 
adjustment for sex, age, height and temperature. 
Increased 24─hr. mean concentration of PM2.5 was 
associated with a decrease in both morning and evening 
PEF （－3.0 L/min ［95％ confidence interval （CI）: －4.6, 
－1.4］ and －4.4 L/min ［－7.1, －1.7］, respectively）. In 
addition, lagged-hour exposures of up to 24 hours were 
examined. Hourly concentrations of PM2.5 showed 
significant associations with PEF at several lags. The 
effect size was about －3 L/min in both morning and 
evening PEF for an hourly PM2.5 concentration of  
10 µg/m3 （Fig. 1）. Even after adjustment for other air 
pollutants, many of the significant associations with PEF 
remained. That is, increased hourly PM2.5 concentration 
was associated with a decrease in PEF among children 
hospitalized with severe asthma.

In another panel study of healthy children aged  
9─10 years, a slight decrease in PEF was also observed in 
relation to increased PM2.5 concentrations. Primary care 
visits （PCVs） due to asthma attack, however, were not 
associated with PM2.5 concentrations, although O3 
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Table 1    Summary of the results of epidemiological studies on health effects of particulate matter （PM） by Ministry of the Environment 
of Japan study groups.

Outcome 
Effects 
of PM

Main results 

Study on the effects of exposure to fine particulate matter （2007）
Short-term exposure

Mortality All-cause △ The risk rose slightly in relation to PM2.5 concentrations.

Respiratory ○ The risk rose significantly in relation to PM2.5 concentrations for 3 lag days.

Cardiovascular × No association with PM2.5 was observed.

Morbidity Physician visits × Asthma-related primary care visits were not associated with PM2.5 concentrations.

Respiratory ○ Peak expiratory flow （PEF） decreased significantly in relation to increased PM2.5 
concentrations among asthmatic children. In healthy children, a slight decrease in PEF was 
also observed in relation to PM2.5.

Cardiovascular × No association between ventricular arrhythmia and SPM concentrations was observed.

Long-term exposure

Respiratory △ PM2.5 concentrations were related to neither prevalence nor incidence of respiratory 
symptoms among children aged 3 to 7 years. The prevalences of cough and phlegm among 
their parents were higher in areas with high PM2.5 concentrations than in areas with low 
concentrations.

Study on the effects of long-term exposure to ambient particulate matter （2009）
All-cause × No association with air pollutants was observed.

Lung cancer ○ Lung cancer mortality was significantly associated with SPM, SO2 and NO2, after adjustment 
for smoking and other confounding factors.

Respiratory △ Significant associations with SO2, and NO2 were observed among females, but the 
association with SPM was not significant.

Cardiovascular × Significant negative association with SPM was observed, although confounding factors 
including blood pressure were not adjusted.

PM2.5, particulate matter 2.5 µm in diameter ; SPM, suspended particulate matter ; SO2, sulfur dioxide ; NO2, nitrogen dioxide.
○：Significant associations with PM2.5 or SPM were observed.
△：Associations with PM2.5 or SPM were suggested, but not necessarily clarified.
×：No associations with PM2.5 or SPM were observed.



concentrations were significantly associated with PCVs 
for asthma attack （Yamazaki et al., 2009）. As for 
cardiovascular effects, no association between ventricular 
arrhythmia and SPM concentrations was observed.

A cohort study was conducted to evaluate the effects 
of long-term exposure to PM2.5. Respiratory symptoms 
among children aged three years and their parents in 
seven regions of Japan were surveyed every year for five 
years. The annual averages of PM2.5 concentrations 
during the follow-up period were related to neither 
prevalence nor incidence of respiratory symptoms among 
children from three to seven years in age. On the other 
hand, the prevalences of coughing and phlegm among 
their parents were higher in areas with high PM2.5 
concentrations than in areas with low concentrations.

Another prospective cohort study was conducted by 
the MOEJ to evaluate the effects of long-term exposure 
to ambient particulate matter on mortality. This study 
comprised 63,520 participants living in six areas in three 
Japanese prefectures who were enrolled between 1983 
and 1985. During the average follow-up period of 8.7 
years, 6,687 deaths, including 518 deaths from lung 
cancer, were observed （Katanoda et al., 2011）. Although 
all-cause mortality was not associated with any air 
pollutant, the mortality due to lung cancer was 

significantly associated with SPM, sulfur dioxide （SO2）, 
and nitrogen dioxide （NO2）, after adjustment for 
smoking and other confounding factors. This finding was 
consistent with the results of previous studies in the 
United States and European countries. In addition, the 
mortality due to respiratory diseases, in particular 
pneumonia, was significantly associated with SO2 and 
NO2, but only among females, and the association with 
SPM was not significant. On the other hand, mortality 
due to cardiovascular diseases was negatively associated 
with SPM concentrations, although confounding factors 
including blood pressure were not adjusted.

In summary, the results of the studies conducted by 
the MOEJ study group suggested adverse effects of PM2.5 
or SPM on the respiratory system among Japanese. No 
effect on the cardiovascular system was observed, 
however. Further studies are thought necessary for a 
more detailed evaluation of the health effects of PM2.5.

3. Epidemiological Studies on Effects of PM2.5 
and O3 on Respiratory Health in Areas with 
Different Air Pollution Levels

In order to evaluate the short-term effects of PM2.5 
and O3 on respiratory health, several epidemiological 
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Fig. 1    Association of peak expiratory flow （PEF） measured in （a） 
morning and （b） evening with hourly concentrations of PM2.5.
Lagged-hour exposures of up to 24 hours were examined. The 
mean differences and 95％ confidence intervals in PEF per 
10 µg/m3 increases in PM2.5 were estimated.



studies were conducted in two regions （Himeji City, 
Hyogo Prefecture ; and Yuge Island, Ehime Prefecture） 
which are located around the Seto Inland Sea （Fig. 2）.

3.1 Effects on Asthma Attacks in Himeji City
Short-term exposure to ambient PM2.5 has been 

reported to be associated with morbidity from asthma in 
many previous studies. The association with chemical 
constituents of PM2.5, however, is still uncertain. The 
main purpose of this study was to evaluate the short-term 
effects of chemical constituents in airborne PM2.5 on 
asthma attacks. This study was conducted in Himeji City, 
Hyogo Prefecture, Japan, which is located on the north 
side of the Seto Inland Sea （Fig. 2）. The city is  
534.4 km2 in area, and its population is about 540,000. 
Steel mills, thermal power plants and chemical facilities 
are located in the southern coastal part of the city 
（Nakatsubo et al., 2014）.

We collected weekly data on patients with asthma 
attacks reported from 46 hospitals and clinics in eight 
districts of the city from 2012 to 2017. An asthma attack 
is defined as dyspnea with wheezing and/or whistling 
sounds, and is confirmed through medical examinations, 
inquiries and symptom diaries. Regular visits due to 
asthma were excluded. Mass concentrations of PM2.5 
were continuously measured at seven sites in the city. 

The chemical constituents of PM2.5 were also measured 
from July 2014 to March 2017 at a central site in the city, 
using a dichotomous aerosol chemical speciation 
analyzer （ACSA─14, Kimoto Electric Co., Ltd., Japan）. 
The association between the weekly number of patients 
who had asthma attacks in each district and the mass 
concentrations of airborne PM2.5 in each respective 
district was analyzed using the mixed effect model, after 
adjustment for meteorological factors. In addition, the 
associations between the weekly number of patients with 
asthma attacks and concentrations of chemical 
constituents in PM2.5 were analyzed using generalized 
linear models.

The total number of patients with asthma attacks 
during the study period was 57,327, and the weekly 
number varied from 156 to 331. The average mass 
concentration of PM2.5 during the period was 14.3 µg/m3, 
and it was less than air quality standard for annual 
average of PM2.5 in Japan. Daily concentrations of 
chemical constituents in PM2.5 from July 2014 to March 
2017 are shown in Table 2.

The weekly numbers of asthma attacks were 
significantly associated with the average mass 
concentrations of PM2.5 in the previous week, and the 
relative risk （RR） was 1.18 ［95％ CI : 1.05, 1.31］ per  
10 µg/m3 increment. Although the RR was 0.88 ［0.66, 
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Table 2    Descriptive statistics on daily concentrations of mass and chemical constituents in PM2.5 
from July 2014 to March 2017.

n Mean SD Maximum Minimum IQR

PM2.5 （µg/m3） 972 12.6 6.6 39.2 1.5 5.2

SO4
2－ （µg/m3） 909 3.49 2.34 15.8 0.03 2.12

NO3
－ （µg/m3） 929 1.19 1.06 7.50 0.06 1.12

WSOC （µg/m3） 929 0.86 0.56 3.67 0.05 0.54

Acidity ［H＋］（nmol/m3） 872 7.55 6.43 56.7 0.26 4.51

SD: standard deviation ; IQR: interquartile range ; PM2.5 : particulate matter 2.5 µm in diameter ; SO4
2－ : sulfate ion ; 

NO3
－ : nitrate ion ; WSOC: water soluble organic carbon ; H＋ : hydrogen ion.

Fig. 2    Location of Himeji City and Yuge Island around the Seto 
Inland Sea, Japan.

Fig. 3    Association between weekly asthma attacks and PM2.5 
concentrations, in relation to age.
The data are relative risks and 95％ confidence intervals 
associated with 10 µg/m3 increases in average PM2.5 
concentrations in the previous week, adjusted for 
temperature, relative humidity, atmospheric pressure and 
hours of daylight.



1.10］ among children aged 0─4 years, RR increased with 
advancing age. It was significant among groups aged 
over 10 years, and the largest RR was 1.33 ［1.15, 1.51］ 
among elderly subjects aged 65 years or above （Fig. 3）.

For chemical constituents in PM2.5, the  
concentration of water soluble organic carbon （WSOC） 
and acidity （hydrogen ion （H＋）） in the previous week 
were significantly associated with increased weekly 
numbers of asthma attacks among subjects aged 15─64 
years （Fig. 4 （a））. The RRs were 1.07 ［1.02, 1.12］ and 
1.04 ［1.01, 1.07］ for interquartile range （IQR） 
increments of WSOC （0.54 µg/m3） and H＋ （4.51 nmol/
m3）, respectively.

The associations between weekly asthma attacks 
and chemical constituents in PM2.5 varied according to 
the season （Fig. 4 （b））. Weekly asthma attacks were 
significantly associated with concentrations of nitrate ion 
（NO3

－） and WSOC in spring and H＋in summer （RRs
＝1.05 ［1.02, 1.08］, 1.05 ［1.01, 1.10］ and 1.09 ［1.01, 
1.17］, respectively, for IQR increments）. No significant 

association was observed between sulfate ion （SO4
2－） 

and asthma attacks in any season.
Thus, the results obtained in this study showed that 

weekly asthma attacks increased in relation to increments 
in ambient PM2.5 concentrations in the previous week. 
The associations between chemical constituents in PM2.5 
and asthma attacks varied among age groups and 
seasons. The associations with NO3

－ and WSOC in 
spring may reflect the effects of transboundary air 
pollution from East Asia. On the other hand, 
concentrations of H＋ in PM2.5 are usually high in 
summer. Acid chemical constituents, such as WSOC and 
H＋, in ambient PM2.5 may have more effects on 
exacerbation of asthma in patients.

3.2  Effects on Primary Care Visits （PCVs） due to 
Asthma Attacks in Himeji City
The association between daily outdoor air pollution 

concentrations and children’s PCVs at night due to 
asthma attack was examined in Himeji City, Hyogo 

35Epidemiological Studies on Health Effects of PM2.5

Fig. 4    Association between weekly asthma attacks and chemical constituents 
in PM2.5, in relation to （a） age and （b） season.
The data are relative risks and 95％ confidence intervals associated 
with interquartile range （IQR） increases in the average concentrations 
of chemical constituents in PM2.5 in the previous week, adjusted for 
temperature, relative humidity, atmospheric pressure and hours of 
daylight. The IQR of each chemical constituent in PM2.5 is shown in 
Table 2.



Prefecture （Yamazaki et al., 2013, 2014, 2015）.
This study was conducted at the Himeji City 

Emergency Clinic, using a case-crossover design for 
three-year pooled patients. Subjects were city residents 
aged less than 15 years with a history of asthma attacks 
who visited the clinic for asthma attacks between 9 p.m. 
and 6 a.m. from April 2010 to March 2013 and who had 
received a prescription for bronchodilators from their 
primary care physician. In Himeji City, primary care at 
night is generally only available at this emergency clinic, 
and almost all patients who suffer asthma attacks at night 
visit the clinic. Daily concentrations of air pollutants and 
meteorological parameters were measured at a site 
central to the residential districts in the city. A 
conditional logistic regression model including PM2.5, 
O3, and NO2 was used to estimate odds ratios （ORs） of 
PCVs per unit increment of air pollutants （the per-unit 
increments of PM2.5, O3 and NO2 were 10 µg/m3, 10 ppb 
and 10 ppb, respectively）, after adjustment for 
meteorological parameters. Analyses took into 
consideration the effects of seasonality.

In a year-round analysis, significant associations 
were observed between PCVs due to asthma attacks and 
daily （day before a PCV） and three-day mean 
concentrations of O3 before a PCV （ORs＝1.12 ［95％
CI : 1.03, 1.21］ and 1.16 ［1.04, 1.29］, respectively）. 
Neither daily nor three-day mean concentration of PM2.5, 
however, was associated with PCVs.

The results of seasonal analyses are shown in Table 
3. The association between PCVs and O3 concentrations 
on the day before a PCV was significant （OR＝1.17 
［1.01, 1.35］） in spring. In addition, the association 
between PCVs and three-day mean O3 concentrations 
before a PCV was also significant （OR＝1.29 ［1.00, 
1.46］） in spring. We also observed a significant 
association between PCVs and PM2.5 concentrations on 
the day before a PCV in winter （OR＝1.16 ［1.01, 
1.33］）. No association between three-day mean PM2.5 
concentrations and PCVs, however, was observed in any 

season. By contrast, PCVs were not associated with any 
NO2 concentration.

In this way, the findings of this study showed that 
PCVs due to asthma attacks were associated with O3 
concentrations in spring and PM2.5 concentrations in 
winter. The association with O3 was also significant in a 
year-round analysis. There may be seasonal variation in 
effects of air pollutants on PCVs.

3.3  Short-term Effects on Pulmonary Function 
among Students : a Panel Study on Yuge Island
In the past, many epidemiological studies on the 

health effects of air pollutants have been carried out in 
regions with major sources such as factories and 
automobiles. On the other hand, the health effects of air 
pollutants in regions without major sources remain 
unclear. This study investigated the short-term effects of 
ambient air pollution on pulmonary function among 
healthy students on an isolated island without major 
anthropogenic sources of air pollutants （Yoda et al., 
2015, 2017）.

A panel study was conducted among 48 healthy 
subjects who attended a school on Yuge Island, Ehime 
Prefecture, an isolated island in the Seto Inland Sea, 
Japan （Fig. 2）. For pulmonary function testing, an  
electronic  peak   flow   meter  （Vitalograph   2110,  
Vitalograph Ltd., Buckingham, U. K.） was delivered to 
each subject, and self-measurement of peak expiratory 
flow （PEF） and forced expiratory volume in one second 
（FEV1） was conducted before the start of the first lesson 
every morning from Monday until Friday, for about one 
month. Ambient concentrations of PM2.5, particulate 
matter between 2.5 and 10 µm in diameter （PM10─2.5）, 
black carbon （BC）, O3 and NO2 were measured. The 
associations between the concentrations of air pollutants 
and pulmonary function were analyzed using mixed-
effects models.

The mean±SD of daily outdoor and indoor 
concentrations of PM2.5 were 30.9±12.5 µg/m3 and 17.0
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Table 3  Associations between air pollutants and PCVs at night due to asthma attack （multi-pollutant model）.

Unit 
increment 

Spring （April 
through June）

Summer （July 
and August）

Fall （September 
through 

November）
Winter （December 

through March） Annual effects 

OR 95％ CI OR 95％ CI OR 95％ CI OR 95％ CI OR 95％ CI

Concentration on the day before a primary care visit 

　PM2.5 10 µg/m3 0.95 0.85 1.06 1.17 0.98 1.40 0.96 0.86 1.06 1.16＊ 1.01 1.33 1.02 0.96 1.08

　   O3 10 ppb 1.17＊ 1.01 1.35 1.09 0.93 1.27 0.98 0.80 1.20 1.22 0.81 1.83 1.12＊ 1.03 1.21

　NO2 10 ppb 1.16 0.83 1.62 0.76 0.38 1.53 1.17 0.80 1.72 0.86 0.49 1.51 0.98 0.81 1.18

3-day mean concentration before a primary care visit 

　PM2.5 10 µg/m3 0.95 0.82 1.10 1.13 0.88 1.45 0.92 0.80 1.05 1.15 0.95 1.38 0.99 0.92 1.07

　   O3 10 ppb 1.21＊ 1.00 1.46 1.12 0.90 1.41 0.99 0.75 1.30 1.25 0.73 2.13 1.16＊ 1.04 1.29

　NO2 10 ppb 1.04 0.68 1.58 0.58 0.20 1.71 1.17 0.72 1.90 0.67 0.33 1.35 0.90 0.71 1.14

The analysis was performed using a model which simultaneously assessed the associations between PCVs at night due to asthma attack and increments of PM2.5, O3 
and NO2.
Associations are shown as odds ratios （ORs） and their 95％ confidence intervals （CIs） per unit increment of each parameter.
PCV: primary care visit ; PM2.5 : particulate matter 2.5 µm in diameter ; O3 : ozone ; NO2 : nitrogen dioxide ; Bold and＊：p＜0.05.



±9.6 µg/m3, respectively. The maximum outdoor daily 
concentration of PM2.5 was 61.6 µg/m3, which was 
measured on a day on which a dust storm from China 
arrived in Japan. On the same day, the concentration of 
PM10─2.5 was also high （53.8 µg/m3）.

A decrease in FEV1 was significantly associated 
with an increase in the prior 24─hr. average concentration 
of BC （－27.28 mL ［95％ CI : －54.10, －0.46］ for an 
IQR increase of 0.23 µg/m3）. A decrease in PEF was 
significantly associated with an increase in the prior  
24─hr. average concentration of indoor O3 （－8.03 L/min 
［－13.02, －3.03］ for an IQR increase of 11.0 ppb）. 
Neither outdoor nor indoor concentration of PM2.5 was 
significantly associated with changes in any pulmonary 
function parameters.

The associations between concentrations of air 
pollutants and pulmonary function parameters were 
analyzed with respect to the presence or absence of a 
history of asthma or allergies （Fig. 5）. Among subjects 
with a history of allergies, PEF decreased significantly 
with an increase in the indoor concentration of PM2.5 
（－6.71 L/min ［－13.36, －0.06］ for an IQR increase of 

12.6 µg/m3）. In those with a history of asthma, PEF 
decreased significantly with an increase in the indoor 
concentration of O3 （－22.6 L/min ［－41.08, －4.13］ for 
an IQR increase）. On the other hand, PEF also decreased 
significantly with an increase in the indoor concentration 
of O3 in those with no history of either （－8.84 L/min 
［－16.28, －1.40］ for an IQR increase）. In those with a 
history of allergies, FEV1 decreased significantly with an 
increase in the outdoor concentration of PM2.5 
（－70.0 mL ［－130.1, －9.94］ for an IQR increase of 
18.4 µg/m3）. In addition, FEV1 decreased significantly 
with an increase in the indoor concentration of O3 in 
subjects with a history of asthma （－130.3 mL ［－243.5, 
－17.2］ for an IQR increase）.

These results demonstrate that increases in BC and 
O3 concentrations have acute effects on pulmonary 
function among students on an isolated island without 
major artificial sources of air pollutants. Subjects with a 
history of asthma or allergies are considered to be more 
affected by short-term exposure to air pollutants.
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Fig. 5    Estimated changes in （a） PEF and （b） FEV1 with increases in air pollutants 
in relation to history of asthma or allergies.
The estimated changes and 95％ confidence intervals for （a） PEF and （b） 
FEV1 are shown per increase in interquartile range （IQR） of the 
concentration of air pollutants in relation to a history of asthma or allergies.
A : Subjects with a history of asthma. B : Subjects with a history of allergies 
other than asthma. C : Subjects with no history of asthma or allergies.



4. Conclusions

These studies demonstrate that increases in PM2.5 
concentrations have short-term effects on asthma attacks 
and pulmonary function. There were varying degrees of 
associations between PM2.5 concentrations and asthma 
attacks in relation to age groups and season. It is 
suggested that acidic chemical constituents, such as 
WSOC and H＋, in ambient PM2.5 may have a stronger 
effect of exacerbating asthma in patients. In addition, 
subjects with asthma or allergic diseases are considered 
to be more susceptible to air pollution. Further studies 
with more subjects and longer periods will be necessary 
to obtain a more detailed evaluation of the health effects 
of air pollutants, including chemical constituents in 
PM2.5.

Acknowledgements

The author would like to thank the staff of the 
Himeji Medical Association, Hyogo College of 
Medicine, and the National Institute of Technology, Yuge 
College, for their technical support. These studies were 
supported by the Environment Research and Technology 
Development Fund （Project No. 5─1456） of the Ministry 
of the Environment of Japan.

Ethics approval

The protocols of these studies were approval by the 
Ethics Committee of Hyogo College of Medicine 
（approval numbers : 1685 and 1474）.

References

Katanoda K., Sobue, T., Satoh, H., Tajima, K., Suzuki, T., 
Nakatsuka, H., Takezaki, T., Nakayama, T., Nitta, H., Tanabe, K. 
and Tominaga, S. （2011） An association between long-term 
exposure to ambient air pollution and mortality from lung 
cancer and respiratory diseases in Japan. Journal of 
Epidemiology, 21, 132─143.

Ma, L., Shima, M., Yoda, Y., Yamamoto, H., Nakai, S., Tamura, K., 
Nitta, H., Watanabe, H. and Nishimuta, T. （2008） Effects of 
airborne particulate matter on respiratory morbidity in asthmatic 
children. Journal of Epidemiology, 18, 97─110.

Ministry of the Environment of Japan （2007） Reports of the 
surveys on the impacts of exposure to fine particulate matter. 
Retrieved from https://www.env.go.jp/air/report/h19-03 （in 
Japanese）

Nakatsubo, R., Tsunetomo, D., Horie, Y., Hiraki, T., Saitoh, K., 
Yoda, Y. and Shima, M. （2014） Estimate of regional and broad-
based sources for PM2.5 collected in an industrial area of Japan. 
Asian Journal of Atmospheric Environment, 8, 126─139.

World Health Organization （2018） WHO Global Ambient Air 
Quality Database （update 2018）. Retrieved from http://www.
who.int/airpollution/data/cities/en

Yamazaki, S., Shima, M., Ando, M. and Nitta, H. （2009） 
Modifying effect of age on the association between ambient 
ozone and nighttime primary care visits due to asthma attack. 
Journal of Epidemiology, 19, 143─151.

Yamazaki, S., Shima, M., Ando, M., Nitta, H., Watanabe, H. and 
Nishimuta, T. （2011） Effect of hourly concentration of particulate 
matter on peak expiratory flow in hospitalized children : a panel 

study. Environmental Health, 10, 15.
Yamazaki, S., Shima, M., Yoda, Y., Oka, K., Kurosaka, F., 

Shimizu, S., Takahashi, H., Nakatani, Y., Nishikawa, J., 
Fujiwara, K., Mizumori, Y., Mogami, A., Yamada, T. and 
Yamamoto, N. （2013） Association of ambient air pollution and 
meteorological factors with primary care visits at night due to 
asthma attack. Environmental Health and Preventive Medicine, 
18, 401─406.

Yamazaki, S., Shima, M., Yoda, Y., Oka, K., Kurosaka, F., 
Shimizu, S., Takahashi, H., Nakatani, Y., Nishikawa, J., 
Fujiwara, K., Mizumori, Y., Mogami, A., Yamada, T. and 
Yamamoto, N. （2014） Association between PM2.5 and primary 
care visits due to asthma attack in Japan : relation to Beijing’s 
air pollution episode in January 2013. Environmental Health 
and Preventive Medicine, 19, 172─176.

Yamazaki, S., Shima, M., Yoda, Y., Oka, K., Kurosaka, F., 
Shimizu, S., Takahashi, H., Nakatani, Y., Nishikawa, J., 
Fujiwara, K., Mizumori, Y., Mogami, A., Yamada, T. and 
Yamamoto, N. （2015） Exposure to air pollution and 
meteorological factors associated with children’s primary care 
visits at night due to asthma attack : case-crossover design for 
3-year pooled patients. BMJ Open, 5, e005736.

Yoda, Y., Takagi, H., Wakamatu, J., Otani, N. and Shima, M.  
（2015） Short-term effects of air pollutants on pulmonary 

function in adolescent with a history of asthma or allergies. 
Japanese Journal of Allergology, 64, 128─135. （in Japanese）

Yoda, Y., Takagi, H., Wakamatsu, J., Ito, T., Nakatsubo, R., Horie, 
Y., Hiraki, T. and Shima, M. （2017） Acute effects of air 
pollutants on pulmonary function among students : a panel study 
in an isolated island. Environmental Health and Preventive 
Medicine, 22, 33.

38 M. SHIMA

Masayuki SHIMA

Masayuki Shima is a professor and chairman of 
the Department of Public Health at Hyogo 
College of Medicine, Japan. He is also Director 
of the Hyogo Unit Center for the Japan 
Environment and Children’s Study （JECS） of the 
Ministry of the Environment, Japan. He graduated 
from Chiba University School of Medicine, 

Japan, and received his M. D. in 1984. He worked as a resident at the 
internal medicine department of a municipal hospital, and subsequently 
obtained his Ph. D. from the Graduate School of Medicine, Chiba 
University in 1992. Dr. Shima has actively conducted epidemiologic 
research on health effects of air pollution, especially the association 
between fine particulate matter and respiratory morbidity. He has published 
many manuscripts on the epidemiology of environmental health hazards, 
such as air pollutants and chemicals. He was also involved in the Study on 
Respiratory Diseases and Automobile Exhaust （SORA）, a nationwide 
epidemiologic study by the Ministry of the Environment, Japan. He is 
currently a member of the executive committees of the Japan Society for 
Atmospheric Environment, Japanese Society for Hygiene, and Japan 
Health Medicine Association.

（Received 30 May 2018, Accepted 1 September 2018）



The Status of PM2.5 Pollution in Asia and Direction 
 toward Solving the Issue

Keiichi SATO
1＊ and Toshimasa OHARA

2

1＊Asia Center for Air Pollution Research
1182 Sowa, Nishi-ku, Niigata City, 950─ 2144, Japan

2 Fukushima Branch, National Institute for Environmental Studies
10─ 2 Fukasaku, Miharu, Fukushima, 963─ 7700, Japan

＊E-mail : ksato＠acap.asia

Abstract
PM2.5 air pollution at urban and regional scales is a serious environmental issue in Asia. Developing 

counties in South and Southeast Asia are facing an especially severe situation with urban PM2.5 pollution. 
Also, transboundary air pollution results in high PM2.5 concentrations over wide regions leeward of the 
source country. Additionally, long-range transport of Asian dust aerosols in Northeast Asia and biomass 
burning in Southeast Asia has resulted in regional haze episodes. This paper provides an overview of 
temporal trends, focusing on PM2.5 pollution in Asian region, ambient standard levels in each country and 
regional characteristics. It also discusses the way forward toward PM2.5 mitigation.

Key words : ambient standard, Asia, PM2.5 pollution, regional characteristics, trend

1．Introduction

PM2.5 particulate matter, called “fine” particulates, 
consists primarily of particles directly emitted into the 
atmosphere and, secondarily, those that are formed in the 
atmosphere from gaseous pollutants as a result of 
atmospheric chemistry （secondary formation）. 
Generally, fine particulates pose a greater health risk 
because these particles can deposit deep in the lungs and 
they contain chemicals that are particularly harmful to 
health. In addition to the health impacts, these particles 
can reside in the atmosphere for long periods of time and 
are major contributors to reduced visibility. Asia has 
recently become the region with the world’s most 
massive air pollutant emissions air pollutants, surpassing 
those of Europe and North America （EANET, 2015）. As 
a result, PM2.5 pollution has become a serious 
environmental issue in Asia, posing high health risks, 
impacts on ecosystems and regional-scale climate 
change.

In the second part of this special issue on PM2.5 
pollution, four papers were contributed from China, 
Mongolia, South Korea and Vietnam. The paper from 
China, “Air Quality Management Achievements, 
Challenges and the Way Forward in China : Including 
PM2.5 and Other Major Air Pollutants,” by Yao （2018）, 
gave an overview of that country’s air pollution status, 
action plans being implemented and future challenges in 
air pollution mitigation. Annual PM2.5 concentrations in 
several cities ranged from 12 to 158 µg/m3 in 2016, with 

an average of 47 µg/m3 ; and the percentage of days with 
PM2.5 exceeding the standard was 14.7％. Major air 
pollutants such as PM2.5 and PM10 decreased between 
2013 and 2016, achieving the Action Plan’s target in 
advance.

The paper from Mongolia, “Current Status of PM2.5 
Pollution and its Mitigation in Ulaanbaatar City of 
Mongolia,” by Dugerjav et al. （2018） describes current 
status of PM10 and PM2.5 distribution and time variations 
in Ulaanbaatar, and current and future air pollution 
mitigation policies in Mongolia. The monthly average 
PM2.5 concentration in Ulaanbaatar was 256 µg/m3 in 
December 2016, which was more than 25 times the annual 
mean of the WHO guideline （10 µg/m3）, and five and ten 
times, respectively, higher than the daily mean （50 µg/m3） 
and annual mean （25 µg/m3） of Mongolia’s National Air 
Quality Standard. To reduce air pollution, the Mongolian 
Government made the decision to ban the consumption 
of raw coal in Ulaanbaatar starting from 2019.

The paper from South Korea, “Chemical 
composition of the ambient PM2.5 in 2014 over Korea,” 
by Sung et al. （2018）, describes characteristics of PM2.5 
mass and composition concentrations in 2014 in six South 
Korean cities. The annual mean PM2.5 concentrations 
were 25.9, 28.1, 27.4, 24.1, 15.5, 22.4 µg/m3 in Seoul, 
Daejeon, Gwangju, Baengnyeong, Jeju and Ulsan, 
respectively. Some cities have PM2.5 levels exceeding the 
annual mean （25 µg/m3） of South Korea’s National Air 
Quality Standard. The dataset demonstrates regional 
characteristics in Korea that will be useful in establishing 
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effective measures for reducing PM2.5.
The paper from Vietnam, “Current Status of PM2.5 

Pollution and its Mitigation in Vietnam,” by Nguyen et 
al. （2018）, provides a comprehensive review of the state 
of PM2.5 pollution, emission sources, health impacts and 
mitigation in Vietnam. The annual mean PM2.5 
concentration in Ha Noi, Ha Long and Ho Chi Minh City 
between 2013 and 2017 exceeded the annual mean 
（25 µg/m3） of National Air Quality Standard in Vietnam. 
Vietnam has been acting in various ways to mitigate 
PM2.5 pollution through efforts by the government, non-
government organizations, media, communities and 
individuals.

The above-listed papers are important in that they 
demonstrate the current status of PM pollution in East 
Asian countries. To discuss the PM2.5 pollution issues in 
Asia more comprehensively, this paper provide an 
overview of the current status of PM2.5 pollution in the 
Asian region overall and discusses future directions for 
improving that pollution.

2．Status of PM2.5 Pollution in Asia

2.1 PM2.5 Standards in Asia
An air quality standard is the maximum amount of 

air pollutant allowable to prevent harm human health, 
decreased visibility and damage to animals, crops, 
vegetation and buildings. Establishment of ambient air 
quality standards and monitoring of their compliance are 
among the important measures to protect the public 
health from the adverse effects of air pollution. Air 
quality standards for particulate matter usually prescribe 
mass concentrations of PM10 and PM2.5 because PM10 
reaches the bronchial pathways and lungs and PM2.5 
penetrates deep into the lungs and may enter the blood 
system. In 2005, the World Health Organization （WHO） 
updated its air quality guidelines （AQG） associated with 
adverse effects on chronic cardiovascular and respiratory 
diseases in epidemiologic studies （WHO, 2006）. The 
AQG points out that a PM2.5 concentration of 10 µg/m3 is 
the lowest level at which total cardiopulmonary and lung 
cancer mortality have been shown to increase with 
greater than 95％ confidence in response to long-term 
exposure to PM2.5. In addition to the AQG, the WHO also 
introduced three interim target （IT） levels at which 
specified mortality responses are indicated based on 

published risk coefficients from multi-centre studies and 
meta-analyses （Table 1）.

National or local governments in the Asian region 
have adopted a range of air quality standards, most of 
which are based on international guidelines, such as the 
WHO’s AQG and the National Ambient Air Quality 
Standards （NAAQS） of the United States Environmental 
Protection Agency （USEPA）, that prevailed at the time 
of their development. It would be desirable for national 
or local governments to develop standards after 
considering prevailing exposure levels, meteorological 
and topographical conditions, socio-economic levels, 
natural background concentrations and population 
susceptibility in their communities. Table 2 provides a 
summary of PM10 and PM2.5 standards in South and East 
Asian countries （CAI-Asia, 2010 ; DENR, 2018 ; JICA, 
2017 ; Kutlar Joss et al., 2017 ; MOEJ, 2018）. Some 
countries such as Afghanistan, Brunei Darussalam, 
Cambodia, Maldives, Myanmar and North Korea have 
not yet established air quality standards for PM10 or 
PM2.5, but Cambodia has an air quality standard for total 
suspended particles （TSP）. Japan has an air quality 
standard for suspended particulate matter （SPM） instead 
of PM10, which is approximately equivalent to PM7. 
Bhutan, China and India have several levels of quality 
standards classified by industrial, residential and natural 
conservation areas. Singapore sets air quality targets to 
be achieved by 2020.

Compared with the WHO’s AQG and the USEPA’s 
NAAQS, all current PM10 standards in Asia are 
equivalent to or lower than the NAAQS （150 µg/m3 for 
24-hour values）, but they are higher than the AQG 
（50 µg/m3 for 24-hour values and 25 µg/m3 for the annual 
mean）. Establishment of PM2.5 standards in Asian 
countries is moving ahead more slowly compared to that 
of PM10. There are only 12 countries that have 
established PM2.5 standards. Many countries set PM2.5 
standards equivalent to or greater than the NAAQS 
（35 µg/m3 for 24-hour values and 12 µg/m3 as an annual 
mean primary standard） and AQG （20 µg/m3 for 24-hour 
values and 10 µg/m3 for the annual mean）. The main 
reason for this is lack of epidemiological data on PM2.5 
and insufficient nationwide monitoring data. It is 
important to establish a sufficient number of monitoring 
stations for assessing compliance to air quality standards 
and effectiveness of air quality policies.
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Table 1  WHO air quality guidelines and interim targets for particulate matter.

Annual mean PM2.5 （µg/m3） 24-hour PM2.5 （µg/m3） Basis of level selected for annual mean

Interim target –1
（IT–1）

35 75 Associated with about 15％ higher long-term mortality risk 
relative to the AQG level.

Interim target─2
（IT–2）

25 50 Lowers the risk of premature mortality by approximately 6％ 
（2–11％） relative to the IT─1 level.

Interim target─3
（IT–3）

15 37.5 Reduces the mortality risk by approximately 6％ （2–11％）
relative to the IT–2 level.

Air quality guideline
（AQG）

10 25 Lowest levels at which total, cardiopulmonary and lung cancer 
mortality have been shown to increase with more than 95％ 
confidence in response to long-term exposure to PM2.5.



2.2 Regional Characteristic PM2.5 Concentrations in 
Asia
Figure 1 shows annual mean PM2.5 concentrations at 

selected sites in South and East Asian countries 
（EANET, 2018 ; WHO, 2018）. The data show annual 

means for one year between 2014 and 2017. PM2.5 
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Table 2  Summary of PM10 and PM2.5 standards in South and East Asian countries.

Country Annual mean PM10 （µg/m3） 24-hour PM10 （µg/m3） Annual mean PM2.5 （µg/m3） 24-hour PM2.5 （µg/m3）
Bangladesh 50 150 15 65

Bhutan （mixed）1 60 100 ─ ─
China : Grade Ⅱ2 70 150 35 75

Hong Kong SAR 50 100 35 75

India3 60 100 40 60

Iran 20 154 10 35

Indonesia ─ 150 ─ ─
Japan ─ ─ 15 35

Lao PDR 120 50 ─ ─
Malaysia 50 150 ─ ─
Mongolia 50 150 25 50

Myanmar ─ ─ ─ ─
Nepal ─ 120 ─ ─
Pakistan 120 150 15 35

Philippines4 60 150 25 50

South Korea 50 100 25 50

Singapore5 20 50 12 37.5

Sri Lanka 50 100 25 50

Taiwan, Province of China 65 125 15 35

Thailand 50 120 25 50

Vietnam 50 150 ─ ─
1＝Areas where residential, commercial or both activities take place. 2＝Applies to residential areas, mixed commercial/residential areas, cultural, industrial and rural 
areas. 3＝Applies to industrial, residential, rural and other areas. 4＝Air quality guideline values. 5＝Air quality targets by 2020.

Fig. 1    Annual mean PM2.5 concentrations in South and East Asian countries. 
（Year of measurement is shown in the y-axis label）



concentrations at some sites in Bangladesh, China, India 
and Mongolia were more than twice the respective 
national air quality standards. These countries face severe 
air pollution, so PM2.5 source analysis has been 
implemented. Source apportionment of PM2.5 in Dhaka, 
Bangladesh during 1993–1994 showed that PM2.5 was 
mainly attributed to natural gas/diesel burning （46％）, 
motor vehicles （29％） and metal smelting （10％）
（CAI-Asia, 2006）．Source contributions to PM2.5 

during 2013 were determined for 25 Chinese provincial 
capitals and municipalities using the Community 
Multiscale Air Quality （CMAQ） model （Qiao et al., 
2018）. Industrial or residential sources were predicted to 
be the largest contributors to PM2.5 in all cities, with 
annually fractional contributions of 25.0–38.6％ and 
9.6–27％，respectively. Secondary PM2.5 accounted  
for 47–63％ of annual PM2.5 concentrations and 
contributed to as much as 70％ of daily PM2.5 
concentrations on polluted days. Chemical 
characterization of PM2.5 was carried out in Delhi, India 
during 2013–2014, and a Positive Matrix Factorization 
（PMF） model was applied for source apportionment of 

PM2.5 mass concentration （Sharma et al., 2016）. The 
major sources of PM2.5 were secondary aerosols 
（21.3％）, soil dust （20.5％）, vehicle emissions （19.7％）, 

biomass burning （14.3％） and fossil fuel combustion 
（13.7％）. Some studies implemented chemical 

characterization of PM2.5 in Ulaanbaatar, Mongolia, 
finding coal combustion processes to be a major 
contributor to PM2.5 during air pollution episodes in 
autumn and winter （Baldorj & Sato, 2016 ; Davy et al., 
2011）. These source analysis results would be helpful in 
developing measures to reduce annual PM2.5 
concentrations in Asian cities.

For other countries, annual PM2.5 concentrations at 
sites in Myanmar, Nepal, Philippines, Thailand and 
Vietnam exceeded 30 µg/m3. Among these countries, 
Thailand and Philippines adopted air quality standards or 
guidelines for PM2.5. Limited air quality data, especially 
in developing countries, is an obstacle to evaluating 
potential air quality impacts originating from various 
sources and establishing air quality standards for PM2.5. 
Annual PM2.5 concentrations at the sites in Cambodia, 
Japan, South Korea and Singapore were less than 
30 µg/m3, but still exceeded the WHO’s AQG. Although 
adverse effects on health cannot be entirely ruled out 
below the AQG level for PM2.5, the annual mean AQG 
value represents a PM2.5 concentration that has not only 
been shown to be achievable in large urban areas in 
highly developed countries, but also expected to 
significantly reduce the health risks if attained （WHO, 
2006）. In addition to the AQG value, three interim 
targets （IT） for PM2.5 are presented because it is difficult 
for developing countries to attain the AQG. These targets 
aim to promote a shift from high air pollutant 
concentrations, which have serious acute health 
consequences, toward lower air pollutant concentrations.

2.3 PM2.5 Concentration Trends in Asia
Compared to other air pollutants, there are limited 

long-term monitoring data on PM2.5 in the Asian region. 
Some studies have evaluated trends in PM2.5 using data 
from air-pollution monitoring stations in Tokyo （Hara et 
al., 2013 ; Wakamatsu et al., 2013）. The annual average 
PM2.5 concentration in Tokyo declined by 49.8％ from 
29.3 µg/m3 in 2001 to 14.7 µg/m3 in 2010. Significant 
positive correlations were found between traffic volume 
and PM2.5 concentration at the four stations in Tokyo, and 
the average concentrations of PM2.5 per traffic volume 
have also decreased since 2001 （Hara et al., 2013）. The 
decrease in traffic volume resulting from the travel 
restriction regulations implemented in October 2003, 
which restrict diesel vehicles not in compliance from 
being driven in Tokyo. New engines and the installation 
of exhaust gas treatment devices, such as diesel 
particulate filters complying with regulations in 2005 
were effective at reducing PM2.5 （Tokyo Metropolitan 
Government, 2018 ; JAMA, 2018）. The results of trend 
analysis suggest that reduction in traffic volume as well 
as improvements in engine design and the installation of 
exhaust gas treatment systems may have improved air 
quality.

Lang et al. （2017） investigated long-term trends in 
PM2.5 from 2000 to 2015 in Beijing, based on intensive 
observation and a comprehensive investigation of 
literature on PM2.5 and its chemical components. The 
annual average concentration of PM2.5 generally 
decreased by 1.5 µg/m3 per year from 2000 to 2015 
thanks to implementation of pollution control measures. 
In winter, the most polluted season, PM2.5 concentrations 
were affected by emission control efforts and 
meteorological conditions. As for trends in chemical 
components of PM2.5, the organic carbon （OC）/
elementary carbon （EC） ratio and secondary organic 
carbon（SOC）/OC ratios showed an increasing trend, 
which implies that pollution from secondary 
carbonaceous species is becoming serious. The 
proportion of secondary inorganic aerosol （SIA） in 
PM2.5 increased at a rate of 0.7％ per year. Although the 
emission mitigation measures implemented in Beijing 
have reduced primary PM2.5 effectively, special attention 
should be paid to controlling secondary components to 
improve the air quality in Beijing further.

Kim and Lee （2018） provided an analysis of trends 
in air pollutant concentrations in the Seoul Metropolitan 
Area （SMA） as policies were applied. The 
concentrations of PM2.5 and PM10 in Seoul have 
decreased since 2003. The concentrations of primary air 
pollutants decreased drastically during the 1980s and 
1990s due to strict regulations on fuels and emission 
standards. Even with strict regulations, however, the 
number of emission sources has increased as living 
standards have improved, the result being that overall 
levels of air pollutants have not decreased since the early 
2000s. To improve air quality in the SMA, the Korean 
Government enacted the “Special Act on the 
Improvement of Air Quality in Seoul Metropolitan Area” 

42 K. SATO and T. OHARA



in 2003 to control emissions from diesel vehicles. 
Therefore, the main reason for this decreasing trend may 
be reduction of air pollutant emissions in the SMA, 
though meteorological conditions have also contributed 
to the decreasing trend. Emissions of PM10, NOx, SOx 
and Volatile Organic Compounds （VOCs） in the SMA 
decreased by 33％, 30％, 40％ and 9％, respectively, in 
2014 compared to 2007.

To elucidate spatial coverage of PM2.5 trends in the 
Asian region, some studies have used satellite-retrieved 
PM2.5 concentration data. Ma et al. （2016） estimated 
ambient PM2.5 concentrations from 2004 to 2013 in 
China at a 0.1° resolution using the most recent satellite 
data. Their analysis revealed an annual mean PM2.5 
increase of 1.97 µg/m3 between 2004 and 2007 and a 
decrease of 0.46 µg/m3 between 2008 and 2013 for China 
overall. Similar changes in trends were observed in the 
Beijing-Tianjin Metropolitan Region, Yangtze River 
Delta and Pearl River Delta. These data can provide 
historical PM2.5 estimates in China before establishment 
of the regulatory PM2.5 monitoring network, and will 
enhance research on long-term PM2.5 health effects in 
China. Shi et al. （2018） estimated premature mortality 
attributable to PM2.5 in South and Southeast Asia 
（SSEA） from 1999 to 2014 using satellite-retrieved 
PM2.5 concentrations with a 0.01° resolution. The 
estimated number of PM2.5-induced average annual 
premature deaths in SSEA increased from 1,179,400 in 
1999 to 1,724,900 in 2014. These results suggest that 
strict PM2.5 concentration controls are urgently required 
in SSEA.

3．The Way forward for PM2.5 Mitigation

PM2.5 mitigation can make a significant contribution 
toward promoting healthy life and well-being and the 
creation of safe, sustainable cities. As air pollution is a 
major health risk and economic burden, policy makers 
should implement national air pollution control 
measures. Reduction of exposure to PM2.5 would not 
only require a reduction of primary PM2.5 emissions but 
also of precursor emissions （SO2, NOx, NH3, VOCs） to 
secondary PM2.5. Regional scale emission reductions are 
essential for reducing PM2.5 levels.

PM2.5 pollution involves new issues such as the link 
between urban air pollution and regional/hemispheric air 
pollution, as well as the relationship between air 
pollution and climate change. Reduction of PM2.5 
precursor emissions can also be expected to mitigate 
other atmospheric pollutants such as ozone. Accordingly, 
extended assessment of the state of PM2.5 should be 
strengthened in Asia. Ground-based monitoring is a key 
component of assessment, particularly at the city scale, 
and countries need to enhance ground-level monitoring 
networks. With ground-based monitoring alone, however, 
it is hard to monitor spatial and temporal variability. 
Satellite-based observations need to be combined with 
data from ground-based monitoring. Estimation of the 
disease burden due to PM2.5 is being improved with 

better data and improved methods leading to improved 
accuracy. The results of research and studies on effects of 
each chemical component of PM2.5, and combined health 
impacts with other pollutants such as nitrogen oxides, 
ozone and natural dust will help improve disease burden 
estimates. Air quality modeling and emission inventories 
are other key components to assess in elucidating 
formation mechanisms of PM2.5 pollution, for predicting 
its status based on emission scenarios in the future, and 
for policy making toward emission reduction for 
pollution mitigation.

UNEP and the WMO reported that reducing some 
air pollutants can help limit near-term global warming 
and mitigate the impacts on human health and 
agricultural crops （UNEP/WMO, 2011）. Reduction of 
SLCP （short-lived climate pollutants） such as ozone and 
black carbon─a chemical component of PM2.5─has the 
co-benefit of mitigating global warming as well as air 
pollution. Additionally, because the effects of reducing 
SLCP are more immediate than those of reducing long-
lived greenhouse gas such as CO2, which has a long time 
lag to its reduction effect, SLCP reduction receives the 
most attention as a global warming mitigation measure 
with more immediate effects. Particularly, the SLCP co-
benefit approach is an effective measure in Asian regions 
such as China where serious air pollution occurs.

Co-control planning or “an integrated multi-
pollutant approach for controls” is also recommended for 
planning control measures that can simultaneously 
reduce several pollutants including PM2.5, and therefore 
can be highly cost-effective. Co-control air quality 
planning optimizes trade-offs between pollutants, 
impacts and benefits. This approach is extremely 
important in Asia, where many kinds of pollutants can be 
found at high levels beyond ambient air quality 
standards.

For solving the issue of PM2.5 pollution in the 
developing countries of Asia, international transfer of 
clean technology and systems from developed countries 
should be promoted. For example, Japan has useful 
experience and technologies for reducing serious air 
pollution. In Japan, serious air pollution occurred in 
urban and industrial areas during the period of the high 
economic growth in the 1960s and was at comparable 
levels to particulate pollution in China currently. Japan’s 
air pollution has been improved through much effort 
from central and local governments, scientists and 
engineers, private companies and other actors. Such 
experience and clean technologies should be transferred 
to developing countries where they can play an important 
role in solving the issue of air pollution.

There is a need for closer cooperation among all 
organizations, initiatives and networks to reduce regional 
atmospheric pollution in Asia. EANET （Acid Deposition 
Monitoring Network in East Asia） has established 
linkages with many regional and sub-regional initiatives, 
networks and programs involved in the protection of the 
atmospheric environment （EANET, 2018）. An Asia 
Pacific Clean Air Partnership （APCAP） has been 
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recently proposed to establish common understanding 
among scientists and policy makers and develop an 
international initiative for an integrated approach to air 
pollution among Asian scientists （EANET, 2015）.

4．Summary and Conclusions

An overview of the current status of PM2.5 in Asian 
countries is given here from the viewpoint of ambient 
standard levels in each country, regional characteristics 
and temporal trends. Many developing countries in Asia 
lack sufficient air quality data, creating an obstacle to 
evaluating potential air quality impacts originating from 
various sources and establishing air quality standards for 
PM2.5. Enhancing the air quality monitoring network in 
the Asian region would be the first step toward tackling 
PM pollution issues. In addition, the present paper has 
discussed future directions for improving PM2.5 pollution 
in Asia. Air pollution management toward PM2.5 
mitigation is expected to be strengthened at the local, 
national and region levels, with an aim to reduce the 
adverse impacts of air pollution and to recover Asia’s 
clean blue skies.
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Abstract
In China, rapid economic development accompanied by complex air pollution issues has resulted in a 

need for innovative solutions simultaneously addressing these complex pollution issues that lack well-
developed solutions, since no country has ever faced a similar battle before. To seek innovative solutions, 
efforts have been made under the Five Sphere Integrated Plan to carry out development under a new concept. 
In air pollution prevention and control, the Action Plan on Air Pollution Prevention and Control was 
implemented in 2013–2016. This article provides a brief description of its achievements, with an emphasis 
on atmospheric quality conditions in 2016. Major air pollutants such as PM2.5 and PM10 have decreased, 
achieving the Action Plan’s target in advance. Furthermore, international cooperation at the global, regional 
and bilateral levels related to supporting air pollution prevention and control was also been introduced. Air 
pollution prevention and control has entered a crucial stage, with great challenges from development and 
new emerging issues such as ozone. At this stage, to improve air quality further, the Three Year Plan on 
Defending the Blue Sky was published, serving as a guide for the upcoming three years. The major strategy 
and objectives of this Three Year Plan are introduced. To improve air quality further with substantial effects, 
technology cooperation is recommended for facilitating progress toward achieving air pollution prevention 
and control targets among countries under the guidance of air-related SDG goals and targets.

Key words : action plan, air pollution, blue sky, China, international cooperation, technology cooperation

1. Introduction

China has been developing on a more sustainable 
path during the past few years under the vision of the 
Five Sphere Integrated Plan and Four-Pronged 
Comprehensive Strategy. The rapid economic growth of 
the past few decades has been rebalanced and 
restructured （World Bank, 2018）. The gross domestic 
product （GDP） has increased from 54 trillion Chinese 
yuan in 2012 to 82.7 trillion Chinese yuan occupying a 
share of from 11.4 to 15％ of the global economy and 
accounting for over 30％ of the world economic growth
（NBS, 2018）. The green innovation and related new 
sectors have served as a new engine for sustainable 
development. An annual average of 11％ of the increased 
revenue has been invested in research and development. 
As a result, the innovation sectors, including 
e-commerce, mobile payment and the sharing economy, 
have achieved significant progress and lead global trends.

The growth outlook has been reshaped by ecological 
innovation in each and every aspect of sustainable 
development. “Green is Gold” is regarded as a vision 

dealing with the relationship between economic growth 
and environmental protection. The ecological 
environment has been gradually improved with efficient 
implementation of the action plans for prevention and 
control of air pollution, water pollution and soil pollution 
achieving a 20％ decrease in energy consumption for per 
capita GDP, a decrease of around 50％ in the number of 
days with heavy pollution and a continuous decrease in 
key environmental pollutants.

Along with greater involvement of China in global 
environmental governance, more Chinese ideas have 
been shared for the formulation of a sustainable 
development modality for the world. However, under the 
current international economic situation of anemic world 
economic recovery and volatile international financial 
markets, protectionism is on the rise globally and will 
cause more downward economic pressure on China. 
Furthermore, the lack of an internal growth engine and 
limited capacity for innovation will affect structural 
optimization toward a more environmentally friendly 
development modality.

Under the above mentioned economic and macro 
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circumstances, this article will focus on air pollution 
prevention and control issues in China by analyzing 
achievements, challenges and the way forward.

2. Achievements

Since the 1930s, most developed countries have 
experienced severe atmospheric pollution and have 
accordingly solved air pollution challenges during the 
past century （Wang, 2016）. In China, rapid economic 
development accompanied by complex air pollution 
issues has brought a need for innovative solutions 
simultaneously addressing these complex pollution 
issues that lack well-developed solutions, since no 
country has ever faced a similar battle before. To seek 
innovative solutions, under the Five-in-one General 
Strategy （the overall plan for promoting economic, 
political, cultural, social and ecological progress）, efforts 
have been made to implement a new concept of 
development.

2.1 Air Pollution Status
In general, the six major air pollutants in 338 cities 

at or Above Prefecture Level （APL） in 2016 were as 
indicated in Fig. 1. Among the 338 APL cities, 24.9％ of 
these cities met national ambient air quality standards, 
i. e., 254 cities failed to meet national ambient air quality 
standards in 2016 （Fig. 1）. The average percentage of 
days on which air quality standards were attained in 2016 
was 78.8％, which was 2.1％ higher than the average in 
2015. In the 338 APL cities, the number of days with 
heavy pollution （Air Quality Index （AQI） between 201–
300） and very heavy pollution （AQI greater than 300） 
were 2,464 days and 784 days, respectively. Among these 
days, 80.3％ had PM2.5 as the primary pollutant （when 
AQI＞50, the pollutant with the biggest individual AQI is 
the primary pollutant）, 20.4％ had PM10 as the primary 
pollutant, and 0.9％ had ozone as the primary pollutant. 

（MEP, 2017）

2.1.1 PM2.5

The PM2.5 concentrations in three major regions, 
Beijing-Tianjin-Hebei （BTH）, Yangtze River Delta （YRD） 
and Pearl River Delta （PRD）, decreased by 33.0％, 
31.3％ and 31.9％ respectively compared with those in 
2013, achieving the Action Plan for Prevention and 
Control of Air Pollution （Action Plan） goals in advance.

PM2.5 concentrations in the APL cities improved in 
2016 compared to 2015, decreasing by 6.0％. PM2.5 
concentrations ranged from 12 to 158 µg/m3 with an 
average of 47 µg/m3 ; and the percentage of days 
exceeding the standard was 14.7％（MEP, 2017）.

2.1.2 PM10

In 2016, the national PM10 concentration decreased 
by 15.5％ from 2013, and in 2017, the national PM10 
concentration was 75 µg/m3, down by 22.7％ from the 
2013 level. The PM10 concentration improved in 2016, 
decreasing by 1.7％ from 2015. PM10 concentrations 
ranged from 22 to 436 µg/m3 with an average of  
82 µg/m3, down 5.7％ from 2015 ; and the percentage of 
days exceeding the standard was 10.4％（MEP, 2017）．

2.1.3 Other Major Air Pollutants
The air quality in China has improved significantly. 

In 2017, SO2 in the APL cities decreased by 41.95％ 
compared with 2013, and the 74 cities under stageⅠ 
monitoring based on the newly amended ambient air 
quality standards showed the percentage of days meeting 
air quality standards to be 73.4％, up by 7.4％ from 
2013. These 74 cities had 51.8％ fewer heavy pollutions 
days.

In 2016, the annual average concentrations of SO2 
ranged from 3 to 88 µg/m3, with an average of 22 µg/m3, 
down by 12.0％ from 2015. As for NO2, the annual 
average concentrations ranged from 9 to 61 µg/m3 with 
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Fig. 1    Percent of 338 APL cities with different concentrations of six pollutions in 2016 in China.
The national standards for the six major air pollutants are X for PM2.5, X for PM10, X for O3, X for SO2, 
X for NO2 and X for CO.（MEP, 2017）



an average of 30 µg/m3, which was equal to the average 
in 2015. The 95th percentile concentration of the daily 
CO average decreased by 9.5％ from 2015, with an 
average of 1.9 mg/m3 and a range of 0.8 to 5.0 mg/m3. O3 
alone differed from the above-mentioned pollutants, 
increasing by 3.0％ from 2015, with an average of 
138 µg/m3 and a range of 73 to 200 µg/m3 for 90th 
percentile concentration of the daily maximum eight-
hour average （MEP, 2017）.

2.2 Action Plan Implementation
As one of China’s three campaigns for prevention 

and control of pollution, Air Pollution Prevention and 
Control was guided by the Action Plan for Prevention 
and Control of Air Pollution. In the budget for the  
13th Five-Year Plan on Eco-Environmental Protection, 
11.2 billion Chinese Yuan  from the central budget were 
allocated for prevention and control of air pollution.

2.2.1 Air Quality Targets Achieved
The Action Plan targets were fully achieved 

regarding air quality improvement （Fig. 2）, both at the 
national level and in the key regions. Ambient air quality 
improvement targets were specified for the index in Part 
2.1 of this article. The three major regions achieved the 
Action Plan goals in advance, especially for PM2.5 
concentrations. Heavy pollution days in the BTH region 
decreased and fine days in the YRD region increased on 
an annual basis. As the city of most intense focus, 
Beijing achieved an average PM2.5 concentration of 
58 µg/m3, down by 34.8％ from 2013 to 2017.

2.2.2 Structural Adjustments Breakthrough
The structures of three major sectors, i. e., industry, 

energy and transportation, have been adjusted. In this 
industrial structure adjustment, backward capacity was 
eliminated and excess capacity was resolved. From 2013 
to 2017, capacities of 200 million tons in steelmaking, 
500 million tons in coal, 250 million tons in cement 
（including at grinding stations）, 113 million weight 

cases in glass, 25 million KWs in coal-fired power units, 
and 140 million tons in substandard steel were 
eliminated, getting rid of backward and excess capacity. 
Other industrial restructuring included “unplanned, 
illegal and polluting” （UIP） enterprise renovation. As a 
result, the “2＋26” cities （Beijing, Tianjin and 26 other 
cities in the smog-plagued provinces of Hebei, 
Shandong, Henan and Shanxi） renovated up to 62,000 
UIP enterprises contributing to air pollution.

The energy restructuring included ultra-low-
emission and energy-saving renovations in coal-fired 
power plants. Nationwide 700 KWs of ultra-low-emission 
renovation were completed for coal-fired power plants 
and 460 million KWs of energy-saving renovation were 
completed. Furthermore, the world’s largest scale coal 
power supply system meeting ultra-low-level standards 
was built. The energy structure was also improved, with 
coal consumption decreasing from 2013 to 2016 （Fig. 
3）, a major feat considering China’s coal consumption 
had doubled in the decade before 2013.
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Fig. 2  Emission reduction ratios in 2013─2016 in China.

Fig. 3  Energy structure in China, 2013─2016.



As for the transportation structural adjustment, all 
together 20 million yellow labelled vehicles were 
eliminated and the China V vehicle emission standards 
and clean oil product standards were published. China’s 
VI vehicle oil product standards and light vehicle 
emission standards were also published. Since heavy 
truck emissions have been a significant issue to be 
resolved, supervision and management of those were 
strengthened. At the same time, diesel and gasoline 
production inspections were carried out. The “2＋26” 
cities had fixed and mobile remote sensing monitoring 
devices installed, covering major crossings, with a focus 
on diesel trucks and high-emission gasoline vehicles.

2.2.3 New Pattern Formulated
The multi-sector Joint Control Pattern was 

formulated with central environmental inspections in 31 
provinces and quantitative accountability was 
implemented with responsibility for air quality 
improvement shared at various levels. Different 
ministries closely cooperated together to carry out 
differentiated tasks. In key regions, regional Joint 
Prevention and Control has achieved great innovation by 
introducing prevention and control policies and measures 
without boundaries between administrative divisions.

The Law on Environmental Protection and the Law 
on Prevention and Control of Atmospheric Pollution 
were revised and republished. Among these laws, new 
instruments such as daily penalties, production 
termination / restriction, seizure and sequestration were 
also introduced.

2.2.4 Environmental Economic Policies Improved
Financial support from both central and local 

governments has provided a sound basis for air pollution 
prevention and control. Around 60 billion Chinese yuan 
were allocated from the central government during the 
period of the Action Plan. The Air Pollution Prevention 
and Control Special Fund was established and a 
diversified investment mechanism involving governments, 
enterprises and society was formulated. Funds for special 
sectors were also set up, such as cleaner heating funds in 
the BTH region, with 0.5–1 billion Chinese yuan 
allocated per city. Furthermore, counterpart funds were 
also provided by provincial-, city- and county-level local 
governments.

Pricing policies and subsidy policies were 
developed to provide economic incentives for air 
pollution prevention and control, such as a graded 
electricity pricing system, that differentiates among 
electricity sources and users. Subsidies were utilized to 
phase out yellow labelled vehicles and promote cleaner 
energy in the residential sector.

Environment taxes, replacing emission fees, and 
other environment fees were also introduced as an 
economic instrument, and included elevated rates of 
emission fees, VOC emission fees, and other measures.

2.2.5 Heavy Pollution Response System Established
The capacity for heavy pollution weather was 

enhanced and the response working mechanisms were 
improved. The capacity for heavy air pollution 
monitoring and early warning was formulated to realize 
accurate three-day forecasting and seven-day potential 
analysis at the regional, provincial and municipal levels.

A technical support system was established for 
heavy air pollution response, including processes for air 
quality forecasting, consultation for decision making, 
releasing of early warning alerts, emergency response, 
episode evaluation, plan revision and so on. This 
response system has effectively reduced peak 
concentrations of heavy air pollution and protected the 
public health accordingly.

The early warning system set up classification 
standards for alerts, including blue alerts with a 
forecasted daily mean AQI of more than 200, yellow 
alerts with a forecasted daily mean AQI of more than 200 
lasting two more days past the alert, orange alerts with a 
forecasted daily mean AQI of more than 200 lasting three 
more days or with a forecasted daily mean AQI of more 
than 300, and red alerts with a forecasted daily mean AQI 
of more than 200 lasting four more days or with a 
forecasted daily mean AQI of more than 300 lasting two 
more days or a forecasted daily mean AQI of more than 
500. By classifying the alerts, pollution emission 
reduction ratios could be set for each alert level and 
emergency emission reduction ratios could be defined for 
each alert level. Furthermore, regional emergency 
linkages were also strengthened for implementing 
emergency response measures.

2.3 International Cooperation
The world is more inter-linked than ever before in 

its long history. In China the “New Normal” of seeking a 
sustainable development path is undergoing a transition 
from fast economic growth to a more balanced 
sustainable growth. As for international cooperation 
strategies, the Belt and Road Initiative is the major 
initiative for strengthening international cooperative 
relationships.

Air pollution issues in China currently are a 
combination of traditional air problems that developed 
countries have experienced, and new emerging issues 
such as ozone pollution, for which nobody can provide a 
well-developed solution yet. Under such circumstances, 
international cooperation is of crucial significance in 
sharing experiences, discussing new issues jointly and 
strengthening technology cooperation among enterprises 
as a substantial way to improve air quality （CCICED, 
2014）. In the past decade, global, regional and bilateral 
cooperation on atmospheric issues was carried out in a 
variety of ways.

2.3.1 Global Cooperation
Air pollution has gained the attention of the United 

Nations for the past decade. In light of the emphasis on 
the Sustainable Development Goals （SDGs） in the 2030 
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Agenda for Sustainable Development, adopted by the 
United Nations General Assembly in 2015, these 169 
targets underpinning 17 goals provide 169 ways to 
explain how no one is to be left behind in sustainable 
development. In responding to the emerging concerns 
regarding atmospheric issues, air-related targets among 
the SDGs are mainly covered by Goal 3 ─ Ensure 
healthy lives and promote well-being for all at all ages 
and Goal 11 ─ Make cities and human settlements 
inclusive, safe, resilient and sustainable. Among these 
goals, major air pollution targets are :
▶ Target 3.9 ─ By 2030, substantially reduce the 
number of deaths and illnesses from hazardous chemicals 
and air, water and soil production and contamination ;
▶ Target 11.6 ─ By 2030, reduce the adverse per capita 
environmental impact of cities, including by paying 
special attention to air quality and municipal and other 
waste management.

Additionally, Goal 12 ─ Ensuring sustainable 
consumption and production patterns also covers air 
issues with a short-term expected timeline as follows :
▶ Target 12.4 ─ By 2020, achieve the environmentally 
sound management of chemicals and all wastes 
throughout their life cycle, in accordance with agreed 
international frameworks, and significantly reduce their 
release to air, water and soil in order to minimize their 
adverse impacts on human health and the environment.

In 2017, the third session of the UN Environment 
Assembly （UNEA-3）, with the theme of “Towards a 
Pollution-Free Planet,” adopted the Resolution on 
Preventing and Reducing Air Pollution to Improve Air 
Quality Globally. This resolution calls for member states 
to take action across sectors to reduce all forms of air 
pollution and consider joining or cooperating with, as 
appropriate, relevant global initiatives. The Resolution 
also stresses the need for further sharing of existing 
knowledge by engaging in regional cooperation on 
science, technology, policy, measures and best practices 
related to addressing air pollution.

2.3.2 Regional Cooperation
Regional cooperation has been initiated through 

several mechanisms of regional environmental 
cooperation. Several sub-regional-level mechanisms also 
set air pollution as a prioritized cooperation area, such as 
the Tripartite Environmental Ministers’ Meeting 
（TEMM）. Since 2010, the TEMM has adopted the five-

year  Tripartite  Joint  Action  Plan  （TJAP）  to 
systematically manage cooperation projects. Under the 
current TJAP, Air Quality Management is the first among 
nine cooperation areas and has two sub-areas of air 
pollution and dust and sandstorms （DSS）. The air 
pollution cooperation mechanism is one of the newest 
tripartite environmental cooperation mechanisms. The 
Tripartite Policy Dialogue on Air Pollution is under the 
technical support of two working groups : Scientific 
Research on Prevention and Control, and Technology/
Policy on Air Quality Monitoring and Prediction.

The APEC Cooperation Network on Green Supply 

Chain （GSCNET） was endorsed by the 2014 APEC 
Economic Leaders’ Meeting in Beijing. Leaders from 21 
APEC economies made the following declaration on 
GSCNET: “We positively value the APEC High-level 
Roundtable on Green Development and its declaration, 
and agree to establish the APEC Cooperation Network 
on Green Supply Chain. We endorse the establishment of 
the first pilot center of APEC Cooperation Network on 
Green Supply Chain in Tianjin, China, and encourage 
other economies to establish pilot centers and advance 
related work actively.” The GSCNET was established to 
combine the green aspects of APEC with the global 
supply chain while focusing on green production and 
consumption and green transportation sectors to 
encourage reduction of emissions and more sustainable 
development. To fulfill these tasks, it enabled pilot 
centers to be set up at city, enterprise and institution 
levels.

2.3.3 Bilateral Cooperation
Bilateral cooperation has been developed with 

neighboring countries such as Japan and Korea. As for 
bilateral cooperation with Japan, an inter-city 
cooperation has been implemented with an MOU signed 
by the ministers from the Ministry of Ecology and 
Environment of China and the Ministry of the 
Environment of Japan on cooperation in research and 
demonstration of an improved atmospheric environment. 
Cooperation on demonstration has been developed at the 
city level, focusing on major and urgent atmospheric 
topics in each participating city. This cooperation was 
characterized particularly by topic setting for different 
cities that was based thoroughly on the respective 
demands of the cities involved in their own air pollution 
prevention and control activities, such as for VOCs, 
vehicle emission control, technology assessment 
methodology and so on. Therefore such cooperation has 
accordingly strengthened the capacity of each city in 
response to urgent atmospheric issues and helped 
improve local work on air pollution prevention and 
control. Under bilateral cooperation between China and 
Korea a joint laboratory for joint research of mutual 
interested topics was established. This cooperation 
modality provided a platform for researchers of different 
countries to work together to substantially enhance 
communication with joint efforts toward mutually 
beneficial research outputs.

3. Challenges

3.1 Development Challenges
China is still the biggest developing country in the 

world. Under the comprehensive reform agenda in the 
13th Five-Year-Plan （2016–2020）, the ongoing economic 
transition will be facilitated toward a higher quality, more 
balanced growth that is both economically and 
environmentally sustainable. With this transition in 
growth modality, air pollution prevention and control 
work will face more challenges than before. The ambient 
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air quality is far from fulfilling the goal of building a 
society moderately prosperous and meeting people’s 
ever-growing demands for a beautiful environment.

3.2 New Crucial Stage
Air pollution prevention and control has entered a 

crucial stage. The current industrial, energy and 
transportation structures lead to high emissions. 
Decoupling between economic growth and air pollutant 
emissions has not yet been achieved. Especially in the 
BTH and surrounding region, the air pollutant emission 
intensity （emission rate of a given pollutant relative to 
the intensity of emission） reached four times the national 
average intensity. Thus air pollution prevention and 
control work is a long-term task requiring joint efforts 
from regions and sectors so as to promote continuous 
improvement in air quality （Brimblecombe et al., 2001）.

3.3 Ozone Pollution
Additionally, new emerging issues such as ozone 

pollution have become a major cause of the air pollution 
replacing PM2.5 and PM10 in some regions especially 
during summer. Tropospheric ozone is an air pollutant 
and a greenhouse gas, with origins in stratospheric ozone 
and photochemical reactions of NOx and VOCs. 
Tropospheric ozone is a secondary pollutant arising from 
a complicated series of chemical reaction in the presence 
of sunlight. Deeper understanding of its reaction 
mechanisms and modality will facilitate policy design for 
ozone pollution prevention and control （Akimoto, 2015）.

During the Action Plan period of 2013 to 2016, 
major air pollutant concentrations decreased expect for 
the eight-hour 90 percentile concentration of ozone. 
Among 338 cities, ozone exceeded the standard in 59 
cities, most of which were in the BTH, YRD and PRD 
regions. Both the concentration and percentage 
exceeding the standard increased continuously. In 74 
cities, the annual number of days with ozone pollution 
exceeding the standards increased by three days. Record-
high concentrations occurred increasingly, reaching  
139 µg/m3, 145 µg/m3, 150 µg/m3 and 154 µg/m3 in 2013 
to 2016.

4. The Way Forward

The Three Year Plan on Defending the Blue Sky 
was launched with a work plan for the subsequent three 
years on air pollution prevention and control. The Three 
Year Plan will be implemented to promote structural 
adjustments continuously in industry, energy, 
transportation and land use, to respond to weather with 
heavy air pollution, to carry out deep measures for air 
pollution prevention and control, and accordingly to 
improve environmental quality. The Three Year Plan 
differs from the Action Plan for Air Pollution Prevention 
and Control in the following four aspects. The Three Year 
Plan focuses more on the accuracy of policy objectives, 
including the objectives with regard to air pollutants, 
regions, seasons and measures. It also focuses more on 

source control by various forms of restructuring. 
Meanwhile it emphasizes the design of scientific 
measures and technical feasibility. Last but not least, it 
calls for establishment of a long-term mechanism.

4.1 Strategy and General Tasks
In the working areas, the following four priorities 

will be emphasized. The priority regions will be BTH 
and the surrounding area, YRD, the Fen-Wei Plains 
（FWP） and others. Among these regions, Beijing is the 

major target. The priority indicator is PM2.5 and the 
priority seasons are autumn and winter, when heavy air 
pollution occurrs most frequently. The priority sources 
are industry, loose coal, diesel trucks, dust and others.

Four structures will be optimized including 
industrial, energy, transportation and land use 
restructuring. This is necessary to protect the 
environment while pursuing development and to achieve 
development in a well-protected environment.

The mechanism is designed to enhance, support 
from the four aspects of regional joint prevention and 
control, enforcement and supervision, technology 
innovation, and publicity and guidance. Society is 
encouraged to participate in the joint efforts of defending 
the blue sky.

4.2 Objectives
The overall objectives are to achieve a clear 

decrease in air pollutant emissions, to decrease 
greenhouse gas emissions with co-control measures, to 
decrease the PM2.5 concentrations notably, to achieve a 
marked decrease in the number of days with heavy air 
pollution, to achieve sharp improvements in the 
atmospheric environment, and to enhance the blue-sky 
happiness of the people remarkably.

As for concrete indicators, the following goals are 
to be achieved : a decrease in CO2 and NOx emissions by 
15％ from 2015, a decrease of more than 18％ in PM2.5 
concentrations in APL cities that have failed to meet the 
standards, an 80％ ratio of air quality attainment days 
reached in APL cities, and a decrease in the ratio of days 
with heavy air pollution or very heavy air pollution by 
25％ from 2015.

4.3 Other Highlights
Co-control of PM2.5 and ozone will also be 

implemented. The major actions to control ozone in the 
Three-Year Plan include control of NOx and VOC 
emissions, enhancement of objective air quality 
management and improvement in management and 
control capacities. As the next step, a guidance document 
will be drafted on ozone pollution prevention and control 
to promote VOC and NOx emission control so as to co-
control ozone with PM2.5.

The monitoring network will be further 
strengthened. By the end of 2020, county-level 
monitoring sites will all be widely covered and operated 
in east, central and western China. These sites will also 
be linked to the China National Environmental 
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Monitoring Center （CNEMC） for data reporting. The 
cities in major regions and other severe ozone pollution 
cities will carry out VOC monitoring. The launching of 
an atmospheric environment monitoring satellite will be 
studied.

5. Conclusions

5.1 Key Points
In conclusion, the air pollution prevention and 

control issue was handled in China by unprecedented 
strengthening of measures, guided by a series of laws, 
regulations, standards and polices. Due to downward 
economic pressure, however, the challenge of seeking a 
win-win solution towards sustainable development is a 
great concern. Rather than limiting the discussion to the 
relat ionship between economic growth and 
environmental protection, it would be more worthwhile 
to discuss how to generate new creativity from green 
engines for development of broader green production and 
consumption beyond traditional environmental protection 
industries. To describe the key function of further efforts 
towards the final goal, there is a Chinese traditional 
saying : the last 10％ is half of the total work load. This 
description could fit the current blue sky actions. In this 
regard, going forward will require further global 
collaboration and introduction of the best available 
experience and technologies.

5.2 SDG Mechanism
In a world undergoing profound change, interlinked 

threats and challenges in environmental issues require 
everyone to share responsibility and contribute to a 
common vision. In this context, to implement the related 
targets, it will be more important than ever to have 
multilateral structures and institutions, as well as 
international cooperation.

As for specific means of implementation, a global 
technology facilitation mechanism is highlighted for 
providing better access to science, technology and 
innovation, as well as knowledge sharing to formulate a 
global partnership for sustainable development of SDGs.

5.3 Technology Cooperation
The Three-Year Plan also emphasizes the 

importance of green industry technology cooperation. 
Technology cooperation is the new modality of green 
international cooperation on the environment. Traditional 
technical cooperation with ODA financial support from 
developed countries to China does not fit the current 
situation and demands. The transition from technical to 
technology cooperation, with win-win technology 
cooperation, will be the new trend in air pollution 
cooperation during the current period. Demand is 
increasing for the best available clean air technology 
from the Chinese market in order to solve air pollution 
issues and attain atmospheric emission standards. 
Accordingly, more and more concrete, substantial 
cooperation in technology cooperation will contribute to 

target implementation for air pollution prevention and 
control.
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Abstract
PM2.5 samples were collected in the Seoul, Daejeon, Gwangju, Baengnyeong, Jeju and Ulsan areas in 

2014. Water-soluble ions, elements and carbonaceous PM2.5 species were analyzed and the concentration 
distribution and seasonal characteristics were investigated. The annual mean concentrations of PM2.5 were 
25.9, 28.1, 27.4, 24.1, 15.5, 22.4 µg/m3 in Seoul, Daejeon, Gwangju, Baengnyeong, Jeju and Ulsan, 
respectively. Water-soluble inorganic ions accounted for 52.9 to 61.3％ of the total PM2.5 mass 
concentrations. Sulfate, nitrate and ammonium were the major water-soluble ions in the aerosols. The 
elemental compositions were dominated by potassium, calcium and iron, and the proportion of total 
elemental components ranged from 6.3 to 8.2％ in the PM2.5 mass concentrations. The annual average 
contribution of TC （Total carbon） to PM2.5 mass ranged from 18.3 to 26.6％. Iron, lead and zinc constituted 
the main elements in these fine particles. In the case of ions, NH4

＋, NO3
－, and SO4

2－ exhibited much 
variation according to season. As for the seasonal characteristics of elements, most regions showed high 
concentrations of crustal elements in spring. Organic carbon concentrations were generally higher in winter 
than in summer.

Key words : ambient PM2.5, carbonaceous aerosol, chemical composition, elemental components, water- 
soluble ions

1. Introduction

Atmospheric PM （particulate matter） is currently 
one of the most vexatious environment problems, with 
adverse effects on human health and climate change. To 
limit these adverse impacts and develop efficient 
strategies for air quality control, knowledge of the 
chemical composition of PM2.5 is needed （Salameh et 
al., 2015）. Particulate matter can be divided into two 
kinds, namely, primary emissions generated directly from 
sources such as manufacturing industries, car emissions, 
coal combustion, resuspended road dust, waste  
incineration and biomass burning ; and secondary 
production generated through reactions between the 
primary emissions in the gaseous phase and ammonia, 
ozone, VOCs, etc. in the atmosphere. According to the 
ʻKORUS-AQ Campaignʼ （Korea-United States Air 
Quality Study） conducted in Seoul and other 
metropolitan areas in May─June 2016, secondary 
production accounted for more than three-quarters of fine 
particle pollutants observed during the study. The overall 
composition is dominated by organics, but sulfates and 
nitrates still comprise nearly half of the secondary 
aerosol mass. Local gradients and correlations between 

fine aerosol and other chemical indicators suggest that 
local sources make a dominant contribution to secondary 
aerosol production. （NIER, 2017） In the Seoul 
Metropolitan Area, the proportion of PM concentration 
due to secondary production is increasing ; therefore 
studies are needed to determine whether this is due to 
reactions with locally emitted precursors, or due to influx 
from the outside. Particulate matter is not a single kind of 
substance, but an aggregate with a wide range of sizes 
and diverse chemical components depending on how it 
was generated by the primary emissions or secondary 
production phase. Thus a scientific understanding of 
efficient reduction and management of particulate matter 
should be preceded by a scientific understanding of the 
processes by which various types of particulate matter 
are emitted, produced, converted, carried to other places 
and destroyed, and of the effects of particulate matter on 
human health, ecosystems, climate change and political 
administration （KAST, 2016）.

The main components of PM2.5 in the atmosphere 
are water-soluble ions, elemental carbon （EC）, organic 
carbon （OC）, elements, organic matter, and so on. 
Elements comprise crustal elements such as Si, K and 
Ca, while Ti, Mn, Fe and Mn are marker elements of 
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anthropogenic sources such as the steel industry, road 
dust and brake-wear dust. There are also trace elements 
that come from artificial emission sources such as As, Se, 
V, Cr, Ni, Cd and Pb. They are a crucial factor in the 
origination and long-range movement of air pollutants, 
and their type and concentration profile vary according to 
the emission source （Sung et al., 2015）. Water-soluble 
ions mainly include NO3

－, SO4
2－, and NH4

＋, and 
account for at least 50％ of PM2.5 components, while 
carbonaceous components account for approximately 
20％ or more of PM2.5 （NIER, 2014a ; Jeon et al., 2015）.

The Republic of Korea has set and applied ambient 
air quality standards for PM2.5 specifying an annual 
average of 25 µg/m3 and daily average of 50 µg/m3 since 
2015. The Enforcement Decree of the Framework Act on 
Environmental Policy, which strengthened the air quality 
standards for PM2.5 to an annual average of 15 µg/m3 and 
daily average of 35 µg/m3 came into effect from March 
27, 2018. Fine dust forecasts are also being issued 
according to these strengthened air quality standards. 
Moreover, recognizing the seriousness of the PM2.5 
problem, the government announced comprehensive 
measures for fine dust on September 24, 2017 to 
supplement and reinforce the “Special Measures for the 
Management of Fine Dust” in 2016.

To establish an effective policy for reducing PM2.5 
concentrations, the chemical characteristics of PM2.5 
must be determined and their sources identified. In this 
study, we collected PM2.5 samples over a long period 
from intensive air pollution monitoring supersites 
operated by the Korean Ministry of Environment, 
measured their PM2.5 concentration and analyzed their 
elemental, ionic and carbonaceous components to 
examine the concentration profile and seasonal 
characteristics of PM2.5, with the aim of providing data 
for reducing the PM2.5 concentration in Korea on the 
basis of scientific research.

2. Methodology

2.1 Monitoring Sites
The Korean Ministry of Environment established an 

intensive air pollution monitoring program in 2007 to 
elucidate the physico-chemical characteristics of long-
range transported and locally emitted aerosols. Although 
the National Institute of Environmental Research 
（NIER） actually operates and monitors six supersites 
（Baengnyeong, Seoul, Gwangju, Daejeon, Jeju and 
Ulsan） in Korea. As shown in Fig. 1, we conducted the 
present study at the Seoul supersite located in Bulgwang-
dong, Eunpyeong-gu, Seoul （37°61ʼN, 126°93ʼE）, the 
Daejeon supersite located in Munhwa-dong, Jung-gu, 
Daejeon （36°32ʼN, 127°41ʼE）, the Gwangju supersite 
located in Oryong-dong, Buk-gu, Gwangju （35°23ʼN, 
126°85ʼE）, the Baengnyeong supersite （37°57ʼN, 124°
53ʼE）, the Jeju supersite （33°35ʼN, 126°39ʼE） and the 
Ulsan supersite located in Seongan-dong, Ulsan （35°58ʼN, 
129°32ʼE）. The Seoul supersite is located in the 
northwestern part of Seoul. Since it is a representative 

urban area where residential and commercial buildings 
are concentrated and Mount Bukhan lies to its northeast, 
the Seoul supersite is a suitable monitoring location for 
determining the causes and characteristics of high-
density air pollution cases that occur in cities and in the 
long-range  transboundary   to   cities.   The   Daejeon  
supersite is adjacent to roadways, and thus it is a suitable 
location for determining the effects of traffic volume in 
downtown areas. Moreover, Daejeon is an area that can 
be affected by the coal-fired power plants in the 
Chungcheong-do region. As for the Gwangju supersite, it 
is a place that blends the characteristics of farmland and 
urban areas （Koo et al., 2018）. The Baengnyeong 
supersite is on Baengnyeong Island, located off the far 
western part of the Korean Peninsula in the Yellow Sea 
between China and Korea, approximately 200 km from 
Chinaʼs Shandong Peninsula. Koreaʼs NIER designed the 
Baengnyeong supersite to measure regional background 
concentrations from eastern China and the Seoul 
supersite to monitor local concentrations in Seoul. Under 
northwesterly wind conditions, the polluted air mass that 
originates in northern China is transported to Seoul via 
Baengnyeong Island. The supersites were designed to 
identify the effects of long-range transboundary pollution 
on air quality in Korea. （NIER, 2014a） The Jeju 
supersite is located on Mount Halla and is part of a 
background area that is not much affected by surrounding 
emission sources. The Ulsan supersite was established in 
Ulsan to identify the air quality characteristics of 
industrial areas, and it is possible to determine the air 
quality effects on industrial and residential areas 
according to changes in wind direction （Lyu et al., 
2015）.

From January 1 through December 31, 2014, we 
collected PM2.5 samples from 0 am to 0 am the next day 
every day for 24 hours a day using a low-volume air 
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Fig. 1  Locations of the sampling sites.



sampler （16.7 L/min） at the six supersites in Korea. 
Monitoring was suspended at the Jeju supersite from 
January to March, and at the Baengnyeong supersite in 
December due to equipment problems. Each sampler was 
equipped with WINS （Well Impactor Ninety-Six） for 
collecting PM2.5 samples. The samples were collected 
using PT47DMC-KR （2.0 µm, 47 mm, MTL, LLC） 
filters made of PTFE （polytetrafluoroethylene） for 
analyzing PM2.5 mass concentration and element content, 
ZefluorTM （2.0 µm, 47 mm, Pall Co.） filters for analyzing 
water-soluble ionic content, and quartz （Tissuquartz 
2500 QAT-UP, 47 mm, Pall Co.） filters for analyzing 
carbonaceous content.

2.2 Measurement of PM2.5 Mass Concentration
The US, Europe and Japan have adopted the 

gravimetric measurement method as the standard method 
for measuring PM2.5 concentration, and the federal 
reference method （FRM） for measuring PM2.5 in the US 
is based on 24-hour cumulative collection using filter 
paper. The EPA admits only measurement data using 
instruments and methods that adhere to its guidelines as 
PM2.5 data, and the relevant guidelines are given in US 
EPA （1997） APPENDIX L TO PART 50 （NIER, 2014b）. 
In this study we calculated the concentrations using the 
gravimetric measurement method, and for weighing mass 
concentrations we used an automated filter weighing 
system （Mettler Toledo UMX2, Ultra-microbalance） 
that maintains constant temperature （20℃） and humidity 
（35％）. The collected filters were sealed and kept in 
thermostatic desiccators for storing filters at constant 
temperature and humidity. The filters were kept in a 
horizontal position and iceboxes were used to transport 
the samples. Weighing was conducted after the filters 
were kept at constant mass in the chamber for 24 hours, 
and the PM2.5 concentrations were calculated by dividing 
the weight difference before and after sample collection 
by volume （NIER, 2013）. To calibrate the PM2.5 mass 
concentration, laboratory field blanks were used in the 
process of measuring the weight of each batch of filters, 
and after they were moved to the sample collection sites, 
they were collected without undergoing the sampling 
process and were weighed once again for the purpose of 
quality control.

2.3 Water-soluble Inorganic Ions
For the analysis of water-soluble ions, the filter was 

placed in an inert-material beaker with its sampled side 
facing down, then 200 µL of ethanol and 20 mL of  
de-ionized water with resistivity of at least 18 MΩ  
were added and stirred for 120 minutes to produce an 
extract. The extract was then strained through a filter 
（Toyo 5C） with a pore size of 0.1 µm and diameter of 
110 mm, and component analysis （SO4

2－, NO3
－, Cl－, 

NH4
＋, Na＋, K＋, Mg2＋, Ca2＋） was conducted using ion 

chromatography （IC 2000, Thermo）.
As for analysis conditions, in the case of anions we 

used an IonPac-AS15 separator column （3×150 mm, 
Thermo, USA）, IonPac AG15 guard column （3×30 mm, 

Thermo, USA）, ASRS-300, 2 mm anion micro-
membrane suppressor and KOH gradient eluent. For 
cations we used an IonPac CS12 separator column （3×
150 mm, Thermo, USA）, IonPac CG12 guard column （3
×30 mm, Thermo, USA）, CSRS-300 suppressor （2 mm, 
Thermo, USA） and 18 mM MSA （methane sulphonic 
acid） eluent.

2.4 Carbonaceous Components
For analyzing organic carbon （OC） and elemental 

carbon （EC）, we used quartz filters （Tissuquartz 2500 
QAT-UP, PALL, USA） that were pretreated by heating at 
650℃ for at least four hours. The filters used for 
collecting samples were sealed and kept in a frozen state 
to prevent the volatilization of their carbonaceous content 
and contamination of the filters. They were analyzed 
using the TOT （Thermal/Optical Transmittance） method 
for calculating OC and EC concentrations by measuring 
the CO2 generated at different temperatures when 
burning the collected samples. We made holes of uniform 
size （1.0×1.5 cm） in the quartz fiber filters used to 
collect the samples, and analyzed them by means of a 
carbon analyzer （Lab OC/EC Analyzer, Sunset, USA）. 
For the OC/EC analysis, a Thermal/Optical Carbon 
Aerosol Analyzer was employed, operating according to 
NIOSH Method 5040.

The analytical process was divided into two main 
stages. In the first stage, helium was used as a carrier gas 
to measure OC by sorting it into different sections 
according to temperature, namely, OC1 （─310℃）, OC2 
（─475℃）, OC3 （─615℃）, and OC4 （─870℃）. In the 

second stage, the oven temperature was lowered, and 
oxygen was injected as an oxidizer to measure EC by 
sorting it into six components, namely, EC1 （─550℃）, 
EC2 （─625℃）, EC3 （─700℃）, EC4 （─775℃）, EC5  
（─850℃）, and EC6 （─870℃）, under a catalytic reaction 
condition of 2％ oxygen and 98％ helium （Jeon et al., 
2015）.

2.5 Elemental Components
Elemental content was analyzed using ED-XRF 

（Energy Dispersive X-Ray Fluorescence analyzer, 
Epsilon5, PANalytical, Netherlands）. The X-ray detector 
was germanium and the energy range, 0.7─100 keV. 
Liquid nitrogen （LN2） was used for cooling. The X-ray 
tube was a Gd anode, side-window type, with voltage in 
the range of 25─100 kV and current of 0.5─24 mA 
（maximum power : 600 W）. There were 27 elements 

targeted for analysis, namely, Si, K, Ca, Ti, Mn, Fe, Zn, 
Sc, V, Cr, Co, Ni, Cu, As, Se, Br, Rb, Sr, Mo, Cd, Sn, Sb, 
Te, Cs, Ba, Hg and Pb, and we used an aerosol 
membrane （Nucleipore） at three concentration levels for 
36 elements as a reference. The relative standard 
deviation （RSD） was calculated to be within 10％, and 
the detection limit fell in the range of 0.2─5.9 ng/m3. We 
used SRM 2783 （Serial No. 1345） from NIST （National 
Institute of Standard and Technology） to check for 
reproducibility and to improve the accuracy of our 
analysis.
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3. Results and Discussion

3.1 Meteorological Characteristics
The national average annual temperature of the 

whole country in 2014 was 13.1℃. The annually 
averaged highest temperature was recorded as 18.6℃ 
and the lowest, 8.4℃. Annual mean precipitation was 
1173.5 mm, amounting to 89.8％ of a normal year, and 
the number of precipitation days was 111.9, which was 
8.4 days more than a normal year. Comparing monitoring 
locations, Jeju Island had the highest mean temperature 
and Baengnyeong Island the lowest. The wind speed at 
Jeju and Baengnyeong islands was strong compared to 

the other regions. Baengnyeong Island had the lowest 
precipitation, and the precipitation in Seoul was 
641.6 mm less than in a normal year, thus amounting to a 
total precipitation that was less than those of most other 
regions （KMA, 2014）. The annual mean temperature 
（℃）, wind speed （m/s）, total precipitation （mm） and 

relative humidity （％） at the six sampling sites are 
presented in Table 1.

Figure 2 shows PM2.5 concentrations according to 
incoming wind direction. In the case of Seoul, westerly 
and southwesterly were the dominant wind directions, 
and high concentrations occurred frequently when the 
wind came from the southwest. Much of Seoulʼs 
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Table 1  Meteorological characteristics.

Region＊ Temperature Wind speed Precipitation Relative humidity

SU 13.4 ℃ 2.6 m/s  808.9 mm 63％
DJ 13.4 ℃ 1.5 m/s 1117.7 mm 72％
GJ 14.3 ℃ 1.9 m/s 1290.3 mm 65％
BN 11.6 ℃ 4.2 m/s  391.9 mm 69％
JJ 16.2 ℃ 3.2 m/s 1563.4 mm 70％
US 14.7 ℃ 2.2 m/s 1398.7 mm 64％

National average 13.1 ℃ 2.1 m/s 1173.5 mm 68％
＊（SU: Seoul, DJ : Daejeon, GJ : Gwangju, BN: Baengnyeong, JJ : Jeju, US : Ulsan）
（Source : Korea Meteorological Administration, Annual Climatological Report （2014））

Fig. 2  Pollutant roses, by PM2.5 concentration （µg/m3）.



industrial area is located in the southwestern part of the 
city. In a stable atmospheric state, the effect of local 
emissions seems to influence the concentration level of 
Seoul area.

Daejeon and Gwangju likewise showed high 
concentrations when the wind came from the 
southwesterly direction. Baengnyeong Island and Ulsan 
had high concentrations when the wind came from the 
northwest, thus showing a marked difference from Seoul 
and Daejeon. In particular, the high concentrations in the 
Baengnyeong islet area appeared mainly under 
northwesterly wind conditions, and it is thought that 
long-distance mobility contributes to domestic  
concentrations considerably when considering the 
geographical background characteristics of the domestic 
inflow.

3.2 PM2.5 Mass Concentrations
During the sampling period, the PM2.5 concentration 

range was 3.5─118.5 µg/m3 in Seoul, 3.4─103.8 µg/m3 in 
Daejeon, 3.6─104.3 µg/m3 in Gwangju, 4.3─130.3 µg/m3 
in Baengnyeong, 3.0─51.5 µg/m3 in Jeju and 4.4─  
97.7 µg/m3 in Ulsan. The mean concentrations, as shown 
in Table 2, were 25.9 µg/m3 in Seoul, 28.1 µg/m3 in 
Daejeon, 27.4 µg/m3 in Gwangju, 24.1 µg/m3 in 
Baengnyeong, 15.5 µg/m3 in Jeju and 22.4 µg/m3 in 
Ulsan. Thus the urban areas of Daejeon and Gwangju 
showed high concentration levels, followed by Seoul, 
Baengnyeong, Ulsan and Jeju. In the case Gwangju, the 
mean concentration of 27.4 µg/m3 in 2014 was a slight 
increase from that of the previous year （23.1 µg/m3）
（Sung et al., 2017）. The number of times PM2.5 
concentration exceeded the daily average of 35 µg/m3, 

the current ambient air quality standard, was 60 times for 
Seoul, 58 for Daejeon, 66 for Gwangju, 28 for 
Baengnyeong, three for Jeju and 34 for Ulsan. Thus high 
concentration cases occurred relatively frequently in 
Seoul, Daejeon and Gwangju, while Baengnyeong and 
Jeju had low numbers of such cases compared to the 
other regions.

Figure 3 shows monthly PM2.5 concentrations by 
region, which exhibited a tendency to be high in winter 
and low in summer and autumn. PM2.5 concentrations in 
winter were the highest, at 37.1, 39.8 and 35.5 µg/m3, 
respectively, in Seoul, Daejeon and Gwangju, whereas 
Baengnyeong, Jeju, and Ulsan, respectively, had high 
concentrations of 27.4, 16.3 and 25.1 µg/m3 in spring. In 
summer, PM2.5 concentrations were 18.9 µg/m3 in Seoul, 
19.5 µg/m3 in Daejeon, 21.0 µg/m3 in Gwangju, 22.6 µg/m3 
in Baengnyeong, 14.4 µg/m3 in Jeju and 20.5 µg/m3 in 
Ulsan ; in autumn, 16.1 µg/m3 in Seoul, 21.8 µg/m3 in 
Daejeon, 19.9 µg/m3 in Gwangju, 19.1 µg/m3 in 
Baengnyeong, 12.1 µg/m3 in Jeju and 17.4 µg/m3 in 
Ulsan. Thus PM2.5 concentrations in summer and autumn 
were lower than those in spring and winter. In Seoul, the 
mean PM2.5 concentrations in spring （March─May）, 
summer （June─August）, autumn （September─
November）, and winter （December─February） were 
33.7, 18.9, 16.1 and 37.1 µg/m3, respectively ; in Daejeon 
they were 31.1, 19.5, 21.8 and 39.8 µg/m3, respectively ; 
in Gwangju, 32.0, 21.0, 19.9 and 35.5 µg/m3, 
respectively ; in Baengnyeong, 27.8, 22.6, 19.1 and 
27.4 µg/m3, respectively ; in Jeju, 19.3, 14.4, 12.1 and 
16.3 µg/m3 respectively ; and in Ulsan, 26.5, 20.5, 17.4 
and 25.1 µg/m3, respectively. Thus the concentrations in 
winter were about 1.2─2.0 times higher than those in 
summer. High concentration levels in winter arise from 
pollution resulting from the increased use of heating, and 
low concentration levels in summer reflect the cleansing 
effect of frequent precipitation. Moreover, in regional 
terms, the Seoul, Daejeon and Gwangju regions showed 
comparatively high concentration levels due to an 
increase in mobile pollution sources in the Seoul region 
and emissions from industrial areas.

59Chemical Composition of the Ambient PM2.5 over Korea

Table 2  Annual average of PM2.5 mass concentration （µg/m3）.
Mass Mass

Seoul 25.9±17.9 Baengnyeong 24.1±17.1
Daejeon 28.1±18.2 Jeju 15.5±10.0
Gwangju 27.4±17.3 Ulsan 22.4±13.2

Fig. 3  Variability of the monthly mean concentrations for PM2.5 at the six sites.



Recently, the high PM2.5 concentrations in the 
Korean Peninsula have mainly been caused by 
atmospheric congestion and high humidity. In other 
words, long-distance migration and domestic secondary 
production are the main causes of these high 
concentrations. Quantitative and qualitative estimations 
of these factors are known to be possible through 
chamber experiments and are not discussed in this study.

3.3 PM2.5 Composition
The compositional ratios of PM2.5 components as 

measured by this study are presented in Fig. 4. In Jeju 
and Ulsan, the ratios were in the order of anions＞OC＞
cations＞crustal matter＞EC＞trace elements. In the 
remaining three regions, excluding Baengnyeong, the 
ratios were in the order of anions＞OC＞cations＞EC＞
crustal matter＞trace elements. In the case of 
Baengnyeong Island, which serves as a background area 
for the Korean Peninsula, the ratio of OC and EC 
contents related to traffic volume and heating fuel were 
13.5％ and 4.8％ , respectively, thus being low in 
comparison with Seoul （19.5％ and 7.2％）, Daejeon 
（17.5％ and 8.1％）, Gwangju （16.0％ and 6.2％）, and 

Ulsan （19.0％ and 6.1％）. As for the ratio of crustal 
mat ter,  Je ju  had 7.7％；Ulsan,  6 .7％；and 
Baengnyeong, 6.1％ , thus showing slightly higher ratios 
than Seoul at 5.8％ , Daejeon at 5.4％ and Gwangju at 
5.9％ . Seoul had the highest ratios of anion and 
carbonaceous content, and the Ulsan supersite situated 
by roadways had the highest EC ratio.

3.3.1 Water-soluble Ion Content Analysis Results
During the monitoring period, the anion 

concentrations in Seoul, Daejeon, Gwangju, 
Baengnyeong, Jeju and Ulsan were 11.7, 11.7, 11.1, 
10.8, 6.4 and 8.8 µg/m3, respectively, accounting for  
39.4─45.5％ of PM2.5, while the cation concentrations 
were 4.0, 3.9, 3.9, 4.0, 2.4 and 3.0 µg/m3, respectively, 
accounting for 13.5─16.6％ of PM2.5. It was found that 
Baengnyeong had the highest ratio of ionic content as 
compared to other regions. The ionic content analysis 
results for each region are as shown in Table 3, and in 
terms of components, anions appear in the order of 

SO4
2－＞NO3

－＞Cl－, and cations in the order of NH4
＋

＞Na＋＞K＋＞Ca2＋＞Mg2＋. As for the secondary ionic 
components SO4

2－, NO3
－ and NH4

＋, their 
concentrations accounted for the largest share of PM2.5ʼs 
water-soluble ion content. This is similar to the findings 
of other studies （Jiang et al., 2018 ; Khan et al., 2010 ; 
Xu et al., 2017）. Findings in Genoa, Italy （Salameh et 
al., 2015） showed ion content concentrations as low as 
in Jeju, Korea, and relatively high Ca2＋content was 
found in Thessaloniki, Greece （Tolis et al., 2015）. In 
Yokohama, Japan （Khan et al., 2010）, NO3

－ and SO4
2－ 

concentrations were found to be low compared to in 
Korea, whereas the Zhengzhou region in China （Jiang et 
al., 2018） showed higher concentrations not only in 
terms of mass but for all ionic components than at the six 
sites in Korea, and notably an extremely high 
concentration of SO4

2－. Moreover, NO3
－ and SO4

2－ 
concentrations in the Handan and Xian regions of China 
（Xu et al., 2017） were also found to be very high.

3.4 Carbonaceous Content Analysis Results
Carbon particles are composed of organic carbon 

（OC） and elemental carbon （EC）. OC is generated from 
various emission sources such as fossil fuel combustion, 
industrial processes and biological combustion. It 
consists of various kinds of organic matter mixed 
together, including polycyclic aromatic hydrocarbons 
（PAHs）, which are harmful to the human body. EC is 

directly emitted from incomplete combustion, such as 
fossil fuel combustion and biomass burning, and 
contributes to global warming due to its non-volatile and 
light-absorbing properties （Tolis et al., 2015）.

The mean OC concentrations in Seoul, Daejeon, 
Gwangju, Baengnyeong, Jeju and Ulsan were 5.02, 4.92, 
4.38, 3.25, 2.53 and 4.27 µg/m3 respectively, while the 
mean EC concentrations were 1.85, 2.27, 1.71, 1.15, 0.61 
and 1.36 µg/m3 respectively. As shown in Table 3, 
regional carbon component concentrations indicate OC 
appearing in the order of Seoul＞Daejeon＞Gwangju＞
Ulsan＞Baengnyeong＞Jeju, with Seoul and Daejeon 
（where the site is located by roadways） having the 

highest OC concentrations and Jeju the lowest. It seems 
that OC concentrations in the urban regions were higher 
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Fig. 4  Average compositional fractions （％） of PM2.5 at the six sites.



than those in the island regions due to the presence of 
more car emissions and residential areas in the former. 
As for EC, Daejeon had the highest concentration and 
Jeju the lowest. The Daejeon site, which is heavily 
affected by roadways, along with the Seoul region with 
its high traffic volume, had the highest EC concentrations 
indicating the impact of primary emissions, whereas Jeju 
Island with its comparative lack of primary emission 
sources had a lower EC concentration than the other 
locations. This result is in line with study findings by 
other researchers （Tolis et al., 2015）. Research findings 
in Greece （Tolis et al., 2015） show that OC 
concentrations there were higher than at the six sites in 
Korea, while Yokohama （Khan et al., 2010） had lower 
OC concentrations than all the regions in Korea 
excluding Baengnyeong and Jeju. However, the 
Zhengzhou region in China （Jiang et al., 2018） had 
much higher concentrations of all the ionic components 
than the six sites in Korea.

3.5 Elemental Components
As for the mean concentrations of elements, major 

components of fugitive dust and crustal matter such as K, 
Ca and Fe, respectively, had high concentrations in Seoul 
（325.41, 58.47, and 139.61 ng/m3）, Daejeon （330.24, 
63.10, and 159.87 ng/m3）, Gwangju （361.92, 63.32, and 
163.6 ng/m3）, Baengnyeong （358.87, 49.54, and 
113.83 ng/m3）, Jeju （209.01, 53.3, 89.77 ng/m3） and 

Ulsan （237.62, 72.22, 193.35 ng/m3）. The 27 elements 
targeted for the PM2.5 analysis, accounted for 6.3％ of 
PM2.5 in Seoul, with crustal elements （Si, K, Ca, Ti, Mn, 
Fe, and Zn） constituting 1.50 µg/m3 （5.8％）, and trace 
elements constituting 0.13 µg/m3 （0.5％）. In Daejeon, 
elements accounted for 5.8％ of PM2.5, with crustal 
elements constituting 1.52 µg/m3 （5.4％） and trace 
elements constituting 0.11 µg/m3 （0.4％）. In Gwangju, 
they accounted for 6.3％ of PM2.5, with crustal elements 
constituting 1.62 µg/m3 （5.9％） and trace elements, 
0.1 µg/m3 （0.4％） ; in Baengnyeong, 6.6％ of PM2.5, 
with crustal elements constituting 1.47 µg/m3 （6.1％）, 
and trace elements, 0.13 µg/m3 （0.5％） ; in Jeju, 8.3％ 
of PM2.5, with crustal elements constituting 1.19 µg/m3 
（7.7％） and trace elements, 0.09 µg/m3 （0.6％） ; in 
Ulsan, 7.2％ of PM2.5, with crustal elements constituting 
1.50 µg/m3 （6.7％） and trace elements, 0.11 µg/m3 
（0.5％）. Jeju had a higher ratio of crustal elements than 
Daejeon, while Seoul and Gwangju exhibited similar 
levels of concentrations.

As for Fe, Zn and Pb, they were observed to have 
high concentrations in the order of Fe＞Zn＞Pb. Fe  
and Zn mainly derive from vehicle exhaust emissions 
（Sung et al., 2015）, and tend to have high concentrations 
in Daejeon, Seoul and Gwangju where there is dense 
traffic. In regard to other specific elements, As  
had concentrations of 4.1 ng/m3 in Seoul, 4.0 ng/m3  
in Daejeon, 3.6 ng/m3 in Gwangju, 5.6 ng/m3 in 
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Table 3  Referential data on average concentrations of PM2.5 mass, ion, carbon and elements at each site.

Region＊ SU DJ GJ BN JJ US
GE

（Italy）
TH

（Greece）
YO

（Japan）
ZH

（China）
Number （ea） 231 200 212 145 75 202 184 149 91 150

PM2.5 
mass

（µg/m3） 25.8 28.1 27.4 24.1 15.5 22.4 14.0 37.7 20.58 144

Cl－

（µg/m3）

0.19 0.32 0.47 0.35 0.10 0.15 0.39 0.21
NO3

－ 4.25 4.54 3.82 3.30 0.79 2.98 0.5 2.40 0.96 17.4
SO4

2－ 7.31 6.88 6.83 7.12 5.56 5.70 3.96 3.80 23.9
Na＋ 0.16 0.15 0.14 0.37 0.17 0.17 0.1 0.29 0.25
NH4

＋ 3.55 3.55 3.42 3.18 2.08 2.67 1.4 3.80 2.27 12.8
K＋ 0.17 0.18 0.22 0.27 0.10 0.12 0.14 0.13
Mg2＋ 0.02 0.02 0.02 0.05 0.01 0.01 0.07 0.05
Ca2＋ 0.07 0.06 0.07 0.13 0.06 0.05 1.43 0.20

OC （µg/m3） 5.02 4.92 4.38 3.25 2.53 4.27 2.7 6.62 3.75 20.6
EC 1.85 2.27 1.71 1.15 0.61 1.36 1.4 1.29 1.94 6.8

Si

（ng/m3）

894.0 886.9 937.6 878.6 789.2 894.1
K 325.4 330.2 361.9 358.9 209.0 237.6 100 418
Ti 7.5 7.0 7.6 6.8 6.1 9.7 3
Pb 23.7 26.2 25.4 26.1 12.5 21.9 6 45 247
Cd 2.8 2.4 2.8 2.2 2.4 2.9 7
Cu 6.7 5.6 4.9 4.0 2.9 5.3 6 170 33
Mn 11.0 11.4 14.4 9.4 6.1 22.7 4 91 76
Fe 139.6 159.9 163.6 113.8 89.8 193.3 142 864 1051
Ni 2.0 2.0 1.7 2.4 1.6 3.3 7 27 5
Zn 62.3 63.6 68.1 51.9 33.9 69.3 19 196 598
As 4.1 4.0 3.6 5.6 2.3 6.0 18
Ca 58.7 63.1 63.3 49.5 53.3 72.2 110 1921

＊ （SU: Seoul, DJ : Daejeon, GJ : Gwangju, BN: Baengnyeong, JJ : Jeju, US : Ulsan, GE: Genoa ; Salameh （2015）, TH: Thessaloniki ; Tolis （2015）, YO: Yokohama ; 
Khan （2010）, ZH: Zhengzhou ; Jiang （2018））



Baengnyeong, 2.3 ng/m3 in Jeju and 6.0 ng/m3 in Ulsan, 
showing that Ulsan had the highest concentration. The 
source of As is thought to be waste incineration. Cd is 
known to be emitted at high temperatures from the 
burning of coal, petroleum and wastes （Sung et al., 
2015）, and it had concentrations of 2.8 ng/m3 in Seoul, 
2.4 ng/m3 in Daejeon, 2.8 ng/m3 in Gwangju, 2.2 ng/m3 in 
Baengnyeong, 2.4 ng/m3 in Jeju and 2.9 ng/m3 in Ulsan, 
exhibiting concentration levels that did not vary 
conspicuously across different regions. The Genoa region 
in Italy （Salameh et al., 2015） had lower concentrations 
of most elements than Korea. excluding Ca, while 
Thessaloniki in Greece （Tolis et al., 2015） and 
Zhengzhou in China （Jiang et al., 2018） had much 
higher concentrations of all the elements than the six 
sites in Korea.

3.6 Seasonal Distribution
Table 4 shows the seasonal characteristics of each 

region. Due to equipment problems there was no 
monitoring at Jeju from January to March, or at 
Baengnyeong in December. As for PM2.5 concentrations 
in winter, Seoul had 35.2 µg/m3, Daejeon 41.7, µg/m3 ; 
Gwangju, 38.2 µg/m3 ; Baengnyeong, 29.4 µg/m3 ; and 
Ulsan, 25.9 µg/m3. For the most part, high concentrations 
were frequently found in winter when there is increased 
burning of fuels, and relatively low concentrations were 
found in summer and autumn when there is a lot of 
rainfall. Jeju, however, exhibited higher concentrations in 
spring and summer. In the case of ions, NH4

＋, NO3
－, 

and SO4
2－ exhibited much variation according to season. 

The mean concentrations of NH4
＋ by season were 

distributed in the order of winter＞spring＞summer＞
autumn for all regions except Jeju, and those of NO3

－ 
were distributed in the order of winter＞spring＞autumn
＞summer for the regions excluding Baengnyeong and 
Jeju. SO4

2－ showed much variance in distribution for 
each region, and exhibited the lowest concentrations in 
autumn with the exception of in Jeju, which had the 
lowest concentration in winter. NO3

－ concentrations in 
Seoul, Daejeon, Gwangju, Baengnyeong and Ulsan were 
high in winter and low in summer. This is because most 
of the HNO3 gases produced through the reaction of NO2 
exist in particulate form during winter, but mostly in a 
gaseous state during summer, with NO3

－ concentrations 
in particular being affected by NOx, the emission of 
which varies according to season （Xu et al., 2017 ; Yu et 
al., 2015）. In spring, summer and autumn, SO4

2－ 
concentrations were higher than NO3

－ concentrations, 
but winter NO3

－ concentrations were higher than those 
of SO4

2－ in Seoul and Daejeon. The high nitrate 
concentration in Seoul and Daejeon is considered to be 
closely related to increased heating in winter and 
increased automobile traffic in Korea. This is similar to 
the study results of Xu et al. （2017）.

As an external factor, it is thought that an increased 
heating capacity in northeastern China and increased 
long- range transportation due to winter westerlies have 
affected the complexity.

As for the seasonal characteristics of the elements, 
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Table 4  Seasonal variation of PM2.5chemical components over the six sites （unit : µg/m3）.
Mass SO4

2－ NO3
－ NH4

＋ OC EC Crustal Trace

SU spring 33.2 9.1 5.9 4.5 5.9 1.8 2.05 0.10
summer 19.0 8.0 1.2 3.0 4.4 1.5 1.07 0.07

fall 14.8 4.3 2.4 2.1 3.8 1.7 1.18 0.05
winter 35.2 6.4 8.3 4.4 6.1 2.7 1.79 0.11

DJ spring 30.8 7.8 4.7 3.9 4.9 2.4 1.94 0.08
summer 19.7 7.4 0.9 2.7 4.8 1.8 1.19 0.07

fall 20.1 3.6 2.8 1.9 4.7 2.0 1.14 0.07
winter 41.7 7.8 9.7 5.4 5.8 2.9 1.81 0.12

GJ spring 33.6 7.6 3.8 3.3 5.2 2.0 2.15 0.10
summer 22.0 7.9 0.8 2.9 3.9 1.0 1.45 0.07

fall 20.4 3.9 2.4 2.0 4.6 1.4 1.25 0.06
winter 38.2 8.6 8.6 5.8 5.5 2.8 1.89 0.10

BN spring 29.4 8.7 5.2 4.1 3.2 1.5 1.60 0.10
summer 23.4 7.7 1.7 3.0 2.9 0.7 1.30 0.09

fall 20.1 4.6 1.6 2.0 3.8 1.1 1.59 0.07
winter※ 29.4 9.1 4.8 4.3 4.1 1.6 1.79 0.09

JJ spring※ 19.0 6.2 0.8 2.3 2.9 1.0 2.09 0.06
summer 16.6 6.5 1.1 2.5 2.3 0.5 0.93 0.06

fall 12.0 4.4 0.4 1.6 2.4 0.5 0.86 0.05
winter※ 13.9 4.0 0.8 1.5 2.4 0.6 1.05 0.09

US spring 25.8 6.7 3.8 3.2 4.9 1.6 2.15 0.09
summer 20.4 5.8 1.9 2.4 4.8 1.4 1.21 0.09

fall 17.9 4.1 1.8 1.9 3.6 0.9 1.31 0.07
winter 25.9 6.1 4.3 3.1 3.9 1.5 1.62 0.08

※ No data for Baengnyeong in December, and for Jeju from January to March.



most regions showed high concentrations of crustal 
elements in spring due to the influence of Asian dust, 
with the next highest concentrations occurring in winter. 
EC consists mostly of primary pollutants that are directly 
released into the atmosphere from their emission sources 
through the use of fossil fuels, biomass burning, etc. 
（Lyu et al., 2015）. EC concentrations were high in 
Seoul, Daejeon, Gwangju and Baengnyeong, which is in 
line with the results of Ren et al. （2017）. Moreover, it 
was found that EC concentrations at the urban supersites 
were higher than those of background regions. OC 
concentrations were generally higher in winter than in 
summer, but in Ulsan they were high in spring and 
summer.

4. Conclusions

From January 1 through December 31, 2014, we 
collected PM2.5 samples for 24 hours a day using low-
volume air samplers at six supersites in Korea, and 
investigated the seasonal composition characteristics.

1.  the PM2.5 concentration range was 3.5─
118.5 µg/m3 in Seoul, 3.4─103.8 µg/m3 in Daejeon,  
3.6─104.3 µg/m3 in Gwangju, 4.3─130.3 µg/m3 in 
Baengnyeong, 3.0─51.5 µg/m3 in Jeju and 4.4─97.7 µg/m3 
in Ulsan. The mean concentrations were 25.9 µg/m3 in 
Seoul, 28.1 µg/m3 in Daejeon, 27.4 µg/m3 in Gwangju, 
24.1 µg/m3 in Baengnyeong, 15.5 µg/m3 in Jeju and  
22.4 µg/m3 in Ulsan. Thus the urban areas of Daejeon 
and Gwangju showed high concentration levels.

2.  Water-soluble inorganic ions accounted for 52.9％ 
to 61.3％ of the total PM2.5 mass concentrations.  
Sulfate, nitrate and ammonium were the major water-
soluble ions in the aerosol. The mean OC concentrations 
in Seoul, Daejeon, Gwangju, Baengnyeong, Jeju and 
Ulsan were 5.02, 4.92, 4.38, 3.25, 2.53, and 4.27 µg/m3, 
respectively, while the mean EC concentrations were 
1.85, 2.27, 1.71, 1.15, 0.61, and 1.36 µg/m3, respectively. 
As for element components in PM2.5, they accounted for 
7.2, 8.2, 6.6, 6.3, 5.8 and 6.3％ of PM2.5 in Seoul, 
Daejeon, Gwangju, Baengyeong, Ulsan and Jeju, 
respectively.

3.  As for PM2.5 concentrations in winter, Seoul had 
35.2 µg/m3 ; Daejeon, 41.7 µg/m3 ; Gwangju, 38.2 µg/m3 ; 
Baengnyeong, 29.4 µg/m3 ; and Ulsan 25.9 µg/m3. For the 
most part, high concentrations were frequently found in 
winter when there is increased burning of fuels. Jeju 
exhibited higher concentrations in spring and summer. In 
the case of ions, NH4

＋, NO3
－, and SO4

2－ exhibited 
much variation according to season. As for the seasonal 
characteristics of elements, most regions showed high 
concentrations of crustal elements in spring. Organic 
carbon concentrations were generally higher in winter 
than in summer.

This study presents data from six sites in Korea that 
were constantly monitored over the span of one year, and 
it should be possible to use them as reliable basic data on 
PM2.5. We believe that they can be used to provide 
foundational information needed to establish effective 

measures for reducing PM2.5.

References

Hankuk University of Foreign Studies （2014） PM2.5 National 
Reference Methods Assessment （ I）.

Jeon, H. E., Park, J. S., Kim, H. J., Sung, M. Y., Choi, J. S., Hong,  
Y. D. et al. （2015） The characteristics of PM2.5 concentration 
and chemical composition of Seoul metropolitan and inflow 
background area in Korea Peninsula. Journal of the Korean 
Society of Urban Environment, 15（3）, 261─271.

Jiang, N., Li, Q., Su, F., Wang, Q., Yu, X., Kang, P. et al. （2018） 
Chemical characteristics and source apportionment of PM2.5 
between heavily polluted days and other days in Zhengzhou, 
China. Journal of Environmental Sciences, 66, 188─198.

Khan, M. F., Shirasuna, Y., Hirano, K. and Masunaga, S. （2010） 
Characterization of PM2.5, PM2.5-10 and PM＞10 in ambient air, 
Yokohama, Japan, Atmospheric Research, 96, 159─172.

Koo, Y. S., Yun, H. Y., Choi, D. R., Han, J. S., Lee, J. B. and Lim,  
Y. J. （2018） An analysis of chemical and meteorological 
characteristics of haze events in the Seoul metropolitan area 
during January 12─18, 2013. Atmospheric Environment, 178, 
87─100.

Korea Meteorological Administration （KMA）（2014） Annual 
Climatological Report. Retrieved from https://data.kma.go.kr 
（accessed 22 June 2018）

Lyu, Y. S., Lim, Y. J., Kim, J. H., Jung, H. J., Lee, S. U., Choi, W. J. 
et al. （2015） Characteristics of particulate carbon in the 
ambient air in the Korean Peninsula. Journal of the Korean 
Society for Atmospheric Environmental, 31（4）, 330─344.

National Institute of Environmental Research （NIER）（2013） 
The Guideline for PM2.5 Monitoring Station over Korea.

NIER （2014a） Emission Sources and Behavior of PM2.5 Organic 
Materials （V）. Retrieved from http://library.me.go.kr （accessed 
22 June 2018）

NIER （2014b）. PM2.5 National Reference Methods Assessment 
（ I）. Retrieved from http://library.me.go.kr （accessed 22 June 

2018）
NIER （2014c） Operational Guideline in Youngnam Intensive 

Monitoring Station. Retrieved from http://library.me.go.kr 
（accessed 22 June 2018）

NIER （2017） KORUS-AQ Rapid Science Synthesis Report.
Ren, Y., Wang, G., Li, J., Wu, C., Cao, C., Wang, J. et al. （2017） 

Seasonal variation and size distribution of biogenic secondary 
organic aerosols at urban and continental background sites of 
China. Journal of Environmental Sciences, 1─13.

Salameh D., Detournay, A., Pey, J., Pérez, N., Liguori, F., Saraga, 
D. et al. （2015） PM2.5 chemical composition in five European 
Mediterranean cities : A 1-year study. Atmospheric Research, 
155, 102─117

Sung, M. Y., Moon, K. J., Park, J. S., Kim, H. J., Jeon, H. E., Choi, 
J. S. et al. （2017） Chemical Composition and Source 
Apportionment using the PMF Model of the Ambient PM2.5 in 
2013 over Korea. Journal of the Korean Society of Urban 
Environment, 17（2）, 145─156.

Sung, M. Y., Park, J. S., Kim, H. J., Jeon, H. E., Hong, Y. D. and 
Hong, J. H. （2015） The characteristics of element components 
in PM2.5 in Seoul and Daejeon. Journal of the Korean Society 
for Environmental Analysis, 18（1）, 49─58.

The Korean Academy of Science of Science and Technology  
（2016） Status of PM2.5 pollution in Northeast Asia. KAST 
Research Report. Retrieved from http://kast.or.kr （accessed 22 
June 2018）

Tolis, E. I., Saraga, D. E., Lytra, M. K., Papathanasiou, A. Ch., 
Bougaidis, P. N., Prekas-Patronakis, O. E. et al. （2015） 
Concentration and chemical composition of PM2.5 for a one-year 
period at Thessaloniki, Greece : A comparison between city and 
port area. Atmospheric Environment, 113, 197─207.

Xu, J. S., Xu, M. X., Snape, C., He, J., Behera, S. N., Xu, H. H. et 

63Chemical Composition of the Ambient PM2.5 over Korea



al. （2017） Temporal and spatial variation in major ion 
chemistry and source identification of secondary inorganic 
aerosols in Northern Zhejiang Province, China. Chemosphere, 
179, 316─330.

Yu, G. H., Cho, S. Y., Bae, M. S., Lee, K. H. and Park, S. S. （2015） 
Investigation of PM2.5 pollution episodes in Gwangju. Journal 
of Korean Society for Atmospheric Environment, 31, 269─286.

64 M. SUNG and J. PARK

Min-young SUNG

Min-young Sung is a researcher at the National 
Institute for Environmental Research （NIER） in 
KOREA. Her group studies the physicochemical 
properties of PM2.5 and the secondary formation 
process. She also investigated the concentration 
distribution of acid deposition monitoring 
network over KOREA.

Jin-soo PARK

Jin-soo Park, Ph. D., is a senior researcher at the 
National Institute for Environmental Research 
（NIER） in KOREA. He participated in KORUS-

AQ, a joint research project with NASA, 
observing the concentration of air pollutants 
around large-scale point sources. His group 
studies the physicochemical properties of PM2.5 

and the secondary formation process. He is also a member of the editorial 
boards of the Korea Environmental Engineering Society, Korea Civil 
Engineering Society, and Korea Urban Environment Society.

（Received 22 June 2018, Accepted 2 November 2018）



Current Status of PM2.5 Pollution and its Mitigation in  
Ulaanbaatar City of Mongolia

Oyunchimeg DUGERJAV
1, Munkhjargal ERDENEBADRAKH

1, 

Enkhbold ERDENEBAT
2 and Munkhbat BYAMBA-OCHIR

1

1Information and Research Institute of Meteorology, Hydrology and Environment
Juulchny gudamj-5, Ulaanbaatar, 210646, Mongolia

2Regional Integrated Multi-Hazard Early Warning System （RIMES）  
Asian Institute of Technology campus, 58 Moo 9 Paholyothin Rd., Klong Nueng,  

Klong Luang, Pathumthani, 12120, Thailand
E-mail : oyunchimeg＠irimhe.namem.gov.mn

Abstract
Air pollution is one of the biggest problems in Ulaanbaatar, Mongolia, with the most harmful pollutant 

being PM2.5. This paper aims to provide an overview of the current status of PM2.5 pollution in Ulaanbaatar 
based on the governmentʼs monitoring data and mitigation policies. During the last several years, PM10 and 
PM2.5 concentrations have gradually decreased in Ulaanbaatar, even though in winter the average PM2.5 
concentration has been 2–5 times higher than national Air Quality Standard （AQS）. The Government of 
Mongolia is implementing measures to reduce air pollution by approving laws, policy documents and 
strategies for air pollution mitigation in Ulaanbaatar.

Key words : air pollution, ger area, PM2.5 concentration

1. Introduction

Air pollution has become one of the most 
challenging issues in Mongolia, especially during the last 
two decades. In rural parts of Mongolia, desertification, 
deforestation and soil erosion have increased because of 
land degradation, climate change and mining activities. 
As a result of these negative human impacts on the 
environment, Mongoliaʼs desert has become one of the 
main sources of Asian dust storms （Dementeva et al., 
2013, Amarsaikhan et al., 2014）. Dust storms over this 
region have been well studied in recent decades.

Changes in environmental conditions may affect the 
emergence and distribution of diseases, leading to 
potential new health risks, including respiratory diseases, 
among young children （Jadambaa et al., 2014）. Air 
pollution takes many forms and the most harmful to 
health is fine particulate matter PM2.5. A World Health 
Organization （WHO） report showed that in 2012, one 
out of nine deaths in Mongolia was the result of air 
pollution-related diseases and more than half of child 
deaths from pneumonia in Mongolia were due to indoor 
air pollution. In Mongolia, indoor and outdoor air 
pollution accounts for 132 deaths per 100,000 people per 
year ; whereas the global average is 92 deaths per 
100,000 people （WHO Representative Office Mongolia, 
2018）.

Ulaanbaatar is the coldest national capital in the 
world, and a high-density populated city in Mongolia, 
where 40％ of the total population lives. The WHO 
studied publicly available air quality data from 1,100 
cities and listed Ulaanbaatar among the top five cities 
with the worst air quality in the world （Guttikunda et al., 
2013）. Rapid urbanization over a short period of time 
has led to extended ger （traditional housing） areas. The 
largest source of particulate pollution in Ulaanbaatar is 
coal and biomass combustion in households, heat-only 
boilers （HOBs） and three thermal power plants （TPPs）. 
In addition to the growing emissions, the cityʼs 
geography and topography play a significant role in 
aggravating the pollution levels, which peak in December 
and January. There are primarily two reasons for this : 
（1） in the winter months, continuous heating is required 
in residential and commercial sectors, which increases 
the total emissions from heating boilers in the city and at 
the power plants, and （2） the problem is further 
exacerbated by lower mixing layer heights （lower than 
200 m） coupled with geography surrounded by 
mountains, which restrict the vertical and horizontal 
dispersion of pollutants in the winter months 
（Guttikunda et al., 2013）. During winter, Ulaanbaatarʼs 

air pollution is caused by households and low-pressure 
boilers burning raw coal in the ger districts （80％）, 
motor vehicles （10％）, coal-fired power plants （6％） 
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and solid waste and soil degradation （4％）（WHO 
Representative Office Mongolia, 2018）．

Allen et al. （2013） noted that high PM2.5/PM10 
ratios were consistent with of major impact from a coal 
and wood combustion in the cityʼs low-income ger areas 
in winter. They estimated that 29％ of cardiopulmonary 
deaths and 40％ of lung cancer deaths in the city were 
attributable to outdoor air pollution.

High pollution is observed in Ulaanbaatar during 
the winter period, where the temperature strongly drops 
（November to the end of February）. To consider 
diurnally, the highest concentrations of PM10 and PM2.5 
are observed in the mornings and evenings when coal 
combustion in the ger area is active （Table 1）. But 
seasonality, the highest concentrations of PM10 and PM2.5 
are observed in winter, and the lowest in summer （Jugder 
et al., 2013）. 

The monthly distribution of 24-hour averaged 
PM2.5/PM10 ratios is also highly variable between 
seasons, with a mean ratio of 0.26±0.11 in summer and 
0.78±0.12 in winter （Allen et al., 2013）. This, however, 
was estimated using data from only a single station. Our 
paper aims to provide an overview of long-term changes 
and the current situation regarding PM2.5 pollution, the 
PM2.5/PM10 ratio and the relationship between 
meteorological parameters and the air pollution 
mitigation measures and policies of the Government of 
Mongolia.

2. Methodology

In our study, we used hourly average observation 
data on PM10, PM2.5, wind direction and wind speed 
（2010─2017） at the three air-quality monitoring stations 
（Fig. 1 a） in Ulaanbaatar which were located in different 

places, representing areas related to emission sources 
such as UB02 （roadside）, UB04 （a residential area） and 
Tolgoit （a ger area）. PM10 grid emissions were estimated 
as follows.

PM10 emissions （each grid）＝ number of 
households （each a 1×1 km grid） times the emission 
factor times the average coal consumption. We used the 
emission factor for PM10 （approximately 4.0 kg/ton） 
suggested in The Global Atmospheric Pollution Forum 
Air Pollutant Emissions Inventory Manual （Stockholm 
Environment Institute, 2010） and reported by the Japan 
International Cooperation Agency （JICA） project （JICA, 
2017）. The winter average PM2.5/PM10 ratio was 0.7, 

estimated from all available air quality observation data 
（2010─2017） from the three selected stations.

The gridded PM2.5 emissions were estimated by 
multiplying the value of PM10 emissions by a factor of 
0.7, which was the averaged PM2.5/PM10 concentration 
ratio at the three selected stations in winter. PM2.5/PM10 
emission ratio is different from PM2.5/PM10 
concentration ratio due to the effect of secondary PM. 
The winter average air quality index for PM2.5 （AQIPM2.5） 
at each station was estimated by formula （1）.

AQIPM2.5＝
PM10 （concentration）＊0.7

50
＊100 （1）

The national Air Quality Standard （AQS） for PM2.5 
is 50 µg/m3 for the daily mean.

3. Current Status of PM2.5 Pollution in 
Ulaanbaatar

According to the data of National Statistical Office 
（NSO, 2016） of Ulaanbaatar, there are 216,000 

households in the ger areas that use coal for cooking and 
heating, out of which 52％ live in houses and 48％ live 
in traditional gers in Ulaanbaatar. On average, the 
households in gers are estimated to consume five tons of 
coal and three cubic meters of fuelwood per year 
（Guttikunda, 2007）. Most of the coal consumption 
occurs during winter, between November and February 
（Guttikunda et. al., 2013）. The current WHO guideline 
（WHO Representative Office Mongolia, 2018） for PM2.5 

was set at 10 µg/m3 for the annual mean. The national 
ambient AQS is 25 µg/m3 for the annual mean, and 
50 µg/m3 for the daily mean. In Ulaanbaatar, the monthly 
average PM2.5 concentration was 256 µg/m3 in December 
2016 （Government of Mongolia, 2017）. This is more 
than 25 times the WHO guidelines, five times higher than 
the daily mean of the national AQS and 10 times higher 
than the annual mean. The average PM2.5 detected in the 
ger area is considerably higher.

We estimated PM10 emissions from a ger area （1×
1 km grid） using the number of gers, houses and HOBs 
and their coal consumption in each grid and converted 
the result to PM2.5 based on the PM2.5/PM10 ratio 
（approximately 0.7）. The main pollution sources were 

located around the city center （Fig. 1）.
Figure 2 shows seasonal variations and long-term 

changes in PM10 and PM2.5 concentrations in 
Ulaanbaatar. In general, there are large seasonal 
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Table 1    Daily average concentration of pollutants （µg/m3） in Ulaanbaatar.  
source : Mongolian Statistical Yearbook （National Statistical Office of Mongolia, 2016）.

MONTH January February March April May June July August September October November December

POLLUTANTS PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5

2011 436 459 295 270 176 127 202 51 146 42 112 45 119 56 129 44 148 40 156 63 221 144 795 318

2012 836 270 432 153 209 82 271 36 303 35 104 35 109 35 134 39 135 43 160 14 354 133 538 224

2013 527 235 299 150 182 68 149 35 145 35 110 31 107 34 123 42 144 32 189 50 276 114 444 186

2014 384 166 259 109 173 56 155 33 106 22 119 17 97 22 126 22 145 35 171 54 205 90 237 148

2015 225 157 176 84 109 44 112 29 81 26 78 28 78 28 73 25 79 23 117 49 132 85 172 115

2016 230 187 176 133 93 49 93 21 78 18 66 22 77 30 57 11 79 28 96 38 169 108 209 142



variations in the PM10 and PM2.5 concentrations. The 
concentrations have been decreasing slowly in 
Ulaanbaatar even though the PM10 and PM2.5 
concentrations were 2–5 times higher, respectively, than 
the daily mean national AQS in winter, resulting in the 

high pollution observed in winter, during the heating 
season.

The average PM2.5/PM10 ratio was 0.7 in winter. The 
ratio differed between the station （Figs. 3 and 5） 
depending on the season and location of the station. In 
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Fig. 1    （a）Location of selected stations, （b）estimated PM2.5 emission distribution, （c）average air quality index for PM2.5 in winter, 
Ulaanbaatar.
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Fig. 2  PM10 and PM2.5 concentrations. （a）average in Ulaanbaatar, （b）at station UB04, （c）at station UB02.

PM10
PM2.5
Ratio (PM2.5/PM10)
AQ5_PM10
AQ5_PM2.5

AQ5_PM10
AQ5_PM2.5
Daily average of PM10
Daily average of PM2.5
Ratio (PM2.5/PM10)

AQ5_PM10
AQ5_PM2.5

Daily average of PM10
Daily average of PM2.5

（a） （b） （c）

Fig. 3  Mass concentrations of PM10 and PM2.5.
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winter, the PM10 and PM2.5 ratios were found to be 
similar with a high correlation, R2, equal to （0.69-0.92）, 
which may indicate the sources are the same at each 
station in winter. Annually, they differed, however, with 
R2 being lower.

We determined the relationship between the wind 
regime and seasonal average concentration of PM2.5 at 
the three selected sites. The wind direction was similar at 
stations UB02 and UB04. The annual average wind 
speed was very low （less than 3 m/s） at all the stations. 
The PM2.5 concentration depended on wind direction and 
source locations. The highest concentration of PM2.5 was 
observed in winter, especially in the ger area （Tolgoit 

Station）, and lowest in summer.
The PM2.5/PM10 ratio showed a seasonal variation 

which was higher in winter and lower in summer. This 
indicated that the particulate matter originated from 
different sources （Figs. 2 and 5）. The concentrations and 
ratios （Figs. 4 and 5） of PM2.5 and PM10 were influenced 
by meteorological parameters, such as wind direction, 
wind speed and location. The highest PM2.5/PM10 ratio 
（0.7–0.8） was observed in the ger area （Tolgoit Station） 
in winter. This indicates that the main emission sources 
of PM2.5 are coal-fired stoves in the ger area during the 
heating season. In summer the ratio was lowest （0.2–
0.3）.
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Fig. 5  PM2.5/PM10 ratios by wind direction and season at the three different stations.

Fig. 4  Seasonal frequency of wind direction （blue）, speed （green） and PM2.5 concentration （black）.
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The diurnal variations in PM10 and PM2.5 were 
similar in winter. The morning peak concentrations were 
observed at 11–12 a.m. at stations UB02 and UB04, 8–10 
a.m. in the ger area （Tolgoit）. Evening peaks were 
observed at 7 p.m. to 2 a.m. depending on the stationʼs 
location （Fig. 6）. This was influenced by the coal-
burning period in the ger area （Tolgoit）, traffic rush 
hours （8–9 a.m., noon to 2 p.m., after 5 p.m.）, working 
hours and distance from pollution sources.

4.  Air Pollution Mitigation Policies

In Mongolia, there are a number of laws, policy 
documents, programs and strategies on air pollution 
reduction at the national and city level. These include  
the National Program on Reduction of Air and 
Environmental Pollution （Government of Mongolia, 
2017）, Mongoliaʼs Sustainable Development Vision 2030 
（State Great Khural of Mongolia, 2016a）, the Green 

Development Policy （State Great Khural of Mongolia, 
2014）, Mongoliaʼs Government Action Plan for 2016–
2020 （State Great Khural of Mongolia, 2016b）, Law on 
Air （State Great Khural of Mongolia, 2012）, Law on 
Reducing City Air Pollution （State Great Khural of 
Mongolia, 2011） and National Air Quality Standards 
（Mongolian Agency for Standardization and Metrology, 
2007）.

Since 2000, the Government of Mongolia has 
identified comprehensive solutions for reducing air 
pollution. It has proposed a number of programs to 
decrease air pollution with financial and professional 
support from international organizations. These 
government programs mainly focus on reducing air 
pollution in the capital city by distributing air quality 
measurement instruments, implementing vehicle 
emission controls and bans on certain systems, 
improving coal quality as well as the efficiency of 
heating boilers and household stoves, and re-planning the 
ger area. The governmentʼs responses have been to 
remove low-pressure steam boilers, replace traditional 
stoves with low-smoke stoves, increase energy sources, 
promote renewable energy, increase the number of air 
quality monitoring stations, introduce new public 
transportation service modes, provide processed fuel to 

target groups and run a campaign on reducing heat 
losses, particularly in traditional houses and dwellings. 
Moreover, in 2016, the Government of Mongolia 
introduced a night-time electricity discount for 
households in the ger areas to encourage people who 
used raw coal for heating to use electric heaters （WHO 
Representative Office Mongolia, 2018）.

In recent decades, 15 air quality monitoring stations 
have been installed （13 automatic and three manual） in 
Ulaanbaatar to measure air quality conditions.

In March 2017, the Government of Mongolian 
approved the National Program on Reduction of Air and 
Environmental Pollution （NPRAEP）. This program 
identifies five main objectives including :
- Implementing an effective policy for urban planning, 
construction and infrastructure development, and 
improving the air quality and environment in urban areas 
through community development ;
- Reducing pollution sources by introducing 
environmentally friendly and advanced technologies, 
reducing raw coal consumption and reducing pollution 
substances ;
- Taking a comprehensive approach to reducing the 
amount of pollutants emitted from vehicles ;
- Defining the management, coordination and financing 
of air and environmental pollution mitigation activities 
and creating a system to reward these activities ;
- Increasing citizen participation and accountability in 
reducing environmental pollution, establishing healthy 
living practices and strengthening environmental quality 
monitoring and analysis.

This national program aims to decrease PM2.5 
concentrations by approximately 25％（256 µg/m3 to 
190 µg/m3）by 2020 and 72％（256 µg/m3 to 70 µg/m3）
by 2025 compared with the monthly average 
concentration of PM2.5 in December 2016.

In February 2018, the Government of Mongolia 
made the decision to ban the consumption of raw coal in 
Ulaanbaatar starting from 15 May 2019, in an effort to 
reduce air pollution. The decision will exclude 
companies with permission to operate power stations and 
thermal power plants.
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Fig. 6  Diurnal variations in PM10, PM2.5 and their ratio at stations UB02, UB04 and Tolgoit in winter.
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5.  Conclusions

During the last several years, air pollution has 
become one of the most challenging issues in 
Ulaanbaatar, Mongoliaʼs capital city. Concentrations of 
the main pollutants, PM10 and PM2.5, have been 2–5 
times higher, respectively, in winter than the daily mean 
national AQS. The pollution has originated from coal-
fired household stoves during the cold season. The 
concentrations and ratio of PM2.5/PM10 are influenced by 
meteorological parameters such as temperature, wind 
direction, wind speed and location. The Government of 
Mongolia has implemented several measures to reduce 
air pollution. The main measures have been re-planning 
ger areas, replacing traditional stoves with low-smoke 
stoves and increasing energy sources and their efficiency.

The National Program on Reduction of Air and 
Environmental Pollution （2017） aims to decrease PM2.5 
concentrations by approximately 25％ by 2020 and more 
than 70％ by 2025 compared with the monthly average 
concentration of PM2.5 in December 2016. The main 
barriers to implementation of air pollution reduction 
policies and measures are the low income of residences 
in the ger areas and the management, coordination and 
financing of air and environmental pollution mitigation 
activities.
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Abstract
Vietnam is experiencing serious fine particulate matter （PM2.5） pollution as a result of local activities 

and long-range transport （LRT） pollutants. In this article, we summarize and analyze PM2.5 data from 
ground stations and manual measurements showing PM2.5 status, characteristics and emission sources in the 
period from 1996 to 2017 in Vietnam. In addition, we provide a brief impact assessment of PM2.5 pollution 
on public health regarding diseases and deaths. Conscious of PM2.5ʼs harmful effects, Vietnam has been 
taking steps to mitigate PM2.5 pollution in various forms through efforts by the government, non-
governmental organizations, media, communities and individuals, and has obtained initial results. This 
article presents a comprehensive review of current PM2.5 pollution and its mitigation in Vietnam.

Key words : current status, mitigation, PM2.5 pollution, Vietnam

1. Introduction

In Vietnam, air pollution has been increasing rapidly 
as a result of local pollution from traffic, construction, 
industries, agriculture, domestic cooking, heating, etc., 
with no effective treatment, compounded by long-range 
transport （LRT） pollutants. At present, many major 
cities face high levels of air pollution, especially fine 
particulate matter concentrations （i.e., PM2.5）. 
Monitoring data in recent years have shown that PM2.5 
levels in urban areas are generally high and exceed 
national standards many days in a year, especially in 
urban areas in the north （MONRE, 2016）.

PM2.5 refers to atmospheric particulate matter with a 
diameter of less than 2.5 µm, usually having acidic 
characteristics with a longer lifetime in the atmosphere 
and deeper penetration into the lungs than larger dust 
particles. Global Burden of Disease （GBD） estimated 
that exposure to ambient PM2.5 accounted for 806,900 
disability-adjusted life-years （DALYs） in Vietnam in 
2015 （Cohen et al., 2017）. Exposure to PM2.5 can cause 
respiratory and cardiovascular diseases, cancer, bronchial 
pneumonia, strokes and even death if exposure is 
prolonged.

Conscious of PM2.5ʼs harmful effects on the 
environment and public health, Vietnam has been taking 
concrete steps to mitigate PM2.5 pollution. The 

Vietnamese government has focused on designing an 
environmental regulatory system ; developing  
comprehensive environmental laws and standards ; 
approving and implementing programs to control, reduce 
and remedy environmental pollution ; maintaining and 
enlarging air pollution monitoring networks ; and 
enhancing public awareness. Furthermore, many non-
governmental organizations and communities have been 
getting involved in environmental protection activities.

In this article, we present a comprehensive picture 
of PM2.5 pollution in Vietnam based on a synthesis and 
analysis of related works about PM2.5 measurements, 
characteristics and emission sources. We then investigate 
studies to assess the impact of PM2.5 on public health in 
Vietnam. PM2.5 mitigation policies and solutions by the 
Vietnamese government, organizations and communities 
are then summarized and discussed.

2. Study Area

Vietnam, located in the middle of Southeast Asia, 
covers an area of   331,698 km2 extending from （8°27ʼ N, 
102°8ʼ E） to （23°23ʼ N, 109°27ʼ E） with an estimated 
94.6 million inhabitants as of 2016. Vietnam is bordered 
by China to the north, Laos and Cambodia to the west, 
and the East Sea and Pacific Ocean to the east and 
southeast. With a tropical monsoon climate and 
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frequently changing weather, Vietnam is divided into 
seven climatic zones : northwest （NW）, northeast （NE）, 
Red River Delta （RRD）, north central （NC）, south 
central （SC）, central highland （CH）, and southeast 
（SE）. The north, including the NW, NE, RRD and NC, 

has two major seasons : winter, from October to March, 
which is cold and dry with monsoon winds blowing from 
the northeast along the Chinese coast and across the Gulf 
of Tonkin ; and summer, from May to August, which is 
dominated by hot, dry southwest winds and wet 
southeast winds. In the south, consisting of SC, CH and 
SE, there is a northeast wind in the dry season and 
southwest wind in the rainy season （Fig. 1）. The average 
relative humidity is 84％   throughout the year. The annual 
rainfall ranges from 1,200 to 3,000 mm and sunny hours 
from about 1,500 to 3,000 hours per year. In the north, 
the temperature varies from 5℃ in December to 37℃ in 
July or August. The seasonal variation is less in the 
south, with temperatures ranging from 21 to 28℃. 
Geographical and climatic factors strongly affect PM2.5 
pollution in each region of Vietnam.

The environment in Vietnam is strongly influenced 
by socio-economic development activities. According to 
statistics from the General Statistics Office, Vietnamʼs 
population is now more than 94.6 million （2016） with 
an annual growth rate of 1 million. The population 
density in the Red River Delta, Mekong Delta and 
southeast （59.5％ of the population） is higher than in the 
north central, south central, northwest, northeast and 
central highland （19％）. As of December 2015, Vietnam 
had 787 urban areas with about 31 million people. The 
urbanization rate has increased by an average of 1.0 to 
1.02％ per year, which is equivalent to 1 to 1.2 million 
urban inhabitants. Urbanization has accelerated in Hanoi 
and Ho Chi Minh City at annual rates of 3.8％ and 4％，
respectively. Population growth and urbanization have 
led to strong infrastructure development （i.e., roads, 
houses, etc.） and a large number of vehicles. PM2.5 
emissions are increasing as a result of peopleʼs cooking 
and heating, transportation, and construction activities in 
urban environments.

Air pollutant emissions from traffic predominate in 
Vietnam. As of 2015, Vietnam had a circulation of nearly 
2 million cars and over 45 million motorbikes. Hanoi 
alone had 300,000 automobiles, including 1,300 buses 
and 14,000 taxicabs, and 4.6 million motorcycles in 
2013. Ho Chi Minh City had 654,537 cars and 6,495,702 
motorcycles and motorbikes within it, together with 
about 1 million motorbikes and 60,000 cars outside the 
city in 2015. Since motor vehicles mostly use gasoline 
and diesel fuel, major air pollutants are generated 
through their exhaust gases from the combustion of 
engine fuels. Furthermore, at crossroads and 
intersections, air pollution levels are higher than in other 
areas as a result of vehicle acceleration and restart. 
Narrow and degraded roads causing traffic congestion 
are significant factors in serious air pollution, especially 
in large cities such as Hanoi and Ho Chi Minh City.

The Vietnamese economy includes services （40.52

％）, industry and construction （33.09％）, agriculture, 
forestry and fisheries （16.30％）, and product taxes 
minus product subsidies （10.09％） as of 2015 
（MONRE, 2015）. As major sectors of the economy, 
industrial, craft, construction and agricultural activities 
have been increasing and therefore, putting high pressure 
on the environment, especially PM2.5 pollution. 
Currently, Vietnam has 283 industrial zones distributed 
in different regions and 5,096 craft villages and other 
small production facilities （MONRE, 2015）. PM2.5 
results mainly from industrial and craft activities 
involving cement, metallurgy, mining, thermal power 
production, and so on. In addition, livestock farming, rice 
or vegetable cultivation and aquaculture also put pressure 
on the environment. PM2.5 from agriculture is associated 
with rice straw and rice stub burning for soil preparation 
after harvest in the northern mountainous areas, the Red 
River Delta and Mekong River Delta.

3. Current Status of PM2.5 pollution

Air pollution is a serious problem in Vietnam. Air 
pollutants, including TSP, PM10, PM2.5, PM1, NO2, SO2 
and CO, exceed national standards many days in urban 
and high-traffic areas of cities such as Hanoi, Hai Duong, 
Bac Ninh, Hung Yen, Viet Tri and Ho Chi Minh City ; 
industrial zones in Ha Giang, Hanoi, Hai Phong, Quang 
Ninh, Can Tho and other areas ; and craft villages in 
places such as Hanoi, Ninh Binh, Bac Ninh and Hung 
Yen. Additionally, Vietnamʼs north suffers from LRT 
pollutants in winter （MONRE, 2015）. In the current air 
pollution situation, PM2.5 pollution is considered the 
most serious problem in Vietnam.

3.1 Monitoring Network
In Vietnam, PM2.5 monitoring has been carried out 

by the Center for Environmental Monitoring （CEM）, 
Vietnam Environment Administration （VEA） of 
Ministry of Natural Resources and Environment 
（MONRE） since 2010. Automatic, real-time monitoring 
systems were installed at road sites in Hanoi （two 
stations）, Quang Ninh （one station）, Viet Tri （one 
station）, Hue （one station）, Da Nang （one station） and 
Nha Trang （one station）, with a distribution as shown in 
Fig. 1. Providing continuous PM mass measurements is 
the GRIMM model 180. The CEM monitoring data are 
available to the public at the cem. gov. vn website.

In addition, provinces such as Hanoi, Ho Chi Minh 
City, Quang Ninh, Vinh Phuc, Dac Lac and Dong Nai 
have recently been investing in their own environmental 
monitoring networks. One notable monitoring network is 
the 10-station Air Quality Monitoring System （AQMS） 
in Hanoi installed in 2017 （Fig. 1）. The Hanoi stations 
monitor air pollutants, including PM2.5, collect data and 
transfer it for processing at the center using XR® 
software. The information is directly published online for 
the public at http://moitruongthudo.vn. The system was 
designed by Airparif, France.

In response to increasing PM2.5 in Vietnam, the US 
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Embassy has installed two automatic observation stations 
at 7 Lang Ha, Ba Dinh, Hanoi in April 2015 and 4 Le 
Duan, District 1, Ho Chi Minh City in January 2016 
（Fig. 1）. The equipment is Met Oneʼs BAMs. The device 

is located at the specified position to measure the 
ambient air environment. Monitoring data at these 
stations are available at www. airnow. gov.

Besides automatic and continuous monitoring 
networks, regular periodic sampling is conducted three to 
six times per year at more than 100 sites and six to 12 
sites for national and local observation programs, 
respectively, but they do not measure PM2.5. In addition, 
other studies aiming to measure PM2.5, analyze its 
composition and identify emission sources have carried 
out measurements in many provinces at sites with 
different environments several decades ago （Table 1）. 
Recently, satellite imagery has been used to map 
estimated PM2.5 concentrations over Hanoi between 
August 2010 and July 2012 （Nguyen et al., 2013） and 
Vietnam from December 2010 to September 2014 
（Nguyen et al., 2015）. CALIPSO satellite data are 
beginning to be used for analysis of pollution sources in 
Vietnam （Tran et al., 2018）.

3.2 Status of PM2.5 Pollution
3.2.1 Annual Variation of PM2.5

Automatic and continuous monitoring stations for 
PM2.5 were established at different locations and times. 
Annual variation of PM2.5 in Vietnam is ascertained 
based on analysis of yearly averaged PM2.5 recorded 
from ground stations operated by CEM and the US 
Embassy （USE）. Annual PM2.5 is calculated when 
ground stations work correctly and only if there are 
enough data be to representative of a year, as follows : 
Hanoi （January 2010 to July 2017 at the CEM station 
and January 2016 to December 2017 at the USE station）, 
Viet Tri （April 2013 to December 2016）, Ha Long 
（January 2014 to December 2017）, Hue （April 2013 to 
December 2015）, Da Nang （January 2011 to December 
2016）, Nha Trang （March 2012 to October 2016）, and 
Ho Chi Minh （February 2016 to December 2017）（Fig. 
2）．Before 2009, yearly averaged PM2.5 was monitored 
and reported by various thematic studies （Fig. 3）.

Vietnamese northern provinces such as Viet Tri, Ha 
Long and Hanoi have annual PM2.5 concentrations much 
exceeding the standards. In Hanoi, PM2.5 increased from 
1998 to 2011 （Figs. 2 and 3） and decreased from 2012 
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Fig. 1   Vietnamese climate zones and distribution of ground monitoring stations operated by CEM, the US Embassy and Hanoi.



to 2017 （Fig. 2）. In the period of 2010 to 2012, rapid 
economic development led to increased construction and 
traffic in Hanoi. Since 2012, economic activities have 
decreased compared to previous times. Moreover, local 
authorities have implemented projects and programs to 
control and reduce air pollution. This can explain the 
trends in air pollution in Hanoi. Hanoi, however, still 
suffers the highest PM2.5 pollution in Vietnam, followed 
by Viet Tri and Ha Long. Hue City, located in central 
Vietnam, has annual PM2.5 concentrations approximately 
equal to the national standard. Moving into the southern 
provinces where the weather varies less and is not under 
the influence of the northeast monsoon, in Da Nang and 
Nha Trang, PM2.5 is under the permitted limit. However, 
in Ho Chi Minh City, one of the largest cities in southern 
Vietnam, PM2.5 has been increasing in comparison to 
1996 levels （Fig. 3） and has neared the national limit in 
recent years （Fig. 2） as a result of urbanization.

3.2.2 Seasonal Variation of PM2.5

The northern provinces of Vietnam including Viet 
Tri, Ha Long （northeast）, and Hanoi （Red River Delta） 
are strongly influenced by the north and northeast 
monsoons, which bring dust pollution from far away 
（i.e., LRT） during the winter months. In addition, the 

dry climate and high pressure during this time cause 
PM2.5 to accumulate and limit its dispersion by air. In 
contrast, the northern provinces are affected by 
southwesterly and southeasterly winds blowing out to sea 
or to the north and frequent rains washing out air 
pollution in the summer. As a result, the northern 
provinces have higher PM2.5 concentrations in winter 
than in summer. Figure 4 shows monthly PM2.5 
concentrations at the ground stations operated by CEM 
and USE. The monitoring stations in Hanoi, Viet Tri and 
Ha Long show seasonal variations in which PM2.5 is 
particularly high in the months of October to March, 
lower in the transition months of April and September, 
and lowest in the summer months from May to August. 
Hue City is still affected by seasonal trends. The monthly 
averaged PM2.5 is still the highest in Hanoi, about twice 
the levels in the other northern provinces, even in the 
rainy season. It is followed by the provinces of Viet Tri, 

Ha Long and Hue （Fig. 4a）.
The southern provinces have a mild climate with 

less variation. In the dry season, the northeast monsoon 
and southeasterly wind dominate. During the rainy 
season, southwesterly winds bring about 90％ of the total 
annual rainfall （southwest monsoon）. In addition, 
Vietnamʼs south is located near the equator and separated 
from the north by the Hai Van Pass, the region is less 
affected by the northeast monsoon and has just two 
seasons in a year. Therefore, PM2.5 does not change 
significantly in the southern provinces （i.e., Da Nang, 
Nha Trang and Ho Chi Minh） with the season. The 
monthly PM2.5 in Ho Chi Minh City, however, was higher 
than in Da Nang and Nha Trang, a result of its rapid 
urbanization （Fig. 4b）.

Previous studies have shown seasonal variation in 
the Vietnamʼs north to be exactly the same trend as seen 
in the station data analysis above. This seasonal variation 
was reported for Hanoi in Hien et al. （2002）, Dung Hai 
and Kim-Oanh （2013） and Snider et al. （2016）; for 
Tam Dao, a mountainous province in the north of 
Vietnam, in Co et al. （2014）; and for Quang Ninh, a 
coal mining and tourism city, in Hang and Kim-Oanh 
（2010）（see Table 1 for detailed information）．Maps 

of estimated PM2.5 from satellite images in 2010 to 2014 
over Vietnam present the seasonal variations （Nguyen et 
al., 2015）.

3.2.3 Diurnal Variation of PM2.5

Figure 5 presents the diurnal variations of PM2.5 in 
the rainy and dry seasons at each ground station 
following seasonal separation rules in Hien et al. （2002） 
and Vinh et al. （2018）. CEM monitoring stations were 
located in areas with traffic where the daily PM2.5 pattern 
often reflects fluctuations in hourly vehicular traffic. The 
PM2.5 concentration increased during rush hours in the 
morning （7 :00–8 :00 am） and afternoon （6 :00–7 :00 
pm） but was low at noon （1 :00–2 :00 pm）, as can be 
observed at the Ha Long, Da Nang, Hue and Nha Trang 
stations in both rainy （Fig. 5a） and dry seasons （Fig. 
5b）. During the dry season in the north, nocturnal 
radiation inversions （NRIs） and subsidence temperature 
inversions （STIs） occur from October to December and 
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Fig. 2    Yearly averaged PM 2.5 at six CEM stations and two USE 
stations. The red line is the standard for annual PM2.5 under 
Vietnamese technical regulations.
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January to March, respectively. During NRIs, the PM2.5 
concentration was much enhanced and significantly 
higher at night than in the day. During STI occurrences, 
PM2.5 was still higher than on normal days but lower than 
during NRIs because it was much suppressed under 
humid conditions （Hien et al., 2002）. This explains the 
higher PM2.5 observed during the night than during the 
day at the Viet Tri and Hanoi-CEM stations in the dry 
season. This diurnal variation, however, was not observed 
at the Hanoi-USE station （Fig. 5b）. Moreover, the Viet 
Tri and Hanoi-CEM stations still had same night-day 
variation trends during the rainy season. Further 
investigation needs to be conducted on this. The impact 
of traffic on the Viet Tri and Hanoi-CEM station 
measurements is more apparent in the rainy season when 
the climate has less of an influence （Fig. 5a）.

In contrast, the USE observation stations were 
located in residential areas, thus their PM2.5 
concentrations showed no traffic impact. At the USE 
Hanoi station, the PM2.5 concentration decreased in the 
morning, rising in the afternoon and night while no clear 
trends in daily variability were found at the Ho Chi Minh 

station （Fig. 5）.

3.3 Emission Sources
Studies related to PM2.5 emission source 

contribution have been conducted in past years in Hanoi, 
Ho Chi Minh City and some northern provinces such as 
Bac Ninh, Hai Duong, Luc Nam, Tam Dao and Quang 
Ninh. These studies measured PM2.5 samples during a 
certain period, and analyzed PM2.5 chemical  
compositions to determine emission sources or/and 
associations with air quality models to assess LRT 
pollution, especially for the northern provinces of 
Vietnam.

In Hanoi, local emission sources vary among the 
measurement sites and sampling periods but mainly due 
to traffic, industry, construction/soil, biomass burning 
and coal combustion （Cohen et al., 2010a ; Dung Hai & 
Kim-Oanh, 2013 ; Kim-Oanh et al., 2006 ; Hopke et al., 
2008）（Table 1）．Because of the special geographic 
location and climate conditions, PM2.5 concentrations in 
Hanoi are often high during the dry, cold winter and 
strongly affected by LRT pollution arriving with the 
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Fig. 4    Monthly average PM2.5 at ground stations shows 
seasonal variations in Viet Tri, Hanoi, Ha Long and 
Hue （a） and no seasonal trends in Da Nang, Nha Trang 
and Ho Chi Minh City （b） in Vietnam.

Fig. 5    Daily patterns of PM2.5 concentrations at the CEM and 
USE stations in the rainy season （a） and the dry season 
（b）.
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Table 1  Summary of studies on PM2.5 measurement and component analysis to determine emission sources in urban areas.

City （Lat, Long）; Site ; Elevation ; 
Equipment ; Analytical Methods Sampling Period ＃

Obs 
PM2.5

（µg/m3） Emission Sources Refs．

Hanoi （21.02°N, 105.85°E）; urban site ; 
1.6 m, GENT SFU; IC, reflectance 
method and PMFA 

Jan 1999 – Dec 2001 330 37.6 Hien et al., 
2004Northern trajactory

 （Sep/Oct to Dec）
64 49.4 LRT: 25, LB （local burning） primary emission : 14.9, 

soil dust : 0.3, LSA: 0.7, marine aerosols : 0.7, Cl-
depleted marine aerosols : 2.6, vehicle/road dust : 2.9 
（unit : µg/m3）

Northeast trajectory 
（Jan to Mar/Apr）

68 44.2 LRT: 15.1, LB （local burning） primary emission : 6.4, 
soil dust : 3.6, LSA: 5, marine aerosols : 0.4, Cl-
depleted marine aerosols : 1.5 （unit : µg/m3）

Southwest trajectory 
（May to Aug）

70 20.3 LRT: 7.5, LB （local burning） primary emission : 7.5, 
soil dust : 0, LSA: 1.3, marine aerosols : 1.5, vehicular/
road dust : 0.5, coarse nitrate : 1.1 （unit : µg/m3）

Hanoi （21.02°N, 105.85°E）; urban site ; 
N/A ; GENT-SFU/ACE-ASP-
VN65 ; INAA, XRF, PIXE, IC, 
light eflection, PCFA, PMFA, and 
back trajectory.

Sep 1998 – Aug 1999 333 40.7 Bac et al., 
2003Sep 1999 – Aug 2000 35.7

Sep 2000 – Aug 2001 34.5
Sep 2001 – Aug 2002 36.1

2002 （NH4）2SO4 : 26％, organics : 31％, soil : 9％, BC: 9％, 
salt : 1％, unknown : 24％

Hanoi N/A; urban mixed site/residential 
site/ commercial sites ; N/A ; 
Dichot/MiniVol samplers ; SRM.

2001 – 2004, dry season 75 124 Traffic, secondary sulfate and nitrate particles, biomass 
burning, and soil dust.

Kim-Oanh 
et al., 20062001 – 2004, wet season 21 33

Hanoi （21.02°N, 105.85°E）; Urban site ; 
N/A; GENT-SFU; PIXE, XRF and 
INAA 

2002 – 2005 160 35.8±
15.5

Burning biofuel for cooking and home heating, two-
stroke engines of motorbike 

Hopke et al., 
2008

Hanoi （20.938°N, 105.784°E）; industrial 
site ; 15 m ; MiniVol Sampler ; IC, 
ICP-OES and TOT 

Dec 23, 2006 – Jan 7, 
2007

15 76±32 ─ Dung Hai & 
Kim-Oanh, 
2013Jan 12 – Feb 20, 2007 85 78±33

（4h）
Secondary mixed （local）: 40％, industry/incineration : 
6％, aged sea salt mixed : 11％, secondary sulfate rich : 
16％, construction/soil : 1％, residential/commercial : 
16％, traffic （diesel）: 10％

Hanoi （21.021°N, 105.807°E）; urban 
site ; N/A ; teflon filter ; PIXE, 
PIGE, RBS, PESA and He/NeLA 

Apr 25, 2001 – Dec 31, 
2008

748 54±33 Automobiles, transport : （40＋10）％ ; soil : （3.4±2）
％ ; secondary sulfates : （7.8±10）％ ; smoke : （13±6）
％ ; industry : （19±8）％ ; coal : （17±7）％

（Cohen et 
al., 2010a）

Hanoi （21.021°N, 105.807°E）; urban 
site ; N/A ; teflon filter ; PIXE, 
PIGE, RBS, PESA, He/NeLA and 
PMFA 

Soil extreme events from 
Apr 2001 – Dec 2008

28 ─ Taklamakan and Gobi deserts contribute 76％ of soil 
extreme events in Hanoi 

（Cohen et 
al., 2010b）

Coal extreme events from 
Apr 2001 – Dec 2008

25 ─ Coal fired power stations and their contributions to 
coal extreme events in Hanoi : Guangxi （22％）, Hunan 
（13％）, Hubei （8.4％）, Anhui （6.4％）, Jangxi （5.5
％） Jiangsi （4.4％） in China and Pha Lai, Na Duong, 
Uong Bi （15％） in Vietnam

Hanoi （21.048°N, 105.800°E）; Urban ; 
10 m ; PTFE filters ; IC, ICP-MS, 
SSR, SPHM, and MB 

May – Aug 2015 ─ 39.4±
3.9

Conducted composition analysis but no conclusion on 
emission source contribution 

（Snider et 
al., 2016）

Bac 
Ninh, 
Hai 
Duong 

（21°1ʼN, 105°51ʼE）; 6 rural sites ; 
N/A; teflon filter ; EDXRF and 
BSR 

May – Oct 2000 ─ ─ Coal （mainly emitted from Pha Lai thermal power 
plant） and fuel oil combustion were major sources ; 
biomass burning and road transport were remarkable. 
River transport and LRT pollution were observed.

（Gatari et 
al., 2006）

Luc 
Nam 

（21.18°N, 106.33°E）; rural site ; 
N/A; GENT-SPU and ACE-ASP-
VN65 ; INAA, XRF, PIXE, IC, 
light reflection, PCFA, PMFA, and 
back trajectory 

2001 224 35.993 Conducted composition analysis but no conclusion on 
emission source contribution 

（Bac et al., 
2003）

Tam 
Dao 

（21.457°N, 105.644°E）; N/A ; 
Dichot and MiniVol Samplers ; IC, 
XRF, ICP-OES, SSR, HYSPLIT 

Sep – Oct 2005 30 51±29 Soil/road dust and construction activities, diesel 
powered vehicles, biomass burning, long range 
transport 

（Co et al., 
2014）Dec 2005 – Jan 2006 15 25±12

Apr 2010 12 33±21

Quang 
Ninh 

（21°3.7ʼN, 107°20.2ʼE）; Mining 
site ; N/A; MiniVol sampler ; IC, 
ICP-OES, SSR, and IMPROVE_A 

Dry season 
（Dec 2009 – Jan 2010）

33 60±23 Diesel road : 13％ ; biomass burning : 20％ ; secondary 
inorganic : 41.6％ ; diesel ship : 22％ ; miscellaneous : 
3.8％. Percent explained : 85％

（Hang & 
Kim-Oanh, 
2014）

Wet season
 （Jul – Aug 2009）

21 35±16 Diesel road : 17％ ; biomass burning : 41％ ; secondary 
inorganic : 16.4％ ; diesel ship : 24％ ; miscellaneous : 
1.4％. Percent explained : 67％

（21°5.831ʼN, 107°21.773ʼE）; Rural 
site ; N/A; MiniVol sampler ; IC, 
ICP-OES, SSR, and IMPROVE_A 

Dry season 
（Dec 2009 – Jan 2010）

25 53±17 Diesel road : 14％ ; biomass burning : 22％ ; secondary 
inorganic : 38.8％ ; diesel ship : 15％ ; miscellaneous : 
11％. Percent explained : 97％

Wet season
 （Jul – Aug 2009）

22 27±12 Diesel road : 26％ ; biomass burning : 1.7％ ; secondary 
inorganic : 41.9％ ; diesel ship : 29％ ; miscellaneous : 
1.4％. Percent explained : 77％

Ho Chi 
Minh 
City 

（10°47ʼN, 106°40ʼE）; 10 m ; 
GENT SFU; INAA, PCFA, and 
polarography method 

Aug 1996 – May 1998 122 16.1 Soil dust : （14±3）％ ; biomass burning : （8±2）％ ; 
secondary particles : （25±1）％ ; road dust : （13±2）
％ ; vehicles : （17±2）％ ; coal : （10±2）％ ; 
industry : （13±2）％ ;

（Hien et al., 
2001）

“N/A” indicates no information ; “SFU,” stack filter unit ; “IC,” ion chromatography ; “PMFA,” positive matrix factorization analysis ; “INAA,” instrumental neutron 
activation analysis ; “XRF,” X-ray fluorescence ; “PIXE,” particle-induced X-Ray emission ; “PCFA,” principal component factor analysis ; “SRM,” standard reference 
material ; “ICP-OES,” inductively coupled plasma-optical emission spectroscopy “TOT,” thermal-optical transmittance method ; “FIGE,” particle-induced gamma-
ray emission ; “RBS,” Rutherford backscattering ; “PESA,” proton elastic scattering analysis ; “He/NeLA,” standard He/Ne laser absorption techniques ; “ICP-MS,” 
inductively coupled plasma mass spectrometry ; “SSR,” smoke stain reflectometer ; “SPHM,” single-parameter hygroscopicity by mass ; “MB,” mass balance ; 
“EDXRF,” energy dispersive X-ray fluorescence ; “BSR,” black smoke reflectometer ; and “IMPROVE_A,” DRI Model 2001 Thermal/Optical Carbon Analysis （TOR/
TOT） of Aerosol Filter Samples.



north and northeast monsoons. LRT pollution was 
reported to contribute 50％，34％ and 33％ to PM2.5 in 
Hanoi with northerly winds from October to December, 
the northeast monsoon over the East China Sea from 
January to March, and the southwest monsoon blowing 
through the Indochina Peninsula from May to July, 
respectively （Hien et al., 2004）. In another study, soil 
from the Chinese Taklamakan and Gobi deserts 
contributed 76％ of the extreme events for soil. 
Meanwhile, four thermal power plants in China 
contributed 50％ and three thermal power plants in 
Vietnam contributed 15％ during days of extreme coal 
events in Hanoi with north and northeast monsoons 
（Cohen et al., 2010b）. Aside from Hanoi, emission 
sources were also reported for rural areas of Bac Ninh 
and Hai Duong （Gatari et al., 2006）, a coal mining area 
and a rural area in Quang Ninh （Hang & Kim-Oanh, 
2010）, a rural mountainous area in Tam Dao （Co et al., 
2014）, and an urban area in Ho Chi Minh City （Hien et 
al., 2001）（Table 1）．

In addition, the emission inventory approach and 
satellite observation give other views of emission 
sources. A recent study took measurements for 
estimating PM2.5 emission factors for traffic in Ho Chi 
Minh City （Huong Giang & Kim-Oanh, 2014）. Hong 
Van et al. （2014） and Lasko et al. （2017） calculated a 
PM2.5 emission inventory from rice straw/stubble 
burning. Tran et al. （2017） determined emission sources 
in three regions : Hanoi, Nha Trang and Bac Lieu, using 
satellite images from CALIPSO.

3.4   Impact of PM2.5 Pollution on Public Health in 
Vietnam
Exposure to ambient particular matter （PM） might 

increase hospitalization and mortality, thus contributing 
to an increase in the burden of diseases in Vietnam. GBD 
estimated that exposure to ambient PM2.5 accounted for 
806,900 DALYs （95％ uncertainty interval （UI） from 
614,900 to 1.0143 million） in Vietnam in 2015 （Cohen 
et al., 2017）. Exposure to PM is leading to increased 
mortality in Vietnam. Deaths attributable to PM were 
42.2 thousand （95％ UI : 32,000–52,300） in 2015 
（Cohen et al., 2017）. These numbers have increased in 

recent years. Figure 6 presents deaths attributable （in 
thousands） to exposure to ambient PM in Vietnam from 
1990 to 2015.

Mortality from respiratory diseases （including 
lower respiratory infections in children under five years 
of age, tracheal, bronchial and lung cancer and chronic 
obstructive pulmonary disease） accounted for most 
premature deaths attributable to ambient PM2.5 in 
Vietnam. Particularly, PM2.5 accounted for 21.7％, 21.5％
and 15.2％ of deaths due to chronic obstructive 
pulmonary disease, lower respiratory infections in 
children under five and tracheal, bronchial and lung 
cancer, respectively, in 2015. In addition, ambient PM2.5 
also contributed significantly to deaths due to ischemic 
heart disease in Vietnam, estimated at about 15.3％ of 
ischemic heart disease cases.

On the other hand, Koplitz et al. （2017） estimated 
that PM2.5 from coal-fired power plant emissions 
contributed to 3,357 premature deaths in 2011. Among 
these, deaths due to stroke contributed 1,625 to total 
deaths. The results of this study also indicate that the 
number of deaths due to exposure to pollutants from 
coal-plant emissions in Vietnam is far higher than in 
China and other neighboring countries.

PM2.5 has been monitored in Vietnam since 2009, so 
the numbers of studies on short-term effects of PM2.5 in 
Vietnam are sparse. To date, there have been two studies 
which reported short-term effects of PM2.5 on 
hospitalization of children in Hanoi （Luong et al., 2016 ; 
Nhung et al., 2018）. Nhung et al. （2018） pointed out that 
PM2.5 was associated with hospital admissions due to 
pneumonia in Hanoi children under 18 years of age. 
Particularly, increments of an interquartile range 
（39.4 µg/m3） in the seven-day-average of PM2.5 were 

associated with a 5.3％（95％ CI, 1.9–8.8％）increase 
in pneumonia hospitalization. This study, however, found 
no significant association between PM2.5 and 
hospitalization of children for bronchitis or asthma in 
Hanoi. The study also confirmed that the effects are 
stronger in older children compared with infants. In 
another study, Luong et al. （2016） using a case-crossover 
approach also indicated an association between PM2.5 
and hospital admissions for respiratory disease, with the 
daily hospital admission count increasing by 2.2％ per 
10 µg/m3 increase of PM2.5 in a same day exposure.

4. Fine Particulate Matter Concentration 
Mitigation in Vietnam

4.1 Designing an Environmental Regulatory System
In Vietnam, MONRE is responsible for  

environmental management. MONRE develops strategies 
and legal documents on environmental protection and 
submits them to the government. MONRE coordinates 
with concerned ministries to implement schemes and 
programs for recovering environmental pollution, 
improving the environment and promulgating waste 
standards. Other relevant ministries including the 
Ministry of Home Affairs, Ministry of Industry and 
Trade, Ministry of Transportation, Ministry of 
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Construction, Ministry of Science and Technology, 
Ministry of Education and Training, Ministry of Finance, 
Ministry of Planning and Investment, Ministry of 
Agriculture and Rural Development and Ministry of 
Health need to perform the task of managing and 
controlling air pollution for their respective sectors. At 
the provincial level, the Department of Natural Resources 
and Environment （DONRE） in each province 
coordinates with other departments to develop and 
implement programs, plans and tasks on air pollution 
control and management in the provinces and cities.

4.2   Developing Comprehensive Environmental Laws 
and Standards for Air Quality Management
The Vietnamese legal system has always had 

provisions on air pollution protection and control. In 
2014, Vietnam issued and began enforcing the 
Environment Protection Law （EPL）. Under this law, 
obligations, tasks and activities of government, 
organizations, companies, individuals and others for 
environmental protection are determined. Regarding the 
atmospheric environment, the government is responsible 
for monitoring and assessing the quality of the ambient 
air environment and publishing information. In cases of 
air pollution, warnings must be issued and the problem 
handled in time （EPL, Article 63）. Air pollution control 
focuses on direct management of emission sources. 
Consideration and approval of projects and activities 
must be based on air pollution emissions. Production, 
business and service establishments with large sources of 
industrial exhaust gas emissions need to register their 
pollutant sources and set up automatic, continuous 
monitoring equipment to measure, control and report 
their gas emissions （EPL, Article 64&62）.

Besides the EPL, national technical regulations 
（abbreviated as “QCVN” following the Vietnamese term） 

relating to the air environment have been developed, 
issued, continuously reviewed and adjusted to fit the 
actual situation. An updated national technical regulation 
on ambient air quality was released in 2013 （QCVN 05 : 
2013/BTNMT）. It specifies limit values for PM2.5 as 
50 µg/m3 and 25 µg/m3 for the 24-hour average and yearly 
average, respectively. Analytical methods to determine 
the PM2.5 concentration comply with the guidelines of 
the following standards : （i） air quality - weighing 
method for determination of dust content （TCVN 5067 : 
1995）; （ii） ambient air - measurement of the mass of 
particulate matter on a filter medium - beta-ray absorption 
method （TCVN 9469 : 2012）; and （iii） methods for 
sampling and analysis of ambient air - determination of 
suspended particulate matter - dichotomous sampler 
（PM10, coarse PM and PM2.5） - gravimetric method （AS/

NZS 3580.9.7 : 2009）. In addition, Vietnam has also 
developed and issued emission standards for a number of 
specific sectors. National technical regulations were 
issued for industrial inorganic substance and dust 
emissions in general （QCVN 19 : 2009/BTNMT） and in 
particular for cement （QCVN 23 : 2009/BTNMT）, 
thermal power （QCVN 22 : 2009/BTNMT）, chemical 

fertilizers （QCVN 21 : 2009/BTNMT）, industrial waste 
incinerators （QCVN 30 : 2012/BTNMT）, medical solid 
waste incinerators （QCVN 02 : 2012/BTNMT） and 
domestic solid waste incinerators （QCVN 61-MT: 2016/
BTNMT）. Although the dust emitted from construction 
sources is significant, no specific regulation has been 
enacted with regard to it. Construction activities, 
however, need to comply with Article 73 in the EPL to 
protect the atmospheric environment.

4.3  Approving and Implementing Programs to 
Control, Reduce and Remedy Air Pollution
In 2016, the Prime Minister approved a national 

action plan for air quality management to 2020 with a 
vision to 2025, which hammered out specific targets and 
priority activities （Decision No. 985a/QD-TTg）. With 
regard to the management and control of PM2.5 pollution, 
the following aspects are given high priority : （i） 
development of regulations for guidance, assessment, 
identification and control ;（ii） emission inventory 
development ; and （iii） research on and application to 
determination of emission sources.

4.3.1 Traffic Emission Control
In urban areas, traffic emission control is one of the 

key tasks of environmental management agencies. Gas 
emission inspections for cars have been carried out since 
1999 in Hanoi, Hai Phong, Da Nang and Ho Chi Minh 
City. In 2006, inspections carried out in these cities and 
Can Tho showed compliance with the Euro 2 standards. 
Following  that,   the   inspections   were   expanded  
nationwide in July 1, 2008. In accordance with the 
roadmap, Vietnam continued to tighten and raise its 
emission standards to Euro 3 levels for motorcycles and 
Euro 4 levels for cars manufactured, assembled or 
imported after January 1, 2017 （Decision No. 49/2011/
QĐ-TTg）. By January 1, 2018, following the roadmap 
for a biofuels development scheme, RON 92 gasoline 
was replaced by RON95 （A95） gasoline （with less toxic 
emissions than A92） and E5 RON92 （E5） gasoline 
（biofuel） at the national scale （Decision No. 53/2012/
QĐ-TTg, Report No. 255/TB-VPCP）.

Additionally, the prime minister approved a project 
called “Environmental Pollution Control in  
Transportation Activities” in 2011 （Decision No. 855/
QĐ-TTg）, which focused on PM10 and PM2.5 emitted by 
traffic in urban areas. Recently, Hanoi approved projects 
titled ” Strengthening the management of road vehicles to 
reduce traffic congestion and environmental pollution in 
Hanoi in 2017-2020 with a vision to 2030” and “Anti-
noise, anti-dust” in 2017. The deployment of public 
transport has been conducted largely in Hanoi and Ho 
Chi Minh City.

4.3.2 Construction Emission Control
Construction sites have popped up everywhere in 

urban areas in recent years, accompanied by increasing 
dust emissions from construction activities （land 
excavation at construction sites and roads, transportation 
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of construction materials, dust from construction waste, 
etc.）. Although, most activities such as covering 
construction sites, shielding transportation vehicles for 
construction materials, spraying water, washing roads, 
washing vehicles going to the construction sites, etc. are 
being applied, they have not been effective at preventing 
dust emissions from this source.

4.3.3 Industrial Emission Control
Air pollution from industry （i.e., industrial zones, 

industrial clusters, production establishments, handicraft 
villages, etc.） is being managed by supervising emission 
sources, relocating/limiting establishments causing 
serious environmental pollution and intensifying 
sanctions against those who violate legislation on 
environmental protection.

Vietnam nowadays focuses on controlling industries 
with high pollution emissions such as steel, chemical 
fertilizers, thermal power, cement, etc. by initial 
implementation. According to the regulations, those 
production facilities must register their industrial exhaust 
gas emission sources to MONRE, install automatic, 
continuous emission monitoring systems and transmit 
data in real time to DONRE. On the government side, 
MONRE is responsible for approval of emission source 
registrations, receiving monitoring data from DONRE 
and developing industrial exhaust gas emission 
inventories and databases （Decree No. 38/2015/NĐ-CP）.

For establishments that have caused serious 
environmental pollution, since 2003 up to now, the Prime 
Minister has frequently approved a list of establishments 
nationwide to be relocated or required to apply pollution 
treatments （Decision No. 64/2003/QĐ-TTg）. At the 
same time, Vietnam has also reviewed and supplemented 
regulations to restrict investment and developed a special 
control scheme for establishments with a high risk of 
environmental pollution. Additionally, in order to 
encourage enterprises to apply cleaner production 
technologies and to be involved in waste treatment, the 
Vietnamese government has also introduced preferential 
policies such as an import tax exemption policy for 
equipment and raw materials for waste treatment and 
promotion of research in and application to recycling, 
reuse and waste treatment （Decree No. 04/2009/NĐ-CP）. 
However, sanctions for violations of the environmental 
protection law, including those that affect the 
atmospheric environment, have also been strengthened in 
terms of sanctioning forms and levels for industrial 
establishments （Decree No. 155/2016/NĐ-CP）.

4.4  Maintaining and Enlarging Air Quality 
Monitoring Networks
In Vietnam, air quality monitoring was implemented 

from the 1990s up to now and continues to be maintained, 
promoted and managed for research, management and 
community information purposes. National and local 
monitoring programs have been implemented in urban 
areas, key economic zones, industrial zones, factories, 
production facilities and other places. Regular periodic 

sampling is done three to six times per year with more 
than 100 monitoring points for the national programs and 
six to 12 points for the local ones. In addition, automatic 
and continuous monitoring networks at the national and 
local scales have been investigated, installed and put into 
operation （Fig. 2）.

The results of environmental monitoring at the 
national and local levels need to be stored in databases. 
From 2016, according to regulations, the periodical 
environmental monitoring results of provinces and cities 
must be reported to MONRE via CEM. At present, 
monitoring data mainly serve as input for reports by the 
environmental management agency and research projects 
upon request, and information for the community in 
various forms.

4.5 Involving Organizations and Communities
In cooperation with the Clean Air Initiatives of 

Asian Cities （CAI-ASIA）, World Bank, Japan 
International Cooperation Agency （JICA）, Korea 
Environment Corporation （KECO）, Denmark ʼs 
development cooperation （DANIDA）, the Acid 
Deposition Monitoring Network in East Asia （EANET） 
and others, Vietnam has carried out urban air pollution 
control activities and expert exchanges. A recent key 
international project deserving mention has been 
“Institutional Development of Air Quality Management in 
Vietnam” sponsored by JICA （2013 to 2015）. At the 
domestic scale, many organizations have been established 
and are active in research and publicity for environmental 
protection such as the Clean Air Network of Vietnam 
（VCAP）, Center Green Innovation （GreenID） and Live 
and Learn Vietnam. The US Embassy in Vietnam has 
also installed PM2.5 monitoring equipment at its 
consulate offices in Hanoi and Ho Chi Minh City.

4.6 Enhancing Public Awareness
Dissemination of information on air quality to the 

community has been implemented in many forms such as 
by radio and television, newspapers, electronic boards, 
websites and mobile applications. Since 2011, VEA has 
published data on air quality as an Air Quality Index 
（AQI） and corresponding health warnings for Hanoi, 

Phu Tho, Ha Long, Hue, Da Nang, Nha Trang and other 
cities on its website. At the province level, the US 
embassy and Hanoi have built monitoring networks and 
maintained a website and/or mobile applications 
dedicated to dissemination of air quality information 
online to the community.

Since citizens have become aware of the harmful 
effects of air pollution on health, they have an increasing 
desire for air environmental protection and pollution 
reduction, and many people have started taking action. In 
large cities, they have turned off their motorbikes at red 
traffic lights, participated in the Earth Hour program, 
saved energy, used electric/electromagnetic stoves 
instead of gas or coal stoves, bought PM2.5 measurement/
filter devices for their homes, worn masks and taken 
other steps.
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5. Conclusions

In this article, we have presented the current state of 
PM2.5 pollution in Vietnam and its mitigation. PM2.5 
pollution is generally high, exceeding the national limit 
on many days, especially in urban areas. The northern 
provinces in Vietnam are affected by seasonal variation, 
with higher PM2.5 concentrations in winter than summer 
as a result of the local climate and LRT pollution. Local 
PM2.5 emission sources vary among measurement sites 
and sampling periods but are mainly from traffic, 
industry, construction/soil, biomass burning and coal 
combustion. LRT pollution contributes a large amount to 
PM2.5 in the northern provinces, especially Hanoi, via the 
north and northeast monsoons. Exposure to PM2.5 has 
been shown to increase the rate of respiratory diseases 
and even deaths in Vietnam.

To mitigate PM2.5 pollution, Vietnam has focused on 
designing an environmental regulatory system, 
developing comprehensive environmental laws and 
standards, approving and implementing programs to 
control, reduce and remedy environmental pollution, 
enlarging air pollution monitoring networks, involving 
organizations and communities and enhancing public 
awareness. As a result, the quality of the atmospheric 
environment has also improved somewhat over the past 
few years, showing certain effectiveness of the actions.

PM2.5 pollution management, however, still remains 
insufficient in Vietnam. Currently, automatic, continuous 
monitoring networks and manual measurements of PM2.5 
are limited. Some automatic monitoring stations have 
insufficient funds for maintenance, resulting in 
unsatisfactory fulfillment of technical requirements, 
incomplete data or reliability and interrupted operation. 
As a result, PM2.5 data remain insufficient for accurately 
assessing the status of PM2.5 nationwide or providing a 
basis for appropriate solutions and policies. Regarding 
air environmental laws and technical standards, there are 
still some issues with higher limits for PM2.5 （i.e., 
50 µg/m3 and 25 µg/m3 for 24-hour average and yearly 
average, respectively） in comparison with international 
standards such as US EPA, observation methods, 
measurement equipment, etc. Furthermore, control and 
inventories of PM2.5 emissions are still problematic since 
effective solutions and technologies for monitoring air 
pollution from each specific source are lacking.

In the future, Vietnam will need to continue to 
invest, manage and control PM2.5 pollution in a more 
effective way. Research on and solutions and action to 
control PM2.5 emission sources should be given a high 
priority. In addition to governmental environmental 
regulators, other stakeholders should be an important 
factor in implementation of environmental programs in 
Vietnam. Communities should receive updated  
environmental information formally, correctly and 
promptly so that they can take more effective actions to 
reduce environmental pollution and protect the public 
health.
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