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Executive Summary 
 

1 Background 
Global warming, which has been recognized as a 

future concern, has now morphed into a "climate 
crisis" that threatens our way of life. The root cause 
is unquestionably human activities and the 
increase in emissions of long-lived greenhouse 
gases (GHGs) such as CO2 and short-lived climate 
forcers (SLCFs) including methane (IPCC 6th 
Assessment Report, 2021). In addition, health 
risks from atmospheric PM2.5 and ozone are still an 
important problem that shortens the life 
expectancy of 4 million people per year worldwide 
(WHO Fact Sheets, 2022), and improvement is 
strongly desired. The tasks that the global 
atmospheric chemistry research community 
undertake have enlarged, from mere scientific 
clarification of the atmospheric processes of these 
trace constituents, to rationalizing "mitigation 
measures" such as emission reductions and their 
pathways, assessing uptake and buffering effects 
of the natural system, and to bringing about 
"essential solutions" to both climate and health 
problems, in pursuit of carbon neutral and 
wellbeing world. In order to fulfill the expected 
social role with the time-limited goals of carbon 
neutrality by 2050 and achievement of the SDGs 
by 2030, and to deepen the academic field at the 
same time, the basic stance that our research field 
should have and the research and development 
that we should promote in the future are clarified in 
this "Future Vision of Atmospheric Chemistry 2022-
32" document. This follows up the previous two 
publications from the Japan national committee: 
"Atmospheric Chemistry Research in Japan 1989-
1999: A Review of the Decade and Future 
Research Strategies" in 2000 and 
"Recommendations of the IGAC Subcommittee on 
Atmospheric Chemistry Research in Japan" in 
2008. This time we choose seven themes and 
describes important R&D directions and issues. 
This Future Vision also summarizes the role to be 
played by our field in interdisciplinary, international, 
and domestic collaborations, as well as the 
necessary facilities, human resource development, 
and other issues. In particular, we will discuss how 
to best utilize the resources from Japan in the 
International Global Atmospheric Chemistry 
Program (IGAC) and its parent organizations, the 
International Commission on Atmospheric 

Chemistry and Global Pollution (iCACGP) and 
Future Earth (FE). 
 
2 Progress in the past decade, current 
challenges, ultimate goals, and identified gaps 

In formulating this Future Vision, we first drew up 
the "ultimate goal," identified global trends and 
Japan's strengths toward achieving that goal, 
identified important gaps in the current situation, 
and then proceeded to discuss what initiatives 
should be pursued over the next 10 years. As such, 
the readers can follow the discussion we made 
during its production and enhance his or her 
understanding. The review works were conducted 
in each of the seven sub-themes: "long-lived 
gases," "reactive gases," "physical chemistry," 
"atmosphere-land integration," "atmosphere-
ocean integration," "aerosols, radiation and 
clouds," and "stratosphere and mesosphere" 
(Appendix A). Based on them, the ultimate goals 
were summarized into the following three points: 
 
1) Deepening of atmospheric chemistry specific 
knowledge: For all atmospheric constituents, 
including greenhouse gases (GHGs), ozone 
depleting substances (ODSs), reactive gases that 
cause air pollution, and aerosols, changes in their 
concentrations and properties are to be expressed 
using equations and suitable parameters, enabling 
explanation of the mechanisms of phenomena and 
changes in the real atmosphere and future 
prediction. We are to fully understand the roles of 
atmospheric chemical processes (emissions, 
molecular reactions, transport and circulation, 
uptake and deposition, etc.) and the mechanisms 
of functions such as the nature’s oxidizing capacity 
and purification system. 
 
2) Interdisciplinary exploration of the Earth system: 
Interactions of atmospheric chemistry with land 
and ocean (including biosphere), coupling to 
climate systems (including cloud/radiation 
interactions) and health effects, are systematically 
understood. 
 
3) Trans-disciplinary collaboration for solving 
social issues: Based on a deeper understanding of 
these chemical and the overall Earth systems, 
detection of changes in emissions, concentrations, 
and other key conditions is promptly made, to 
provide evidence for mitigation and adaptation 
measures for climate change, air pollution, etc., 
and to provide accurate future forecast information 
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to society. 
 
In the past decade, "sophistication and integration 

of observations and numerical models" and 
"synthesis of methods for emissions estimation" 
have progressed worldwide, and new subjects 
(from mixing state/size-resolving modeling of 
aerosol particles to carbon neutrality) have 
emerged. Japanese research has been at the 
forefront of these new studies, best used its 
regional advantages to elucidate the Asian 
regional air pollution mechanisms, and has 
achieved unique research regarding the 
atmospheric chemistry theorem (such as OH 
radical reactivity evaluations). In addition, our 
strength has been demonstrated in elucidating 
sources/sinks of new important substances, such 
as iron oxide. At the same time, research structure 
has internationalized at IGAC and FE/WCRP 
(World Climate Research Program) and Japanese 
researchers have become more involved. 
Meanwhile, important substances 
(polyoxygenated organic compounds HOMs, bio-
particles, ice nucleating particles etc.) have 
emerged whose cycles and functions need to be 
elucidated. In addition, the application and 
advancement of new methods (satellite 
observation, data assimilation, mass spectrometry, 
spectroscopic measurement, isotope analysis, 
etc.) have paved the ways to acquire key scientific 
knowledge and mechanism understanding in 
relation to climate/environmental issues. 
Furthermore, there is a need for strengthened 
collaboration that transcends the conventional 
units of academic research fields, in terms of the 
improvement of understanding and modeling of the 
Earth system, including the oceans and land, and 
dialogue with socioeconomic fields. In the future, in 
addition to continuing fundamental scientific 
exploration, we should pursue fundamental 
solutions to environmental problems and respond 
proactively to the demands of society. 
 
3 Research Targets and Visions in the Next 10 
Years 

Based on this situation, the "tasks to be 
implemented in the next 10 years" were organized 
in the seven sub-groups and compiled in a cross-
sectional manner, which were summarized into the 
following four points: 
 
A) Gathering of atmospheric chemistry knowledge 
that contributes to solving social issues such as 

climate stabilization: Creation of socially relevant 
information on emissions and health effects 
through introduction of integrated approach on air 
pollutants and greenhouse gases and the 
promotion of satellite applications. 
 
B) Explore key processes and systematize 
knowledge to solve remaining mysteries in 
atmospheric chemistry: Discover unknown 
processes, resolve inconsistencies between 
theory and reality, elucidate nonlinearity and 
multiphase chemistry, and gain comprehensive 
understanding from molecules to the entire Earth. 
 
C) Interdisciplinary collaboration to improve 
understanding of the Earth system: Elucidation 
and integrated assessment of interactions 
(including health effects) and feedbacks among 
Earth's subsystems (ecosystems, atmospheric 
composition, climate and weather, human 
activities) 
 
D) Enhancement of change detection capability by 
strengthening research infrastructure and 
improving long-term observation systems, 
promotion of human resource development, 
development of data science and distinctive 
international contributions 
 
To accomplish these tasks, we will promote the 

advancement of understanding of atmospheric 
chemical processes within the field, we will actively 
strengthen collaboration with neighboring fields 
(meteorology and climate science, oceanography, 
cryosphere research, etc.) and the international 
research community to contribute to better 
understanding of the Earth system, and to solve 
social issues. We will also promote dialogues with 
every stakeholder relevant to carbon neutral 
society development, including those from 
academy, education, and private sectors as well as 
policy makers and citizens, based on state-of-the 
science knowledge and data. Such new visions are 
to be integrated during 2022-2032. 
  



3 
 

 

1 Ultimate Goals and Past 
Developments in the Field of 
Atmospheric Chemistry Research 
 

(1) Aims of Atmospheric Chemistry Research 

Atmospheric chemistry is a discipline that deals with 
the quantity and properties of substances (trace 
gases and particles) contained in the Earth's 
atmosphere, systematically understands the natural 
and anthropogenic processes involved in their 
changes, and leads to solutions to problems in the 
global atmospheric environment such as global 
warming and air pollution. The "ultimate goals" of this 
research field were reorganized through the 
discussion on the formulation of the "Future Vision of 
Atmospheric Chemistry 2022-32" as follows. 
 
1) Deepening of atmospheric chemistry specific 
knowledge: For all atmospheric constituents, 
including greenhouse gases (GHGs), ozone 
depleting substances (ODSs), reactive gases that 
cause air pollution, and aerosols, changes in their 
concentrations and properties are to be expressed 
using equations and suitable parameters, enabling 
explanation of the mechanisms of phenomena and 
changes in the real atmosphere and future prediction. 

We are to fully understand the roles of atmospheric 
chemical processes (emissions, molecular reactions, 
transport and circulation, uptake and deposition, etc.) 
and the mechanisms of functions such as the nature’s 
oxidizing capacity and purification system. 
 
2) Interdisciplinary exploration of the Earth system: 
Interactions of atmospheric chemistry with land and 
ocean (including biosphere), coupling to climate 
systems (including cloud/radiation interactions) and 
health effects, are systematically understood. 
 
3) Trans-disciplinary collaboration for solving social 
issues: Based on a deeper understanding of these 
chemical and the overall Earth systems, detection of 
changes in emissions, concentrations, and other key 
conditions is promptly made, to provide evidence for 
mitigation and adaptation measures for climate 
change, air pollution, etc., and to provide accurate 
future forecast information to society. 
 
(*Please refer to Appendix A for the ultimate goals for each 
of the seven themes on which the basic work was 
conducted: "long-lived gases," "reactive gases," "physical 
chemistry," "atmosphere-land integration," "atmosphere-
ocean integration," "aerosols, radiation and clouds," and 
"stratosphere and mesosphere". The above three goals are 
aggregate from these sections.) 
 

 
Figure 1. Conceptual diagram of the future atmospheric chemistry studies during 2022-32. (CC-BY4.0, 
https://jpsac.org/sp1/). 

https://jpsac.org/sp1/
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A conceptual diagram representing the current 
activities to goals in the field of atmospheric chemistry 
research is shown in Fig. 1. 
The spatial range is from "local" near our living 

space and emission sources, to "regional" areas such 
as Asia including Japan, or "global" including the 
polar regions, and the altitude range is from 
"troposphere" including "near the surface" to 
"stratosphere" and "upper layers". As shown in the 
uppermost part of the figure, the project will treat the 
entire process from deepening our understanding of 
"atmospheric chemical processes" and "Earth's 
integrated system" to "solving social issues" as one 
link in the chain. The chemical substances derived 
from both human activities and nature are 
comprehensively treated as "atmospheric 
composition" to elucidate elementary processes such 
as biogeochemical cycles of greenhouse gases, 
chemical reactions of reactive gases including 
secondary formation of pollutants, and changes in 
microphysics and properties of aerosol particles. 
These atmospheric constituents are considered as 
an important "subsystem" of the global environmental 
system, in parallel to human activities, climate and 
weather, and ocean, land, and ecosystems; the 
behavior of the entire Earth system is to be clarified, 
including interactions and feedbacks among these 
four subsystems. In order to solve social issues, the 

results of the natural-science-based analysis of the 
"current state", such as estimation of "emissions" as 
the driving force of modulation of the system, are 
utilized to make "future projections" based on 
simulations, and integrated knowledge such as 
"causal relationships" based on these results are 
provided to policymakers and administrative 
agencies to meet "social demands" (right part of Fig. 
1). To promote such R&D and solutions to social 
issues, strengthening research infrastructure, human 
resource development, and deployment of data 
science are fundamental elements (lower part of Fig. 
1). These fundamentals are common to the 
development of Earth and planetary science and 
environmental studies, and we aim to take a leading 
role in these areas in collaboration with many other 
fields. 
 
In formulating the "Future Vision for Atmospheric 
Chemistry 2022-32," while being conscious of the 
long-term achievement of the aforementioned 
"ultimate goal,", we analyzed the "global trends" of 
the most recent decade and the "strengths of Japan's 
R&D efforts" evident during that period and in the 
historical context. Based on this analysis, the current 
"critical gaps" and further challenges were identified, 
and the discussion proceeded to what efforts should 
be promoted in the next 10 years. As in the case of 

Table 1. Historical development of Atmospheric Chemistry in Japan. 
 Research/Societal 

topics 
Approach Progress, Society and Meetings Publications 

1960-1979 Photochemical smog, 
Acid rain 

Field observations, 
Chamber experiments 

CACGP (1971)  
Aeronomy, Meteorology, 
Photochemistry, Chemical kinetics  

  

1980-1989 Stratospheric ozone 
destruction 

  IGAC (1988)  

1990-1999 Global warming 
Global atmospheric 
chemistry 

Aircraft, Research Vessel, 
Stratospheric satellite 
observations, 
Campaign/long-term 
observations 

Dawn of Atmospheric Chemistry 
Atmospheric Chemistry Symposium 
(1991) 
IGAC Fuji-Yoshida Conference (1994) 
Nobel Prize (S. Rowland, M. Molina, 
P. Crutzen, 1995) 
Atmospheric Chemistry Discussion 
meetings (1995-) 
Japan Expert Group of Atmospheric 
Chemistry (1999-2013) 

"Atmospheric 
Chemistry 
Research in Japan 
1989-1999: A 
Review of the 
Decade and Future 
Research 
Strategies"(2000) 

2000-2009 Megacity, Multiphase 
chemistry, Climate 
model science 

Numerical model, 
Tropospheric satellite 
observations 

Nobel Prize (IPCC AR4, 2007) "Recommendations 
of the IGAC 
Subcommittee on 
Atmospheric 
Chemistry 
Research in Japan" 
(2008) 

2010-2019 Transboundary air 
pollution(PM2.5), 
radioactive species、Air 
quality 

Observation-model 
integration, 
Systematization 

Matured Atmospheric Chemistry 
Japan Society of Atmospheric 
Chemistry (2014-) 
iCACGP-IGAC Takamatsu 
Conference (2018) 

 

2020-2050 COVID19, SDGs, 
carbon neutral, climate 
change, adaptation, 
disaster prevention 

Areal continuous /high-
resolution satellite 
observations, Data 
assimilation 

Nobel Prize (S. Manabe, 2021) This work (2023) 
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the aforementioned ultimate goal, this work was also 
carried out for each of the seven themes (Appendix 
A), and then summarized here. Since the text from 
the seven themes exceeded 200 pages, it was 
published in separate volumes (Vol. 47 and 48 (linked 
from https://jpsac.org/sp1/) of the Archives of 
Atmospheric Chemistry Research (AACR), a journal 
of the Japan Society of Atmospheric Chemistry 
publishes). It should be noted that there we aimed to 
focus on "edgy" research topics and therefore some 
general topics, even if important, might have been left 
unmentioned. 
 

(2) Roots and Historical Development of 
Atmospheric Chemistry Research 

Table 1 summarizes the chronology and temporal 
evolution of atmospheric chemistry research. Since 
the 1990s, research topics have changed along with 
global-scale social issues such as stratospheric 
ozone depletion, transboundary air pollution, and 
global warming. In terms of research approaches, 
observations that were previously small-scale, have 
become more organized and integrated to larger 
scales with the development of satellite observations, 
etc., and are further being combined with numerical 
model simulations. Atmospheric chemistry, which has 
its origins in the fields of upper atmosphere, 
meteorology, photochemistry, and reaction kinetics, is 
now being studied by an international organization, 
the International Global Atmospheric Chemistry 
Program (IGAC, hereafter "IGAC"), as well as by the 
Commission on Atmospheric Chemistry and Global 
Pollution, CACGP (now iCACGP). Nobel prize 
winners have promoted the research field. In Japan, 
the "Japan Society of Atmospheric Chemistry 
(JpSAC)" and the "IGAC Japan National Committee", 
serving as a small subcommittee of the Joint 
FE/WCRP Subcommittee of the Committee on 
Environmental Studies and the Committee on Earth 
and Planetary Sciences of the Science Council of 
Japan" (hereinafter referred to as the "IGAC 
Subcommittee") have provided the pivotal initiatives, 
to organize IGAC international conferences in Japan, 
and twice-a-year conferences/symposiums, to foster 
discussion forum and develop the research 
community. 
 

(3) Analysis of Research Trends in the Most 
Recent 10 Years and Further Challenges 

In the course of these developments, during the 
analysis of "global trends" with particular attention to 
the most recent 10 years, we found that significant 
progress has been made in the sophistication and 
integration of observations and numerical models, as 

well as in the synthesis of multiple approaches in 
emissions estimations. In the former case, for 
example, an atmospheric chemistry transport model 
that expresses the emission distribution of each 
chemical species, meteorological fields, and 
chemical processes was used to interpret the 
processes of observed phenomena, and a new 
numerical model that resolves aerosol mixing states 
was constructed and verified through observations. 
The proportion of papers consisting only of 
observations or numerical models is decreasing. As 
for the latter, the "bottom-up method" which estimates 
emissions as the product of statistics of activity by 
socioeconomic sector (energy conversion, industry, 
transportation, residential, etc.) and emission factors, 
and the "top-down method" which estimates 
emissions inversely from observed atmospheric 
concentrations, have become more accurate 
individually and then synthesized. For example, the 
GCP (Global Carbon Project) evaluates both 
methods in an integrated manner, and high-level 
reports are published regularly. Furthermore, the last 
decade has been characterized by the emergence of 
new subjects (from social subjects such as climate 
crisis and carbon neutrality to the level of individual 
research subjects such as molecular-scale phase 
interfaces, aerosol state/size-specific modeling, etc.). 
 
During the latest decade, "Strengths of Japanese 

research" include: new evaluation of iron oxide of 
industrial origin, which has attracted attention as a 
new substance affecting climate and ecosystems, by 
integrating observations and numerical models to 
clarify its contribution in reference to the 
conventionally known naturally occurring mineral 
dust-derived iron; evaluation of atmospheric 
oxidation theory through the quantification of the OH 
radical reactivity that governs the natural cleansing 
process; and the evaluation of source/sink flux 
changes through long-term, high-precision GHGs 
observations. Taking advantage of regional 
characteristics, we have also progressed with 
process studies and mechanism elucidation of PM2.5 
transboundary air pollution and have provided 
information on the origin contribution to the 
policymakers and stakeholders. Furthermore, during 
this period, the organization of research has also 
progressed at IGAC and FE/WCRP (World Climate 
Research Program), and Japanese researchers have 
become more involved. 
 
On the other hand, as domestic and international 

research progresses, additional new important 
substances (e.g., highly oxygenated organic 
compounds known as HOMs, bio-particles, ice 
nucleating substances, etc.) have been discovered - 
in order to achieve the ultimate goal mentioned earlier, 
clarification of the circulation and functions of these 

https://jpsac.org/sp1/
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substances is now required in addition to the 
conventional components. Besides, the application of 
new methods (satellite observation, data assimilation, 
mass spectrometry, spectroscopic measurement, 
isotope analysis, etc.) and the advancement of 
existing technologies have opened the way to obtain 
key scientific findings for elucidating natural scientific 
mechanisms and acquiring important information for 
solving social issues, as to be described in the next 
two sections. Furthermore, the need for improved 
understanding and modeling of the Earth system, 
including the oceans and land, the understanding of 
impacts from extraterrestrial space, and dialogue with 
socioeconomic sectors have emerged, requiring 
collaboration beyond the traditional units of individual 
disciplines. 
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2 Issues and Significance of 
Atmospheric Chemistry Research 
Today 
 

(1) Efforts to be undertaken in the Next 
Decade 

Looking ahead several decades to the achievement 
of the ultimate goal described in Chapter 1, and 
based on a consideration of historical developments 
and the progress made in the last decade, we 
summarized the "tasks to be implemented in the next 
decade" into the following four points (see more 
details about the tasks of the seven themes in 
Appendix A). 
 
A) Gathering of atmospheric chemistry knowledge 
that contributes to solving social issues such as 
climate stabilization: Creation of socially relevant 
information on emissions and health effects through 
introduction of integrated approach on air pollutants 
and greenhouse gases and the promotion of satellite 
applications. {Chapters 6 on Long-lived gases, 3 on 
Reactive gases, 4 on Aerosol radiation clouds, 6 on 
Stratosphere and mesosphere} {the curly brackets 
refer to the chapter number of each topical sections 
(separate volume, https://jpsac.org/sp1/}. 
 
B) Explore key processes and systematize 
knowledge to solve remaining mysteries in 
atmospheric chemistry: Discover unknown processes, 
resolve inconsistencies between theory and reality, 
elucidate nonlinearity and multiphase chemistry, and 
gain comprehensive understanding from molecules 
to the entire Earth. {Chapters 3 and 4 in Physical 
Chemistry, Chapter 2 in Reactive Gases}. 
 
C) Interdisciplinary collaboration to improve 
understanding of the Earth system: Elucidation and 
integrated assessment of interactions (including 
health effects) and feedbacks among Earth's 
subsystems (ecosystems, atmospheric composition, 
climate and weather, human activities) {Atmosphere-
land integration, atmosphere-ocean integration, 
aerosol radiation clouds Chapter 3, stratosphere and 
mesosphere Chapter 4}. 
 
D) Enhancement of change detection capability by 
strengthening research infrastructure and improving 
long-term observation systems, promotion of human 
resource development, development of data science 
and distinctive international contributions {Chapter 2 
on Aerosol Radiation Clouds, Chapter 3 on 
Stratosphere and Mesosphere}. 

 
Here, A), B), and C) correspond to 3), 1), and 2) in 
Chapter 1, respectively, described as the ultimate 
goals, and D) is positioned as the strengthening of 
their common foundation. 
 
In A), knowledge will be mobilized to solve social 

issues, with a focus on climate stabilization as a 
pressing issue. Sufficient scientific knowledge has to 
be obtained by the target year (e.g., carbon neutrality 
by 2050, SDGs by 2030, etc.) to disseminate the 
knowledge to society and promote change. Mitigation 
action cycles, evaluating changes of the state of the 
atmosphere and executing optimized actions have to 
be accelerated to satisfy the targets by their specific 
years. We have experienced scientific evaluation of 
societal actions such as reductions of ozone-
depleting CFCs under the Montreal Protocol and 
sulfur limits from marine fuel oil (2020) tightened by 
IMO (International Maritime Organization). To 
respond to the societal needs of greenhouse gases 
evaluation, development of an advanced system to 
convert professional observations from "atmospheric 
environment observation satellites," into information 
that can be utilized by society without delay. In 
addition, it would be effective to conduct an integrated 
analysis of changes in GHGs and air pollutants, 
which have been addressed independently. The 
advantages of this approach include improving 
efficiency of evaluating energy combustion-related 
sources and emissions, which are common to both, 
and the fact that tropospheric ozone and aerosols, 
which are the major targets of air pollution mitigation, 
are short-lived climate forcing factors (SLCFs) and 
need to be managed in an integrated manner with 
GHGs to deter global warming. With not only climate 
stabilization but also air quality and health 
conservation in mind, we will strengthen our analysis 
and disseminate scientific information on "emission 
changes" and "climate and health impacts," which are 
emphasized as indicators of society's measures, 
along with other variables describing gas 
concentrations and aerosol properties. 
 
B) explores the key processes that solve the 

remaining mysteries in atmospheric chemistry and 
establishes theories of the mechanisms that explain 
various phenomena. The discussion in the topical 
section included the importance of nitrous acid and 
heterogeneous reactions that is far from full 
understanding in the OH radical reaction system 
controlling the oxidative capacity of the atmosphere, 
and the formation pathway and yield of secondary-
produced aerosols, and atmospheric chemical 
reactions in the polar regions. Studies will deepen the 
understanding of elementary processes, improve the 
understanding of "nonlinearity" such as ozone-
producing chemical processes and "multiphase 

https://jpsac.org/sp1/
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chemistry" including interfaces and heterogeneous 
reactions, and overcome the traditional barriers in 
linking local (micro) to global (macro) behavior in the 
real atmosphere. A combined process of physics and 
chemistry with challenges include quantification of 
the stratospheric temperature structure and 
atmospheric circulation changes at mid- and high 
latitudes due to the increase in greenhouse gases 
and HFCs. 
 
C) is to deepen collaboration between atmospheric 

chemistry and neighboring fields to enhance an 
integrated understanding of the Earth system. As 
explained in Fig. 1, atmospheric composition is 
considered as one subsystem of the Earth system, 
and the mechanisms and feedbacks of the interaction 
of the four subsystems (ecosystem, weather/climate 
system, and human activities, and atmospheric 
composition), for example, changes of atmospheric 
composition caused by human activities affect 
climate; biogeochemistry influenced from climate 
change induces feedback on the ecosystems, are to 
be addressed. More specifically, this applies to the 
studies clarifying the effects of bioaerosols and 
secondary organic aerosols from terrestrial 
vegetation on climate/weather processes; changes in 
the supply of aerosols and precursors from the ocean 
to the atmosphere caused by global warming, ocean 
acidification, and changes in nutrient deposition from 
the atmosphere, affecting climate feedbacks via 
clouds; aerosol-cloud interactions diagnosed by 
simultaneous satellite observations of clouds, 
precipitation, and aerosols; and dynamic changes in 
Arctic wetlands, permafrost, forest fires, and ocean 
circulation and Earth system changes mediated by 
atmospheric chemistry. 
 
With the target D), we aim to detect even smaller 

signals of change than before by continuing unique 

and long-term observations, strengthen the research 
infrastructure necessary to accomplish A) through C), 
and to foster the next generation of human resources 
while introducing new perspectives such as data 
science. 
 
How to address the above four issues is also 

expressed in the conceptual diagram already shown 
(Fig. 1). To achieve these tasks, we will promote the 
advancement of understanding of atmospheric 
chemical processes within the field, we will actively 
strengthen collaboration with neighboring fields 
(meteorology and climate science, oceanography, 
cryosphere research, etc.) and the international 
research community to contribute to better 
understanding of the Earth system, and to solve 
social issues. We will also promote dialogues with 
every stakeholder relevant to carbon neutral society 
development, including those from academy, 
education, and private sectors as well as policy 
makers and citizens, based on state-of-the science 
knowledge and data. Such new visions are to be 
integrated during 2022-2032. 
 

(2) Social Significance of the Atmospheric 
Chemistry Research 

In August 2021, the Sixth Assessment Report 
(WG1) of the Intergovernmental Panel on Climate 
Change (IPCC) was released, describing that it is 
unequivocal that the root cause of global warming is 
human activity, which is the result of increased 
emissions of CO2, methane, and short-lived climate 
forcers (SLCFs), and their concentrations (including 
ozone and aerosols) in the atmosphere, changing the 
global radiative budget (Fig. 2). It was also estimated 
that only about 0.4°C of temperature increase is left 
to achieve the Paris Agreement target of "1.5°C 
above pre-industrial levels," and that the amount of 

 
Figure 2. Contribution to effective radiative forcing (ERF) (a) and global mean surface air temperature (GSAT) change 
(b) from component emissions between 1750 to 2019 based on CMIP6 models (Thornhill et al., 2021; IPCC AR6 WG1 
Chapter 6, Figure 6.12). 
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CO2 emissions that can be allowed in the future 
(remaining carbon budget) is equivalent to only about 
12 years of emissions in recent years. In this way, the 
issue of global warming, which has been recognized 
as a concern for the distant future since the end of 
the last century, has now changed into a "climate 
crisis" that requires urgent action. In 2020, Japan set 
a goal of carbon neutrality by 2050, and emission 
reductions are being sought in all socio-economic 
sectors. In estimating the remaining carbon budget, it 
is necessary to evaluate the contribution of 
temperature increase due to future changes in 
SLCFs. Therefore, in addition to CO2, emissions of 
SLCFs, substances closely related to air pollution, 
have to be well managed together and their climate 
impact must be precisely understood. 
 
Changes in atmospheric composition are directly 

linked not only to climate risks but also to air quality 
and health risks; health risks from PM2.5 and ozone 
reduce life expectancy by 4 million per year 
worldwide (WHO Fact Sheets, 2022), and 
improvements are strongly desired. The recent 
relationship between atmospheric concentrations 
and ambient air quality standards in Japan shows that 
the attainment rate for PM2.5 (daily average 35 μg m-

3, annual average 15 μg m-3) is improving, but that for 
photochemical oxidants (ozone, 60 ppb at 1-hour 
value) is still almost zero. The World Health 
Organization (WHO) has rather tightened the 
guideline values for 2021 from the viewpoint of 
epidemiology, to 5 μg m-3 for PM2.5 and about 30 ppb 
for ozone in the peak season (Table 2); therefore, 
significant improvements are needed. Furthermore, 
the biogeochemical cycles of reactive nitrogen (e.g., 
nitric acid) and phosphorus, which are important for 
marine and terrestrial ecosystems, are said to have 
crossed "planetary boundaries" and need to be better 
managed, including the atmosphere as a transport 
medium. 
 
Under these circumstances, the research field of 

atmospheric chemistry, which deals with the science 
of CO2 and air pollutants such as methane, PM2.5, 
ozone, and nitrogen oxides, has an increasing 

societal need to respond to the demand for problem 
solving in collaboration with adjacent fields and 
society. Moreover, a new mission has emerged, such 
as providing evidence based on expertise. 
 
In order to respond to social demands for problem 

solving, it is useful to promote natural science 
understanding and provide evidence to social 
science and policy makers for action, keeping in mind 
the concept of DPSIR, which has originated from 
Europe as a causal framework for environmental 
problems (Fig. 3). DPSIR stands for Driver (root 
cause), Pressure (load), State (condition), Impact 
(effect), and Response (countermeasure or 
response). When applied to air quality issues, P 
stands for "emissions", S for "change in air 
component concentrations", and I for "impact on 
climate and health. Scientific clarification of the 
causal relationship between them is essential, as to 
be shown in Chapter 2 (3). Then, the acquired 
knowledge should be smoothly and without delay 
deployed to policy makers, international 
organizations, and domestic ministries in an easy-to-
understand manner to promote transformation of D 
(global social economy) through R (domestic and 
international measures and responses). We 
disseminate expertise in the field to society, for 
example, by pinpointing regions and sectors to target 
with emission reduction measures, evaluating the 
costs and benefits of measures in collaboration with 
economic and social engineering fields, providing 
knowledge on the current state of the atmosphere 
and emissions, future projections, and global 
integrated system change, and supporting decision 
making. Creating awareness of social transformation 
through dialogue with citizens is also important. The 
measurement of atmospheric composition by satellite 
is expected to make significant progress in terms of 
horizontal resolution, making it possible to track 
changes in GHG emissions by country, city, and even 
by individual plant location, which has been difficult in 
the past. The visualization of emission reduction 
efforts from time to time will be of great significance 
to the private sector, which is promoting information 
disclosure on its response to climate change issues, 

Table 2. WHO air quality guidelines and Japanese environmental standard values for PM2.5 and surface ozone 
concentrations.  

Air pollutants Averaging periods Air Quality Guidelines* Japanese 
environmental 
standards 

WHO (2021) WHO (2005) 

PM2.5 (µg/m3) Annual 5 10 15 
24 hours 15 25 35 

Ozone (µg/m3) 
 

Peak season 60 [ca. 30 ppb] N/A 
60 ppb, 1 hour 8 hours 100 [ca. 50 ppb] 100 [ca. 50 ppb] 

* https://iris.who.int/handle/10665/345329 
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driving social change, and risk management through 
ESG (Environmental, Social, and Governance) 
activities and TCFD (Task Force on Climate-related 
Financial Disclosure) reporting. This dimension of 
activity can also generate new services such as 
consulting. In this context, it is also important to 
increase the number of human resources who can 
bridge the gap between expertise in atmospheric 
chemistry and socioeconomic activities. 
 

(3) Scientific Values of Atmospheric 
Chemistry Research: Academic Research 
Direction 

Regarding the scientific value and academic 
direction of research to be undertaken over the next 
10 years, it is clearly important to pursue and 
understand individual atmospheric chemical 
processes (emissions, molecular reactions, 
atmospheric transport, global circulation, natural 
uptake and deposition, etc.) in depth, based on 
researchers’ sense of curiosity. This section will focus 
on two overarching issues: "transition from the 

underdetermined system to the overdetermined 
system" and "establishing a hierarchical 
understanding of the system". 
 
In tackling various problems in atmospheric 

chemistry, we often face the "underdetermined 
problem," in which the number of unknowns exceeds 
the number of equations because the amount of 
observation is insufficient compared to the number of 
variables to be accurately determined. For example, 
even if the atmospheric concentration of a substance 
can be accurately measured at a given geographical 
location, that alone does not quantitatively uniquely 
determine the multiple processes that cause changes 
in atmospheric concentrations, such as emissions 
and chemical production, loss, and inflow fluxes. In 
reality, the atmosphere is an open system in which 
boundary conditions such as emissions change with 
time, and the concentrations and properties of many 
different substance groups change over four 
dimensions (in space and time). The situation is 
further complicated by the fact that only limited 
aspects of the true state can be observed, from which 
the key processes (sometimes unknown processes) 

 
Figure 3. Schematic diagram of the linkage with society from the field of atmospheric chemistry (based on expertise in 
atmospheric chemistry, the causal relationship between socioeconomics - emission loads - atmospheric constituent 
concentration state - climate and health effects will be clarified (blue), so that policies based on scientific evidence 
(yellow) will appropriately lead to social transformation and mitigation of emission loads. In this way, a problem-solving 
cycle will be implemented based on the concept of DPSIR (see text). In order to solve problems in the required 
timescale, the assessment of emission and concentration changes will be expedited, and the dialogue with policy 
makers, international organizations, and national ministries and agencies will be extended (green) regarding the results 
of current analysis and future forecast information. Demonstrate the success or failure of emission reduction policies 
through further observations. To accelerate social transformation, we will provide information for private companies and 
citizens to make choices. The gears symbolize cause-and-effect relationships and the reliable transfer of information. 
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must be quantitatively evaluated. It is like an attempt 
to infer an underlying mechanism or theory from a 
jigsaw puzzle with missing pieces. However, 
atmospheric chemistry transport models, which 
represent meteorological fields, dynamics, and 
chemical processes, have made it possible to link the 
limited information from observations, and thus a joint 
analysis based on both observations and models is 
now being enabled in smarter ways. In the future, it 
will be important to move out from this under-
determined state as aided by the increasing amount 
of observational information combined with intelligent 
methods such as data assimilation techniques. 
 
In recent years, it has become possible to measure 

the geographical distribution of concentrations of 
multiple atmospheric constituents from satellites in a 
spatially continuous manner and with high horizontal 
resolution {Reactive Gases Chapter 2, see thematic 
volume for more details}. Geostationary satellites of 
the atmospheric environment have also emerged, 
making it possible to track temporal variations during 
the day. It is significant to analyze multiple 
substances in combination in order to unravel 
common processes, as there may be common 
emission sources, common transport, relationships 
associated with chemical reactions, represented as 
"covariance relationships" among multiple 
substances. Thus, one of the keys to convert the 
underdetermined problem to an overdetermined 
system will be to improve the quality and quantity of 
information that can be extracted by using dense 
temporal and spatial observations of multiple 
components and numerical models that are validated 
by such observations. 
 
For example, the Japanese GOSAT-GW satellite 

with TANSO-3 sensor, scheduled for launch in fiscal 
year 2024, will simultaneously measure CO2 and 
methane, which are important GHGs, as well as NO2, 
a marker of energy combustion emission sources at 
high temperatures, such as cities and power plants. 
On the other hand, some small-scaled events are 
beyond the reach of satellite observations; therefore, 
it is important to expand the Earth observation 
network (ground, aircraft, and satellite) in a 
complementary manner. Data assimilation methods 
that combine information between components and 
in time and space, and the basic improvement of 
atmospheric chemistry transport models that form the 
basis for such methods, will be effective for analyzing 
such vast amounts of observational information. This 
integrated analysis will also require strategies and 
ideas for accurately quantifying uncertainties in 
several important factors and adequately linking them 
to the analysis of changes in atmospheric 
compositional state. 
 

In addition to the use of such multi-component 
measurement information with high spatial and 
temporal resolution, advanced use of isotopic 
information and simultaneous measurement of 
concentrations and fluxes (reactivity) can also 
facilitate the transition to an overdetermined system. 
Such efforts should be promoted as well in the future. 
Another important goal of our research field is to 
clarify "properties of substances" and their changes, 
such as optical properties of aerosols, properties as 
cloud condensation nuclei CCN, etc., and indicators 
of health effects including reactive oxygen species. 
Therefore, increasing the amount of information on 
the properties is essential. Such an approach will be 
important to elucidate the full life cycle of primarily-
emitted species, those produced in the atmosphere 
such as ozone and PM2.5, and yet unidentified 
important substances, being affected by natural and 
anthropogenic emissions, atmospheric chemical 
processes, transport processes, and loss processes. 
It will also be a useful approach to solving remaining 
central problems in atmospheric chemistry, such as 
elucidating the behavior of OH radicals, which 
dominate atmospheric oxidative capacity and natural 
cleansing processes, but whose global-scale 
variations are not yet captured. 
 
The second point, "hierarchical system 

understanding," aims to systematically understand 
the climate and related materials science. This begins 
with the systematization of the understanding within 
the field of atmospheric chemistry, for our case, then 
propagates to the higher levels of understanding of 
the natural system aspects of the global surface 
material cycle, including land and ocean in contact 
with the atmosphere, and adds the human dimension 
with bi-directional influences. To establish the theory 
of atmospheric chemistry, accumulation of 
knowledge of elementary reaction process units and 
systematization of atmospheric chemical equations 
are important. There are many areas that require 
further efforts, such as multiphase chemistry 
including liquid and gas phases and their interfaces. 
There is also a need to better link the chemical 
composition/microphysical properties of aerosols 
with their radiative properties. Simultaneously, it is 
important to gain a systematic understanding of the 
ocean, atmosphere, and land as Earth subsystems, 
and to gain a quantitative and consistent 
understanding of the mass exchange fluxes and 
interactions among these subsystems and human 
activities. For example, it is important to fully 
reconcile the assessment of CO2 exchange between 
the land and the atmosphere from the perspective of 
atmospheric processes with that from the perspective 
of terrestrial vegetation in order to reach a common 
understanding. Lastly, we promote understanding of 
the mechanisms of interactions of atmospheric 
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chemistry not only with natural systems but also with 
human activities, including the interaction of climate 
change with emissions from socioeconomic activities 
and anthropogenic land use change, as well as the 
mechanisms of action of health effects caused by 
changes in atmospheric composition. With this 
approach, we will be able to deepen atmospheric 
chemistry research as a discrete field and then 
progressively contribute to interdisciplinary Earth 
system research and even to transdisciplinary 
collaboration to solve societal problems. We should 
also strive to link the "knowledge" gained about the 
atmospheric chemistry system to universal 
knowledge that can be applied to other systems as 
well. 
 
(4) Current Status and Future of Inter-
disciplinary Collaboration 

In order to achieve the 10-year plan as described, in 
addition to deepening research and development 
within the field, there is a strong need to strengthen 
or start collaboration with neighboring fields, as 
illustrated below. 
 
Earth System Modeling Science 

In the CMIP coupled model intercomparison 
experiments directly linked to the IPCC report, many 
scenario experiments are conducted that include 
changes in atmospheric trace gases and aerosols in 
addition to the CO2 changes. Two Japanese models, 
MRI-ESM2.0 from Meteorological Research Institute 
and MIROC-ES2L mainly from Japan Agency for 
Marine-Earth Science and Technology (JAMSTEC) 
have participated in the experiments, during CMIP6. 
Further participation in these Earth system model 
experiments and comparative evaluation of these 
models, with process-based atmospheric chemistry 
models and with observations, are desirable in the 
future. Among the feedbacks between land and 
ocean including ecosystems and atmospheric 
composition, for example, we promote studies on 
aerosol and ozone formation from the reactions of 
biogenic volatile organic compounds (BVOCs), 
evaluation of the impact on climate caused by ice 
nuclei formation from bioaerosol/dust particles, and 
global warming feedbacks of further GHGs emissions 
due to increased forest fires and thawing permafrost. 
 
Economics and Social Engineering 

The creation of anthropogenic emission inventories 
of CO2 and SLCFs is a direct interface with the 
economic and civil engineering fields; highly accurate 
information is essential as a basis for emission 
reduction measures. Even if effective emission 

reduction measures for CO2, SLCFs, and air 
pollutants are found as potential solutions on the 
scientific side, they will not be socially effective unless 
they are accompanied by economic rationality. Thus, 
the knowledge about the marginal abatement cost 
and the cost-benefit analysis becomes significant. It 
is also important to provide and disseminate 
consulting services and expertise to support ESG 
activities and TCFD reporting from private companies 
regarding GHG reduction. 
 
The global socioeconomic changes, brought about 

by measures to prevent the spread of new 
coronavirus infections, can be clearly seen from our 
field's global satellite observations that measure the 
amount of NO2 in the atmosphere; the changes were 
quantified by regions and time periods. This analysis 
has virtually evaluated the effects of future emission 
controls on air quality improvement and climate 
stabilization. In addition, preparing for and tracking 
changes in air quality that occur before and after 
unexpected and sudden changes in social systems, 
for example, nuclear accidents and volcanic 
eruptions, is another important interface between 
atmospheric chemistry and socioeconomics. The 
longer the basic data is maintained, the more 
valuable it will be to the scientific community in the 
field. The benefit is also used to evaluate the 
effectiveness of the control measures taken. 
 
Satellite Earth Observation 

Earth observation satellites have been closely linked 
to the field of atmospheric chemistry. In the past, the 
atmospheric chemistry community made only limited 
connection, e.g., contributions to the development of 
satellite sensors, but recently this activity has 
become even more active owing to the continuous 
efforts of those involved. In order to rationalize 
national-level investment on meaningful Earth 
observation satellite projects, the Task Force on 
Future Space Development, and its Remote Sensing 
Subcommittee, which is jointly managed by various 
academic societies, has begun discussions and 
coordination across mission applications. The Japan 
Society of Atmospheric Chemistry has joined this 
activity and, as an active party, is enhancing 
cooperation and mutual understanding by making 
proposals such as atmospheric environment 
measurements from geostationary satellites and by 
evaluating other missions. The Science Council of 
Japan's "Subcommittee on the Future Vision of Earth 
Observation Satellites", under the Committee on 
Earth and Planetary Sciences, also discusses and 
promotes the scientific and social significance of 
Earth observation satellites (see Chapters 3 and 4). 
 
Computational Science 
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As represented by the supercomputers "K 
computer" and "Fugaku", remarkable progress has 
been seen in computational science, contributing to a 
better understanding of a wide range of phenomena 
from the molecular level to the global scale (see 
Chapter 4). As for atmospheric chemistry, there are 
already many studies making use of these facilities, 
such as theoretical calculations related to aerosols 
and other interfacial reactions, and the refinement of 
climate impact predictions for CO2 and SLCFs. 
Furthermore, data analysis is now being conducted 
using AI and machine learning, which is expected to 
lead to the discovery of phenomena from weak 
signals, that might otherwise be hidden by internal 
variabilities in classical statistical analysis. 
 
On the other hand, the number of experts 

specializing in computational science in atmospheric 
chemistry is limited. The activity has not yet reached 
the level of developing innovative algorithms that 
could lead to significant breakthroughs. As a result, 
many of the atmospheric chemistry process schemes 
used in models are basically derived from knowledge 
developed in other countries. In the future, it will be 
necessary to work closely with researchers in the 
mathematical sciences who specialize in 
computational science to develop originality from 
Japan's own algorithms. It is hoped that synergistic 
effects with the expansion of observational data will 
help bridge the gap between observations and 
models. 
 
Health, medicine, and life sciences 

There is a long history of research, mainly 
epidemiological studies, on factors that adversely 
affect health via the respiratory tract, such as ozone 
and PM2.5. In recent years, studies that go further into 
physical and chemical processes, such as the 
dynamics of multiphase and heterogeneous systems 
including mass exchange in alveoli, oxidative stress 
induced by organic aerosols and peroxides 
generated in the atmosphere, or the transfer of 
insoluble solid particles into the circulatory system, 
have become active. This is an important 
interdisciplinary area between atmospheric chemistry 
and medical and life sciences. In addition to air-borne 
infectious diseases such as influenza and 
coronaviruses, it is also important to explore the 
relationship between atmospheric composition and 
infectious diseases such as Kawasaki disease, the 
cause of which is not yet fully identified. Although 
Europe and the United States have taken the lead in 
such research, it is important to bring about new 
developments in epidemiological research and 
toxicity assessment based on the sources of 
pollutants and climate unique to Asia and the racial 
characteristics of Asia. It is hoped that the potential of 

the atmospheric chemistry research field will be 
demonstrated in promoting such research. 
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3 International and domestic 
collaboration 
 

(1) Collaboration with International Projects 

In atmospheric chemistry research, it is equally 
important to share and collaborate with the 
international research community in addition to 
improving cutting-edge research results in order to 
achieve a comprehensive understanding of the global 
scale and to solve problems. 
 
The International Global Atmospheric Chemistry 

Project (IGAC) and the International Commission on 
Atmospheric Chemistry and Global Pollution 
(iCACGP) play a major role in this international 
collaboration. When IGAC was launched, the 
executive committee, called the Scientific Steering 
Committee (SSC), consisted mainly of European and 
U.S. researchers, but now researchers from Japan, 
China, as well as South and Southeast Asia have 
joined the SSC and are active in the organization. It 
is important for Japan to continue to contribute 
internationally through its involvement in the SSC, as 
well as to inform the Japanese research community 
of global trends and developments. 
 
IGAC and iCACGP hold regular international 

conferences (to be held jointly every two years after 
2022) and play an important role as a place where 
the seeds of international collaboration are born at 
the grassroots and where future leaders are nurtured. 
In Japan, the Fujiyoshida Conference in 1994 (about 
170 foreign and 90 Japanese participants from 27 
countries), the Nagoya Conference in 1997 (about 90 
foreign and 90 Japanese participants), and the 
Takamatsu Conference in 2018 (725 participants 
from 45 countries) were successfully held from the 

early period of the Japanese atmospheric chemistry 
community development. It was an opportunity to 
gain recognition and to dramatically increase 
international exchange and collaboration. In recent 
years, about 40% of the participants in international 
conferences have been Early Career Scientists 
(defined by IGAC as graduate students and 
researchers within 3 years of receiving their degrees), 
and these international conferences are becoming 
increasingly important for the development of the 
next generation of atmospheric chemists. 
 
As of 2023, IGAC is promoting 11 Activities (Table 3) 

and 6 Working Groups, each of which plays a 
leadership and capacity-building role in international 
collaboration. These regular activities also play an 
important role as a forum for the continued promotion 
and development of international collaboration. 
 
The topics covered by these Activities often have 

overlap with the topical theme covered by this Future 
Vision from Japan; in this context, in addition to the 
researchers currently participating from Japan, a 
wide range of age groups, including young 
researchers and students from Japan should be able 
to be involved in the IGAC Activities in the future to 
increase their direct contributions. 
 
The Working Group, on the other hand, is a category 

launched by IGAC in 2010 for regions that are 
important for atmospheric chemistry but have weak 
international representation and recognition because 
of the underdeveloped research community in those 
regions. It aims to strengthen grassroots networks of 
researchers and promote international collaboration 
with researchers in other regions; currently such 
regions include Africa, North and Latin America, 
China, Japan, Monsoon Asia, and the Southern 
Hemisphere. The Japan National Committee 
(http://igacproject.org/JapanNationalCommittee), 
which covers Japan, simultaneously has a role of the 

Table 3. IGAC’s Activities. 
Acronym Activity Japanese translation 
PACES Air Pollution in the Arctic: Climate, Environment and 

Societies 
北極の大気汚染と気候・環境・社会 

Allin-Wayra Small sensors for atmospheric science 大気科学のための小型センサ 
AMIGO Analysis of Emissions using Observations 大気観測からの排出量解析 
ACAM Atmospheric Composition and the Asian Monsoon 大気組成とアジアモンスーン 

BBURNED Biomass Burning Uncertainty: ReactioNs, Emissions 
and Dynamics 

バイオマス燃焼の不確実性：反応・排

出・ダイナミクス 
CCMI Chemistry-Climate Model Initiative 化学気候モデリングイニシアティブ 
GEIA Global Emissions Initiative 地球規模の排出量研究イニシアティブ 

MAP-AQ Monitoring, Analysis and Prediction of Air Quality 大気質のモニタリング・解析・予測 
CATCH The Cryosphere and Atmospheric Chemistry 寒冷圏と大気化学 
TOAR-II Tropospheric Ozone Assessment Report -Phase II 対流圏オゾン評価報告書第 2 期 
DEBITS Deposition of Biogeochemically Important Trace 

Species 
生物地球化学的に重要な微量成分の沈着 
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IGAC subcommittee of the Science Council of Japan. 
These double roles have resulted in increased 
international exposure and recognition, as well as in 
the domestic fields. Further mutual developmental 
relationships should be maintained in the future. 
Japan can also play a significant role in the Monsoon 
Asia and Oceania Networking Group (MANGO), a 
working group in monsoon Asia where atmospheric 
chemistry researchers had been tied only loosely and 
not well connected to the international community. 
 
In addition to preparing for the aforementioned 

international conference, iCACGP's activities include 
planning an IAMAS session on atmospheric 
chemistry for the International Union of Geodesy and 
Geophysics (IUGG) international conference. The 
position of atmospheric chemistry in Earth system 
science should be reviewed from time to time, such 
that it can serve as an interface platform for broad 
collaboration with neighboring fields, including 
terrestrial and oceanic chemistry. On the other hand, 
Future Earth, an international research program 
launched by the International Geosphere-Biosphere 
Programme (IGBP) merged with neighboring 
programs, is another parent organization of IGAC (in 
parallel to iCACGP). Future Earth runs Global 
Research Networks (GRN), including IGAC, and 
there we can ideally play an important role in 
strengthening the atmospheric chemistry 
community's contribution to society and collaboration 
around sustainability. Future Earth has a Japan Hub 
with a Secretary General, and is also supported by 
institutions including National Institute for 
Environmental Studies and the University of Tokyo. 

Of the 17 Goals of the SDGs, atmospheric chemists 
can play a significant role in climate change action, 
clean energy, etc. However, the perspective of "air 
quality," which affects health, is not easily seen at that 
Goals level, and the atmospheric chemistry 
community needs to work on this issue in the future. 
In Asia, in particular, the health hazards of air 
pollution and disasters coupled to climate change 
may become more serious, and further contributions 
from atmospheric chemistry research are needed. 
Furthermore, it is important to deepen collaboration 
with SOLAS (Surface Ocean-Lower Atmosphere 
Study), iLEAPS (Integrated Land Ecosystem-
Atmosphere Processes Study) and with GCP (Global 
Carbon Project), which are adjacent fields under the 
Future Earth umbrella, to incorporate new 
perspectives and human resources into atmospheric 
chemistry as well. As described above, evolution as 
an Earth system science and contribution to a 
sustainable society are two important axes for future 
atmospheric chemistry research (Fig. 4). 
 
In addition to IGAC and iCACGP, there are many 

other international research 
committees/organizations/bodies with which key 
collaboration should be established. The UN and its 
international organizations are the good examples. 
The World Meteorological Organization (WMO), 
through a mechanism called the Research Board, 
has established the Environmental Pollution and 
Atmospheric Chemistry Scientific Steering 
Committee (SSC-EPAC) (https:// 
community.wmo.int/governance/commission-
membership/research-board/ssc-epac), a committee 

 
Figure 4. IGAC’s vision diagram. 
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closely related to atmospheric chemistry. In particular, 
the GAW (Global Atmosphere Watch) Programme 
plays an important role in atmospheric monitoring of 
greenhouse gases and air pollutants. GAW has 
seven subcommittees relevant to Ozone, UV 
radiation, Greenhouse Gases, Aerosols, Precipitation 
Chemistry, Reactive Gases, and GURME (Urban 
Weather and Environment). The JMA aims for a wide 
range of contributions, from involvement in data 
centers and data quality control, such as the World 
Data Centre for Greenhouse Gases (WDCGG), 
which the JMA is responsible for, to the maintenance 
of observing stations (even beyond the GAW 
stations) and the provision of observation data. There 
is also an Expert Team that discusses and reports on 
the technical aspects of research-oriented 
infrastructure, and initiatives that link science to 
service to society, such as GAFIS (Global Air Quality 
Forecasting and Information System), IG3IS 
(Integrated Global Greenhouse Gas Information 
System), covering air quality and health, and urban 
greenhouse gas emissions, respectively. The United 
Nations Environment Programme (UNEP) has 
launched initiatives such as the Climate and Clean Air 
Coalition (CCAC) and the International Methane 
Emissions Observatory (IMEO) to promote SLCFs-
related research and development and building 
international momentum for SLCFs. 
 
In East Asia, the East Asian Network for Acid 

Deposition Monitoring (EANET) started in 2001 has 
been playing a major role, and is expected to play a 
further role in addressing not only the acid rain but 
also ozone/aerosol pollution, and climate change 
issues through SLCFs; the potential anticipated from 
Japanese atmospheric chemistry researchers 
through the Japan-based Asian Center for Air 
Pollution Research (ACAP) is great. With regard to 
air pollution issues over a wider region, it is also 
important to contribute to the Task Force on 
Hemispheric Transport on Air Pollution (TF HTAP) 
through MICS-Asia (Model Inter-Comparison Study 
for Asia), for which ACAP serves as the secretariat. 
 
The CEOS (Committee on Earth Observation 

Satellites) under the GEO (Group on Earth 
Observations) has been working with the GEOSS 
(Global Earth Observation System System) to 
develop a satellite-based Earth observation system 
and its specific groups include Atmospheric 
Composition-Virtual Constellation (AC-VC). Japan, 
while cooperating with South Korea, which launched 
a geostationary satellite for observing atmospheric 
pollutants in 2020, will deepen international 
collaboration in terms of Earth observation from 
space and strengthen its leadership in Asia through 
promotion of GOSAT-GW and newly proposed 
missions {see topical theme volumes relevant to 

Long-lived greenhouse gases and Reactive gases}. 
 

International collaboration is also important in 
terms of climate change issues. In particular, at COP, 
the Conference of the Parties to the United Nations 
Framework Convention on Climate Change 
(UNFCCC), each country set policy targets toward 
2050 carbon neutrality in order to achieve the 
2°C/1.5°C target of the Paris Agreement. For this, 
understanding greenhouse gas emissions and their 
trends together with decarbonization pathways, and 
integration of reduction strategies of SLCFs are 
important, where atmospheric chemists can play an 
important role. In this context, involvement in the 
IPCC is also important. The Japanese atmospheric 
chemistry research community has produced a 
number of Author Team members (Lead Author, 
Review Editor, etc.) for the Fifth and Sixth 
Assessment Reports of the IPCC. Particularly, a 
separate chapter on SLCFs has been established in 
the Sixth Assessment Report. In the Seventh 
Assessment cycle, "2027 IPCC Methodology Report 
on Inventories for Short-lived Climate Forcers" is to 
be officially produced and contributions with expertise 
from atmospheric chemistry research community are 
anticipated. In addition to IPCC, the Arctic Council 
has also been working on SLCFs through the 
EGBCM (Expert Group on Black Carbon and 
Methane) and AMAP (Arctic Monitoring and 
Assessment Program). In particular, in order to 
reduce black carbon and methane emissions, 
observer countries of the Arctic Council (including 
Japan, China, South Korea, India) that have reported 
their emissions are invited to join the Expert Group on 
an equal footing with Arctic countries (Canada, 
Denmark, Finland, Iceland, Norway, Russia, Sweden, 
and the United States), even if they are non-Arctic 
countries. The provision of scientific knowledge is a 
key element of the Arctic Council's efforts to promote 
the conservation and protection of the Arctic. The 
related activities from Japan may enhance the 
country’s international position, and from this 
perspective, discussions with international legal 
scholars and policy makers are also important. 
 
Involvement in international observational 

campaigns and model intercomparison experiments 
is also important. For example, NASA has conducted 
aircraft observations of atmospheric chemistry, 
known as the Global Tropospheric Experiment (GTE), 
around the world. In Asia, there were the Japan-
based PEM-West A and B (1991 and 1994) and 
TRACE-P (2001). In 2016, NASA's KORUS-AQ 
aircraft observations in Asia were based in Korea, 
focusing on a specific area over Korea to directly 
observe emissions and chemical transformation from 
emission sources. Also in 2018, a German-led 
EMeRGe-Asia aircraft observation was based over 
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Taiwan. Going forward, NASA plans ASIA-AQ, the 
successor to KORUS-AQ, in 2024 to observe 
emission sources and chemical transformations over 
a larger area covering East and Southeast Asia in 
conjunction with satellites and numerical models. 
Aircraft observation is an indispensable element for 
verifying satellite observations and understanding 
integrated three-dimensional atmospheric 
composition changes. As Japan has yet to acquire an 
aircraft for research purposes, we will continue to 
propose and encourage the academic community 
and ministries to acquire an aircraft dedicated to earth 
observation in collaboration with other academic 
societies. For the time being, it is also important for 
Japan to synchronize its involvement in ground and 
shipboard observations with such opportunities, and 
to participate by bringing its own originally developed 
observation equipment and building up a track record. 
 
In all of the above international collaboration, the 

challenge is how to effectively disseminate new 
findings and mature results from Japan, given the 
current situation in which the scientific community 
tends to be centered on Europe and the United States, 
and China is significantly increasing its presence in 
the world. Initiatives such as regional reports that 
international high-level reports rely on, and 
leadership in the Asia-Oceania region, such as the 
Asia Oceania Geosciences Society (AOGS), would 
be effective. In addition, Japanese researchers can 
play a role in contributing to the creation of 
appropriate rules by providing expert perspectives 
and fair and neutral evaluations to prevent the spread 
of ineffective initiatives and proposals that take 
advantage of carbon neutrality. 
 
 

(2) Related Work and Committees of 
Domestic Ministries and Agencies 

The Japan Society of Atmospheric Chemistry 
(JpSAC), which has its origin in the "Atmospheric 
Chemistry Discussion Group (Taiki Kagaku 
Kenkyukai)" and "Atmospheric Chemistry Discussion 
Meetings (Taiki Kagaku Touronkai)" started in 1999 
and 1995, has contributed to the development and 
collaboration of atmospheric chemistry researchers 
in Japan. In 2006, we joined the Japan Geoscience 
Union (JpGU), and in 2007, the "Symposium on 
Atmospheric Chemistry," one of the two research 
meetings we had been holding, was transformed into 
the "Atmospheric Chemistry Session" at the JpGU 
regular annual (springtime) meetings. Such 
involvement in JpGU not only promotes atmospheric 
chemistry to researchers in other fields, but also 
serves to strengthen ties with Earth science fields 
related to atmospheric chemistry. In addition to JpGU, 

many members of JpSAC hold membership of the 
Geochemical Society of Japan, the Japan Society for 
Atmospheric Environment, the Meteorological 
Society of Japan, the Oceanographic Society of 
Japan, and others, and on some occasions they co-
sponsor or support research meetings and sessions, 
thus promoting cooperation with surrounding fields. 
In the future, as a field that constitutes the Earth's 
surface system, it will be important to determine how 
we can contribute to comprehensive scientific 
understanding and how we can effectively 
disseminate scientific knowledge to society in terms 
of our involvement in global environmental issues. In 
this regard, the JpSAC's positioning, strengths, and 
weaknesses should be periodically analyzed, and 
future collaboration should be undertaken with an 
awareness of complementarity with neighboring 
societies. 
 
We already mentioned that the JpSAC is closely 

related to IGAC. But the same also applies to WCRP, 
and SOLAS and iLEAPS of Future Earth. The scope 
is unique in that it is not limited to the tropospheric 
atmosphere, but also covers the exchange between 
the troposphere and stratosphere, the carbon cycle 
and reactive materials, and biogeochemistry and 
interaction with the terrestrial ecosystem and the 
ocean surface layer. It is resilient to the changing 
trends in the discipline and the pressure to restructure 
organizations and communities in response to 
societal needs for global environmental issues over 
the next 10 to 20 years. 
 
Currently, the JpSAC is a cooperative academic 

organization of the Science Council of Japan, and it 
is important to be involved in diverse activities. The 
IGAC subcommittee links Japanese atmospheric 
chemistry research to the IGAC international 
collaboration. It should play the key role in addressing 
further issues proposed in the Master Plan for Large 
Research Programs and the Future Science 
Promotion Initiative, such as how to reconcile 
improvements in climate change mitigation with other 
values such as health, energy, and food. Also, our 
involvement in the Science Council of Japan's 
"Cross-cutting meetings on Carbon Neutral (Net 
Zero)" and the dissemination of the latest findings on 
the atmospheric composition changes related to 
climate change, not only to Division III (Science and 
Engineering) of the Science Council of Japan, but 
also to Division I (Humanities and Social Sciences) 
and Division II (Life Sciences) will enhance our 
recognition. The latest trends and issues in this field 
are reflected in the "Biennial Report on Research and 
Development in the Field of Environment and 
Energy" published by the Center for Research and 
Development Strategy, Japan Science and 
Technology Agency (JST), and should be used as a 
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starting point for future cross-disciplinary efforts. 
 
The followings are the examples of contributions to 

relevant tasks and committees of domestic ministries 
and other organizations that use atmospheric 
chemistry expertise to translate scientific findings into 
solutions to societal problems (Table 4). Though not 
included in the table, other committees that meet on 
a permanent or ad hoc basis include the Ministry of 
the Environment's Committee on Continuous 
Monitoring of Air Pollution and the Japan Aerospace 
Exploration Agency's Committee on Satellite 
Observation Missions. 
 
These activities should be further expanded in the 

future in response to the growing social needs to 
address global climate change and air pollution 
issues. Another possibility would be to lead policy 
contributions and increase flexibility there. For 
example, the Ministry of the Environment submits the 
"Annual National Report on Black Carbon/Methane 
Emissions" to the EGBCM of the Arctic Council via 
the Ministry of Foreign Affairs, but the process is 
complicated because multiple departments are 
involved affected by the jurisdiction of the ministry. It 
is difficult to say that the ministry, which is the point of 
contact, is currently well connected to researchers 
who have accurate information and cutting-edge 
scientific knowledge. The IPCC has officially decided 
to develop a methodology report for the SLCF 
inventory in the 7th Assessment cycle, and the 
process has started as of 2023. In order for Japan to 

respond to these developments without delay and 
with scientific rationality, it is important for the 
research community side to start preparation and 
examination requesting smooth administrative 
support and also to lead the IPCC's new activity. In 
this way, there is much that can be done from the 
research side to strengthen cooperation among 
administration, practice, and research. 
 
Atmospheric chemists can play a significant role not 

only at the national level, but also at the local 
government level, contributing to environmental 
impact assessment committees of prefectures and 
cities. In doing so, we could contribute more in the 
future to "decarbonization," the reduction of 
greenhouse gas emissions resulting from human 
activities. The Japanese government has set a 
reduction target of carbon neutrality in 2050 and a 
46% reduction in greenhouse gas emissions in 2030 
(compared to 2013 levels), which is also a global 
commitment. Despite the internationality, specific 
measures and verification are often localized and 
handled at the municipal level. Atmospheric 
chemistry, which deals with not only greenhouse 
gases but also air pollutants emitted into the 
atmosphere from anthropogenic or natural sources, 
covers not only the construction of emission 
inventories of these substances but also inverse 
analysis estimating emissions from atmospheric 
concentration changes. This will lead to improved 
emission knowledge on a real-time basis to facilitate 
reduction measures and contribute to simultaneous 

 
Table 4. Japanese domestic and governmental committees to which Atmospheric Chemistry research community 
contributes. 
省庁・委員会等 
Ministry, committee 

Discussion contents 

環境省中央環境審議会・微小粒子状

物質等専門委員会 
(MOE, PM2.5 and O3 committee) 

It discusses measures to reduce domestic concentrations of PM2.5 and 
photochemical oxidants (ozone) and to achieve standard values from an 
expert perspective, taking into account the effects of transboundary air 
pollution and decarbonization. 

経済産業省 VOC 排出削減効果の定

量的評価に向けた検討等業務検討会 
(MITI, VOC reduction committee) 

From the viewpoint of economic and industrial promotion, the committee is 
considering measures to promote the reduction of VOCs as precursors of 
ozone, taking into account regional and industry-specific characteristics 
rather than a uniform domestic approach, and is discussing the scientific 
basis for such measures from a professional standpoint. 

文部科学省・気象庁・環境省・経済

産業省 IPCCAR6WG1 国内幹事

会、IPCCAR6 国内連絡会 
(4 ministries, IPCC committee) 

Organized mainly by the author team members of IPCCAR6, it exchanges 
information among chapters and WGs and discusses how to expand 
Japan's contribution to the IPCC. 

国土交通省気象庁品質評価科学活動

懇談会 
(JMA, GAW related observational 
quality assurance) 

Provides expert opinions and scientific and technical advice on the quality 
improvement of measurements of GHGs, ozone, aerosols, radiation, etc. in 
accordance with the WMO/GAW Global Atmospheric Monitoring Program 
conducted by the Japan Meteorological Agency. 

文部科学省地球観測推進部会 
(MEXT, GEO related committee) 

Implementation policies and plans are formulated to promote earth 
observation in cooperation with related ministries and agencies. 
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mitigation of climate change and air pollution. Such 
research and development are currently being 
conducted at the subcontinent and national level, but 
with future improvements in observation and 
modeling techniques, it will become possible to 
understand the current situation at the city/street 
scales, and the time will come when local 
governments can make a more direct policy 
contribution to decarbonization and air pollution 
control measures. 
 
Despite such an important role, there are significant 

challenges regarding the long-term maintenance and 
coordination of Earth observation related to 
atmospheric chemistry: since the "Strategy for the 
Promotion of Earth Observation" document published 
in 2004, related to the GEO Strategic Plan, and now 
based on the "Implementation Policy for Earth 
Observation in Japan in the Next Decade" in 2015, 
Japanese ministries including MEXT, the Japan 
Meteorological Agency, and the Ministry of the 
Environment have established and maintained 
coordinated atmospheric observations. In reality, 
however, there are many situations in which each 
ministry/institution under them has been forced to 
terminate observations due to budget cuts, such as 
ozone sonde observations. It is desirable to 
strengthen the system by, for example, enhancing 
cooperation between the research community and 
the ministries to soften the impact of the termination 
of observations. It is hoped to establish the SLCFs 
field in the virtual Earth Observation Collaboration 
Center, for example, to overcome these difficulties. 
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4 Expansion of the platform for 
atmospheric chemistry research 
and development and challenges 
 

(1) Platforms and Resources for 
Atmospheric Chemistry Research 

Observations of the dynamics of atmospheric 
constituents at various temporal and spatial scales 
require multiple platforms for in-situ measurements or 
remote sensing, depending on the observation target. 
Typical platforms that have been used include 
satellites for long-term observations over wide areas 
and the entire globe, aircraft and ships for 
understanding the spatial distribution of a region, and 
ground stations suitable for long-term monitoring, 
observations of surface and vertical distribution 
conditions, and operation of advanced measurement 
equipment. 
 
Satellite observation of trace gases and aerosols is 

a powerful method for determining their 
spatiotemporal distribution over a wide area, and is 
expected to become even more important in 
atmospheric chemistry. Applications include 
evaluation of atmospheric model simulations, source 
estimation by inverse calculations, and forecasting by 
data assimilation. Japan has successfully conducted 
satellite observations of CO2 and methane with the 
GOSAT series (GOSAT, GOSAT-2). An observation 
mission with a third satellite (GOSAT-GW, to be 
launched in FY2024), which will add NO2, is under 
preparation. The areal continuum observations with 
kilometer-class resolution are expected to provide 
direct assessment of nonlinear atmospheric chemical 
processes and evaluation of individual sources. In 
addition, observations of the ozone layer by the 
Improved Layer Around the Atmosphere 
Spectrometer (ILAS/ILAS-II) onboard the 
ADEOS/ADEOS-II satellite, and observations of 
halogen chemicals involved in ozone depletion by the 
Superconductive Submillimeter-wave Emission 
Sounder (JEM/SMILES) onboard the International 
Space Station have been made in the past. The 
JEM/SMILES is a superconducting submillimeter-
wave radiation sounder aboard the International 
Space Station. Atmospheric observation by satellites 
is one of the distinctive efforts of Japanese 
atmospheric chemistry research, and it is expected to 
contribute to the global academic community by 
continuously maintaining and strengthening its 
infrastructure. Satellite observations of reactive 
gases and aerosols have been continuously 
progressing in the United States and Europe, 
providing an extremely important base of observation 

data for Japanese researchers for collaboration. Also, 
geostationary satellite observations by the GEMS 
mission from Korea, which started recently, will be a 
powerful tool for atmospheric chemistry research in 
the Asia-Pacific region. It is also important for Japan 
to promote and strengthen research in collaboration 
with these overseas satellite observations. In future 
satellite observation projects, including those we are 
proposing, it is expected that the dynamics of 
atmospheric constituents that have already been 
observed by satellite will be better tracked by 
improving the temporal and spatial resolution of the 
observations, with better characterization of localized 
sources such as cities. It is also desirable to expand 
the capabilities of detecting and quantifying new trace 
constituents such as volatile organic compounds 
(VOCs). Discussions in the "Earth Observation 
Satellite Future Vision Subcommittee" of the "Earth 
and Planetary Science Committee" of the SCJ, and 
those in the "Task Force Meeting and Remote 
Sensing Subcommittee," which consists of 25 
academic societies, should be continued and 
proposals for publicly solicited missions should be 
pursued for realization. In addition, the Japan Society 
of Atmospheric Chemistry should promote industry-
government-academia collaboration and the use of 
data to solve social issues with CONSEO 
(Consortium for Satellite Earth Observation), as 
being its official member. 
 
Aircrafts are excellent platforms for understanding 

the spatial distribution of atmospheric constituents, 
including vertical profiles, and have strengths in the 
measurement of diverse gaseous constituents that 
cannot be captured by current satellites and in the 
observation of aerosols that have complex properties 
such as composition and particle size. Japan's efforts 
in atmospheric chemistry research include A-FORCE 
aircraft observations and observational research 
using overseas aircraft platforms such as NASA’s 
DC-8 during the mission TRACE-P. However, there is 
virtually no support system for aircraft observation 
research in the Earth science field in Japan; 
researched need to rely on the use of short-term 
chartered aircraft funded by external sources. This 
makes it difficult for domestic researchers to 
participate in aircraft observations. Also, the 
infrastructure for accumulating and developing 
observation techniques remains extremely weak. 
Therefore, it is necessary to expand the scope of 
aerial observation by establishing a support system. 
In the "Master Plan for the 24th Scientific Research 
Program" (Master Plan 2020) of the Science Council 
of Japan, "Promotion of Climate and Earth System 
Science Research by Aircraft Observation" was 
selected as one of the priority large-scale research 
programs that should be promoted promptly among 
the large-scale scientific research programs. If the 
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introduction of an aircraft dedicated to Earth 
observation as proposed in this plan is realized, it is 
expected to greatly advance the acquisition of data 
on the dynamics and sources of atmospheric trace 
gases and aerosols, their interaction with the land 
surface and oceans, and their relationship with 
climate and weather, which cannot be obtained from 
the ground or satellite platforms. In this plan, it is 
proposed that the Center for Orbital and Sub-orbital 
Observations at the Institute of Space and Earth 
Environment, Nagoya University, will be the core of 
the joint use and operation of the project. In addition, 
related to this plan, the Meteorological Society of 
Japan has compiled a report entitled "Research Plan 
for the Promotion of Climate and Earth System 
Science System by Aircraft Observation." It is hoped 
that related academic institutions and organizations 
collaborate and continue to study the introduction of 
Earth observation aircraft. 
 
In the CONTRAIL (Comprehensive Observation 

Network for Trace gases by AIrLiner) project, aircraft 

observations by national research institutes in 
collaboration with private operators are also a 
powerful tool for atmospheric chemistry research. In 
addition to the use of aircraft, it is worth considering 
the use of private platforms for atmospheric 
chemistry research, for example, drones and other 
related platforms. In collaboration with the private 
sector, it is necessary to pay attention to the 
establishment of a stable and fundamental 
observation system, since there is an aspect of 
relying on the generosity of the private sector. Recent 
examples of aircraft observations in the East Asia 
region include the NASA research project KORUS-
AQ, an aircraft observation study of the area around 
the southern Korean Peninsula conducted in 
cooperation between U.S. and South Korean 
researchers. Japan's commitment to international 
aircraft observations in the Asian region should also 
be strengthened. In addition, the use of balloons is 
effective for the observations to the stratosphere, and 
the establishment of a sustainable observation 
system is desirable. 

 
Figure 5. Domestic ground-based observation sites (red: JMA; blue and gray: supersites and stations maintained by 
the research community and laboratories; green: remote sensing measurement points. Background fill is tropospheric 
NO2 column concentration from satellite TROPOMI. (emission distribution can be read), contour lines are typical spring 
near-surface ozone concentration distribution from data assimilation TCR-2) 
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Vessels are an important platform for understanding 
spatial distribution over the ocean, which cannot be 
covered by ground-based observations. Generally, 
the degree of freedom of the observation equipment 
that can be installed is much greater than that of 
aircraft, which have strict limitations on payload 
capacity. Shipboard observations are also important 
for research on chemical processes unique to ocean 
regions. It is also an important platform for 
understanding the atmospheric environment in the 
polar regions. The availability of opportunities for 
marine atmospheric observations is comparatively 
favorable, using the academic research vessels 
Hakuho Maru/Shinsei Maru and the oceanographic 
research vessels including R/V Mirai. However, the 
number of projects targeting atmospheric chemistry 
observation is not necessarily abundant, and there is 
still plenty of room for the atmospheric chemistry field 
to take the lead in shipboard observation. A new 
Arctic research vessel, named Mirai II, which is 
currently under construction for delivery in FY2026, 
will be operated by the Japan Agency for Marine-
Earth Science and Technology (JAMSTEC) and will 
continuously measure the basic components of 
atmospheric composition. JAMSTEC should serve as 
a focal point for national and international 
collaborative observations, accommodating 
additional equipment from other institutions to 
enhance the comprehensiveness of the research 
cruise missions. It is also important to continue 
discussions on a future successor to the Antarctic 
research vessel Shirase. 
 
Ground-based observation networks (Fig. 5) are 

important platforms for both long-term monitoring and 
intensive observations of atmospheric processes 
using advanced instrumentation. Long-term 
monitoring platforms include the Cape Hedo 
Atmospheric and Aerosol Monitoring Station of the 
National Institute for Environmental Studies, the 
Fukue Atmospheric Environment Observatory 
maintained by Chiba University as a representative 
institution, and the Noto Supersite of Kanazawa 
University. The Ministry of the Environment's network 
(EANET) of long-term monitoring of air pollutants and 
acid deposition covering the north and south East 
Asia is also unique, and it is hoped to continue. In 
particular, the community has made significant 
achievements in the field of atmospheric chemistry in 
the long-term observation of pollutant outflows from 
the Asian continent on islands and coastal areas, and 
therefore its maintenance and development are 
strongly desired in the future. Domestic facilities are 
sometimes inferior to the facilities and equipment at 
Korean supersites, for example, and this is even a 
barrier to inviting Western researchers to conduct 
international joint observation and research. The 
ground-based observation system for aerosol 

concentration and particle size is still lacking, and 
should be expanded in the future with a view to 
contributing to the assessment of the climate impact 
of aerosols. 
 
The development of research platforms is not only 

necessary in atmospheric observations, but also in 
laboratory experimental studies to understand the 
elementary processes of atmospheric chemistry. In 
particular, large reaction chambers are powerful tools 
in experiments to trace chemical transformations of 
gaseous components and aerosols. The smog 
chamber at the National Institute for Environmental 
Studies (NIES) has been a central platform for 
chamber experiments in Japan, and has produced 
important results. Since the maintenance and 
management of the chambers and associated 
instrumentation at the individual researcher level is 
an excessive burden, it is desirable for the 
atmospheric chemistry community to consider the 
maintenance and development of reaction 
experiment platforms for the continuation and 
development of process research in the future. In 
particular, it is desirable to consider linking the 
platform of experiments using cloud chambers to 
atmospheric chemistry research on themes related to 
ice crystal nuclei, etc., in addition to the use of 
chambers for tracking chemical reactions. The issue 
of new particle formation in the atmosphere is an 
important remaining issue that covers gases and 
aerosols with trace atmospheric components, but the 
CLOUD experiment at the European Organization for 
Nuclear Research (CERN) is currently the only facility 
enabling such research on the mechanism of new 
particle production. It is desirable for Japan to commit 
itself to such advanced experimental research 
overseas, and to consider its own experimental 
platform for taking the lead in indoor experimental 
research. 
 
Computers are an essential research resource in 

numerical model simulations widely used in 
atmospheric chemistry. Atmospheric chemistry 
simulations can be roughly classified into online 
models coupled with weather and climate models and 
offline models that take the calculation results of 
weather and climate models as input data. In the 
former case, the number of forecast variables 
increases dramatically, resulting in a very large 
increase in CPU resources and memory usage. In the 
latter case, in addition to these, storage resources 
and I/O communication costs will increase markedly. 
Because of the burden of transferring data files, on-
premise or private cloud servers are often used. On-
premise servers, i.e., servers in the form of 
equipment installed and operated in a facility 
managed by the user, include RIKEN's Fugaku, the 
Earth Simulator of the Japan Agency for Marine-Earth 
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Science and Technology, and large computers of 
various organizations. But in the future, options may 
expand to the use of public cloud servers and virtual 
servers. Currently, we are in a transitional period from 
actual equipment to virtual equipment, and as 
computer performance and available resources 
develop, it is desirable to actively propose and 
promote atmospheric chemistry research that takes 
advantage of them. At present, atmospheric 
simulation relies heavily on large parallel computers 
equipped with vector or scalar conventional CPUs, 
while general-purpose computers equipped with 
GPUs for machine learning calculations have 
recently become available. In the future, it will be 
difficult to achieve the remarkable improvement in 
CPU performance that has been achieved so far, and 
it will be necessary to take into account speed-up 
through efficient parallel processing by utilizing GPUs. 
In addition to porting old physicochemical model 
calculations to GPUs, it will also be necessary to 
develop a method to utilize machine learning for 
atmospheric chemical simulations (so-called proxy 
modeling). It is necessary to sort out what kind of 
computer resources will be necessary or available in 
the future, depending on the objectives and 
calculation methods of atmospheric chemistry 
simulations. 
 

(2) Maintenance and Use of Research Data 

In recent years, it has become common for 
researchers to be required to disclose the data they 
use when publishing papers in academic journals, 
and the ground is being prepared to promote the use 
of data among researchers. As data repositories such 
as PANGAEA are being developed overseas, it is 
necessary to consider how Japan can contribute to 
data disclosure and use. In the field of atmospheric 
chemistry, there are many observational variables 
and it is expected that higher resolution data will 
become even more common in the future, and 
therefore, a large-scale storage under stable 
operating conditions with DOI assignment 
functionality would be desirable. It is also desirable to 
promote discussions on data collection, storage, and 
distribution, including coordination with existing 
efforts such as the World Data Center for 
Greenhouse Gases (WDCGG), one of the World 
Data Centers (WDC), and the ADS of the National 
Institute of Polar Research (NIPR). It is preferrable to 
consider efforts to develop or centralize a portal for 
all atmospheric chemistry observation data in Japan, 
as well as new initiatives that incorporate the needs 
of the atmospheric chemistry field. In promoting the 
use of these atmospheric observation data, it is also 
important to promote standardization of 
measurement methods. In this context, it is also 

necessary to consider how to collect and archive 
observation data that are not readily amenable to 
standardization, especially for advanced 
measurements. 
 
Meteorological reanalysis data and emission 

inventories have long been shared, mainly through 
overseas efforts, and are important resources for 
atmospheric modeling research and other studies. 
The maintenance and development of these research 
resources, which link experiments and observations 
with modeling research, will continue to be important 
in the future. In addition to meteorological data 
provided by the Japan Meteorological Agency, the 
European Center for Medium-term Weather 
Forecasting (ECMWF), and the National Centers for 
Environmental Prediction (NCEP) in the United 
States, there is MERRA-2 provided by the National 
Aeronautics and Space Administration (NASA), 
which includes information on trace chemical 
constituents. In Japan, there are also efforts for 
aerosol reanalysis products (JRAero) and the 
second-generation chemical reanalysis data set 
(TCR-2) including reactive gases as well, and further 
expansion of data and information on trace 
constituents is desired. Regarding emission 
inventories, Japan has experience in developing 
emission inventories of air pollution- and climate 
change-related substances in the Asian region (e.g., 
REAS), and is strongly expected to continue 
contributing to the development of inventories for the 
Asian region and to the provision of guidelines for 
emission reduction measures. 
 
Investment from academia in data science is 

expected to grow further in the future. Even though 
atmospheric chemistry is one of the disciplines that 
deals with large data sets, collaboration with data 
science could lead to the development of 
atmospheric chemistry from new angles. Although 
atmospheric chemistry research using artificial 
intelligence approaches is still in its infancy, it is a 
method with great potential for future development. 
As an example, an effort to apply deep learning to 
model global OH radical fluctuations and analyze the 
causes of fluctuations has been reported overseas. 
How to improve the current data archiving system 
and to develop the infrastructure related to big data 
should be considered when promoting the use of 
artificial intelligence methods such as machine 
learning. 
 
(3) Human Resource Development 

For the continued development of atmospheric 
chemistry in Japan, it is also important to sort out and 
improve issues related to the development of human 
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resources to support it. While opportunities for 
learning about chemistry and physics, which form the 
basis of atmospheric chemistry, are available in 
secondary education, opportunities for learning 
geology, including topics on climate change and air 
quality, which atmospheric chemistry involves, are 
considered to be much less common than in other 
science subjects, mainly due to the subject selection 
for university entrance exams. It is desirable to 
improve the connection between high schools and 
universities in Earth science education by 
strengthening support from the academic community 
for geoscience education in high schools and by 
developing undergraduate university courses that 
take into account students with limited experience in 
high school geoscience studies. Secondary 
education institutions are focusing on developing the 
next generation of human resources with the ability to 
solve environmental and social problems from a 
global perspective, with the SDGs and other goals in 
mind, and therefore the atmospheric chemistry 
research field could make a strong positive 
contribution. In addition, education of atmospheric 
chemistry in the universities is mainly conducted in 
graduate schools, and there are few opportunities for 
it to be covered in undergraduate courses. There is 
room to consider ways to attract students' interest in 
atmospheric chemistry through support for 
undergraduate education, such as the expansion of 
teaching materials that can be easily handled in 
undergraduate classes. Atmospheric chemistry 
laboratories in the graduate school accept a wide 
range of students with backgrounds in chemistry and 
physics who are interested in global environmental 
issues. The fact that this is a field of study in which a 
wide range of expertise, not limited to geoscience, 
can be utilized would be regarded as a strength. In 
addition, it is desirable to widely promote the 
possibility of creating knowledge that directly leads to 
fundamental solutions to social issues, such as 
handling data on the concentration of substances that 
serve as improvement indicators for global warming 
and air pollution, and presenting effective reduction 
measures. Researchers from national research 
institutes provide support for higher education in the 
capacity of affiliated faculty members. By effectively 
utilizing the abundant research resources of these 
research institutes, human resource development at 
universities could be greatly enhanced. 
 
As a career path for students who have studied 

atmospheric chemistry after obtaining their degrees, 
there are open positions for young researchers, 
mainly at the National Institute for Environmental 
Studies and other national institutions, and the 
employment situation surrounding young researchers 
who have just obtained their degrees is not very poor. 
However, as in other academic fields, it is not easy to 

obtain a permanent post, and the situation is such 
that researchers continue to work for a fixed-term 
post and aim to be selected for a permanent post or 
a tenure-track post (a post that can be transferred to 
permanent after examination). At universities, in 
addition to post-doctoral researchers employed with 
external funds, there are also tenure-track positions 
available for young researchers. But there is 
generally fierce competition among related fields for 
each a position, and therefore the production of 
excellent young researchers in atmospheric 
chemistry to be able to compete is a major key to the 
continuation and development of atmospheric 
chemistry education at universities. In addition, there 
is a concern that academic research positions are not 
an attractive option for young people, not only in the 
field of atmospheric chemistry, but also in other 
academic fields in Japan, because there are 
insufficient competition opportunities for positions. In 
addition, with Japan's nominal wages stagnating, the 
treatment of researchers, including post-doctoral 
fellows at universities or research institutes, may be 
losing their international competitiveness and 
hindering the attraction of talented young people from 
overseas. It is necessary to keep a close eye on 
whether the situation surrounding employment in this 
field will improve as a result of government measures 
to support young researchers. 
 
Enhancing contacts with manufacturing and 

industrial sectors related to atmospheric chemistry 
would be worth. Collaboration that could lead to the 
development of cutting-edge measurement methods 
and consulting services would also be considered. It 
is worth considering not only from the perspective of 
strengthening atmospheric chemistry research, but 
also from the perspective of creating diverse career 
paths and exchanging human resources between 
industry and academia. Producing human resources 
with expertise in atmospheric chemistry to the private 
sector and society can be effective. Expectations are 
high for the use of data science for the global 
environment, and the use of satellite observation data 
on atmospheric composition on the Google Earth 
Engine, etc., to disseminate this information to 
industry and to exchange experts with adjacent fields 
will help to secure human resources in a broader 
sense. Promotion of gender equality is one of the 
important issues in employment in the field of 
atmospheric chemistry. The Japan Society of 
Atmospheric Chemistry (JpSAC) is actively 
increasing the ratio of women in leadership positions, 
and the Gender Equality and Human Resources 
Development Committee of JpSAC supports 
childcare during research meetings and conducts 
exchange programs for female members. In addition, 
the Committee actively supports and encourages 
young people who will lead the next generation both 
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nationally and internationally. 
 
Atmospheric chemistry is a field of study that deals 

with the atmosphere of the entire Earth and issues 
common to all humankind, such as global warming, 
making it easy to share research subjects with 
overseas researchers and to promote international 
exchange. Taking this advantage, there is room to 
promote international human resource development 
based on human resource exchange. Proactive 
development of international joint research is 
desirable, not only for the promotion of atmospheric 
chemistry research in Japan, but also as an 
opportunity to foster young researchers in Japan. It is 

also an important duty of Japan's academic 
community in the world to contribute to the 
development of young researchers overseas. The 
short course initiatives for young researchers at the 
iCACGP-IGAC 2018 international conference held in 
Takamatsu is a good example and such activities 
should also be spread to the domestic atmospheric 
chemistry community. It is also promoted that the 
domestic joint-use laboratories will take the initiative 
in inviting young researchers from overseas, leading 
to international exchanges in the future. 
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Appendix A: Summary from seven topical sections 

Table A-1. Summary table for the topic Greenhouse gases and ozone depleting substances 
(Authors: Taku Umezawa, Yosuke Niwa, Takuya Saito, Naoko Saitoh, Sakae Toyoda) 

 1. Ultimate Goals  To quantitatively understand the causes of changes in atmospheric concentrations of GHGs and ODS from the 
viewpoints of emission sources and sinks, and to enable accurate future predictions based on an understanding 
of the circulation mechanism. 

 To provide the international community with accurate information on the origin and distribution of emissions of 
target gases in order to contribute to the formulation of effective emission reduction measures under the Paris 
Agreement and the Montreal Protocol. 
 

 2. Progress in the 
past 10 years: 
global 
development and 
Japanese 
uniqueness 

 The continuously developed atmospheric observations, emission inventories, atmospheric chemistry transport 
models, and terrestrial ecosystem models have enabled integrated comparative analysis of top-down and bottom-
up methods, and an international project for this purpose has been organized, in which many Japanese researchers 
have participated. 

 The data processing and utilization of column-averaged concentrations of CO2 and CH4 by the Japanese GHG 
observation satellite, GOSAT/TANSO-FTS, has made great progress. 

 With the entry into force of the Paris Agreement, observation and modeling studies for understanding 
anthropogenic GHG emissions at regional and urban scales have been actively conducted. 

 The importance of the Asian region as a source of GHG and ODS emissions is increasing, and Japanese 
observation data, which can detect source variability in the Asian region with high sensitivity, is highly valuable, 
and continuous provision of high-quality data is required. 

 In Japan, unique observation platforms have been developed and maintained not only on the ground but also in 
balloons, aircraft, and ships, etc., and the results of observations of related tracers that are useful for GHG 
circulation analysis have been reported based on the development of unique technologies. 

 Atmospheric chemistry transport models and terrestrial ecosystem models have been independently developed 
by several research groups in Japan and are highly recognized worldwide. 

 
 3. Current major 

gaps 
 Observation data for continental inland and tropical regions are still insufficient at the global scale, and even 

higher-density observation data are required at the regional and urban scales, but there are significant technical 
and cost challenges in maintaining high-precision observations, developing analysis systems, and deploying new 
observations. 

 Observation data from diverse platforms are increasing dramatically, but there are challenges to fully utilize 
diverse data for surface flux inverse analysis, such as ensuring uniform data quality and upgrading models to 
make the best use of the data. 
 

 4. Key questions 
and hypothesis to 
drive research and 
development 
during 2022-32 

 How to evaluate whether the Paris Agreement and Montreal Protocol are working? What kind of spatio-temporal 
density, measurement accuracy, and observation platform observation data are needed? How should model 
analysis systems be developed to take advantage of diverse observational data? 

 How will the sources and sinks of GHGs and ODS in the ocean and terrestrial ecosystems and atmospheric 
chemistry change with climate change, ocean acidification, ozone depletion and recovery, etc.? How will Arctic 
wetlands, permafrost, and forest fires be particularly affected by potentially dramatic changes? 

 
 5. Collaborations GCP, RECCAP, NOAA, AGAGE, IGAC 
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Figure A-1. Schematic diagram of global circulation of CO2, CH4, N2O, and halocarbons. 
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Table A-2. Summary table for the topic Reactive gases 
(Authors: Yugo Kanaya, Kengo Sudo, Prabir K. Patra, Yosuke Sakamoto, Takashi Sekiya, Tamaki Fujinawa, 
Hiroshi Tanimoto, Nawo Eguchi, Naoko Saitoh, Yasuko Kasai, Makoto Deushi, Tomohiro O. Sato) 

 1. Ultimate Goals  Be able to express various processes such as photochemical reactions, atmospheric transport, deposition, etc. in 
equations and, given emissions and boundary conditions, be able to predict future concentration-time evolution 
and budget of a group of atmospheric trace gas constituents. To be able to quantitatively understand the role of 
each process. 

 The ability to link the causes of concentration changes to changes in emissions, quantify the contribution of each 
component to climate change as short-lived climate forcing factors (SLCFs), including feedbacks, and health 
effects, and to propose mitigation measures. 

 The ability to provide accurate chemical weather forecasts to society based on the laws of physics and chemistry. 
 

 2. Progress in the 
past 10 years: 
global 
development and 
Japanese 
uniqueness 

 The worldwide progress of satellite observations, high-precision in-situ observations, and standardization has 
greatly improved the spatio-temporal coverage of information on atmospheric constituent concentrations, and 
has facilitated the integration of observations and numerical models. 

 Japan's strengths include: understanding the causes of regional ozone and PM2.5 pollution in East Asia, evaluation 
of OH radical reactivity and heterogeneous uptake coefficients of radicals, process knowledge from isotopes, 
development of multiple Earth system models, progress in atmospheric chemistry transport modeling and data 
assimilation, and satellite observation analysis technology developed with GOSAT and others, emission 
inventories. 

 
 3. Current major 

gaps 
 Lack of understanding of the OH radical reaction system, which is at the heart of atmospheric chemistry 
 Lack of understanding of the nonlinearity of ozone chemistry and the spatial distribution of production rate and 

limiting factors 
 Insufficient quantification of causal relationships between changes in atmospheric composition and emissions, 

and rapid assessment of emission inventories to optimize reduction measures 
 Lack of information on vertical distribution (including stratospheric) and daily variations even with improved 

satellite observations 
 Lack of early detection observation information for prediction of sudden events 
 

 4. Key questions 
and hypothesis to 
drive research and 
development 
during 2022-32 

 Can the gap between methods in global OH estimation (hemispheric gradient, trend) be filled? 
 Will satellite observation systems with kilometer-level horizontal resolution and continuous areal distribution 

and integrated greenhouse gas (GHG)-air quality (AQ) analysis significantly advance our understanding of 
nonlinearities and limiting factors in ozone chemistry and our assessment of important emission sources? 

 Can AQ analysis also provide scientific evidence for decision making on climate stabilization? 
 If ammonia, VOCs, etc. are integrated into numerical models in addition to NOx, etc., will the prediction of 

ozone, PM2.5, etc. be improved (will this provide knowledge on food issues in addition to climate change and 
health issues)? 

 Can we improve not only chemical weather forecasting and future prediction of the Earth system, but also the 
current numerical forecast model of meteorology by improving our understanding of the interaction between 
atmospheric chemistry, meteorology, and the Earth system, and by incorporating key observation information, 
thereby providing useful information to society? 

 
 5. Collaborations  IGAC, iCACGP, COSPAR, CEOS, SPARC 

 



32 
 

 
Figure A-2. Estimated NOx emissions from data assimilation system with two different horizontal resolutions 
based on OMI satellite observations of tropospheric NO2. (modified from Sekiya et al. (2021)) 
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Table A-3. Summary table for the topic Laboratory experiments and physical chemistry 
(Authors: Shinichi Enami, Shinnosuke Ishizuka, Tetsuya Hama, Satoshi Inomata) 

 1. Ultimate Goals  Understanding of all physical and chemical processes that occur in the atmosphere. 
 Derivation of reaction rate constants, uptake coefficients, and photolysis rate constants, taking into account 

the solvent effects of molecular heterogeneity and the peculiarities of interfaces. 
 Based on the above data, all physico-chemical processes that occur in the atmosphere (chemical composition, 

volatility distribution, hygroscopicity, and optical properties for aerosols) can be computationally reproduced 
and predicted. 

 
 2. Progress in the 

past 10 years: 
global 
development and 
Japanese 
uniqueness 

 The understanding of gas-phase reactions that lead to the formation of aerosols has been advanced worldwide. 
 The importance of multiphase reactions involving interfaces has been recognized. 
 Experimental equipment and theoretical calculations have been developed to elucidate the nature of 

interfaces. 
 In Japan, original research results based on physical chemistry have been produced. 
 The rise of emerging Asian countries and Japan's geographical advantages (joint research and personnel 

exchange). 
 3. Current major 

gaps 
 The gap between laboratory experiments (simple systems and high concentrations) and real atmospheres 

(complex systems and low concentrations). 
 The detection of intermediates to determine the formation mechanism of final products. 
 What fraction of the aerosol components can be analyzed and quantified correctly? 
 The understanding of the interactions between aerosols and clouds is not sufficient. 
 The impact of reactions involving oceanic microlayers and ice and snow, where there is mass transfer to and 

from the atmosphere, has not been adequately evaluated. 
 Interfacial phenomena can only be treated qualitatively and not quantified (e.g., nonlinear increase in reaction 

rate constants at the interface). 
 4. Key questions 

and hypothesis to 
drive research and 
development 
during 2022-32 

 Can we improve the sensitivity of measurement instruments and the accuracy of multi-component 
simultaneous high time-resolution measurement devices? 

 Can we correctly understand the formation mechanism of monomers and dimers (especially HOM) in the 
oxidation process and the chemical reaction process in the particle phase? 

 How can we (simply) organize the production yield of secondary aerosols by key factors (oxidants, 
temperature, humidity, amount and properties of existing particles)? Are there any other factors that we are 
overlooking? 

 Is it possible to capture the chemical transformation process of aerosols microscopically (e.g., with optical 
tweezers)? (Example: Capture aerosols in the air with optical tweezers, keep them for a few days, and 
measure them spectroscopically (Raman, IR). Can we obtain evidence of compositional changes due to OH 
oxidation during the day and NO3 oxidation at night?) 

 Understanding of phenomena peculiar to the interface. 
 What are the breakthroughs for quantification of heterogeneity (complexity) and interfacial phenomena? 

 5. Collaborations  IGAC, Molecular Science Society, Synthetic Organic Chemistry 

 

 
Figure A-3. New particle formation pathways from oxidation of α-pinene (from Inomata (2021)). 
 
Selected References (Laboratory experiments and physical chemistry) 
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Table A-4. Summary table for the topic Terrestrial ecosystem and atmospheric chemistry 
(Authors: Michihiro Mochida, Akihiko Ito, Kazuhide Matsuda, Akira Tani) 

 1. Ultimate Goals  To understand the dynamics and exchange of long-lived gases, especially greenhouse gases, on a multi-scale 
and with high accuracy over the short to long term. To elucidate the mechanisms of changes in the exchange 
rates and contribute to impact assessment and planning of adaptation and mitigation measures by 
quantitatively predicting the budget associated with global environmental changes. 

 To deepen understanding of deposition and exchange processes of atmospheric substances, to model the 
phenomena, and to improve the prediction accuracy of chemical transport models. 

 To elucidate the mechanisms of BVOC emissions and factors influencing them at the molecular, cellular, 
tissue, individual, and community levels, and to elucidate the BVOC-mediated effects on air quality and 
climate. 

 To quantify the effects of terrestrial ecosystems on the atmospheric aerosol budget and enable future 
projections. To understand them in terms of the climatic effects of aerosols and the relationship between 
climate and vegetation. 

 2. Progress in the 
past 10 years: 
global 
development and 
Japanese 
uniqueness 

 Dramatic increase in the amount of observation data by ground and satellite, and implementation of integrated 
analysis of greenhouse gases. Japan has contributed with highly accurate atmospheric observation data and 
budget estimation using atmospheric transport and terrestrial material circulation models. iLEAPS has been 
implemented, and interdisciplinary research on air-land material exchange has been revitalized in Japan. 

 In the beginning of this century, flux observations for various chemical components and deposition surfaces 
were conducted using new technologies, and models were validated and compared. The new technologies 
have revealed components and surfaces with large uncertainties in deposition rates. 

 Research on molecular to ecological levels, such as plant-plant communication and environmental response 
to release, and the development and widespread use of real-time measurement devices have progressed. 
BVOC research on land modification and urban green space progressed in Japan. 

 Improved understanding of the formation mechanisms of biogenic secondary organic aerosols (BSOA), 
including the formation of highly oxidized organic molecules (HOMs) by autoxidation. Advances in 
bioaerosol research based on molecular tracer analysis and fluorescence measurements. In Japan, 
contributions were made to laboratory experiments and field observations related to BSOA.  

 3. Current major 
gaps 

 Large discrepancies in model intercomparison results for greenhouse gases. Severe uncertainties in emission 
inventories as well. Monitoring system needs to be expanded to capture changes associated with events that 
are difficult to predict. 

 Discrepancies between theoretical and observed deposition rates, inability to reproduce upward emission 
phenomena, and contribution to the refinement of transport and deposition simulations for transboundary air 
pollution control. 

 It is necessary to measure the amount and concentration of BVOC emissions, to develop satellite observation 
methods to estimate them, and to develop inexpensive analytical methods. Measurement equipment is 
expensive, and this is not a field that young researchers can easily tackle. 

 Challenges in understanding the amount and characteristics of BSOA production and its representation in 
atmospheric models. Bioaerosol measurement methods are not well established; resources available for 
BSOA observations are not being utilized. 

 In understanding the material cycles of atmospheric and terrestrial ecosystems and the impact of their changes 
on human society, there is a lack of academic knowledge on BVOCs and aerosols, and efforts to link such 
knowledge to social implementation are lacking. 

 4. Key questions 
and hypothesis to 
drive research and 
development 
during 2022-32 

 The existence of long-term attenuation of CO2 fertilization effects, the impact of future deforestation and 
fires on the carbon budget, and the impact of air pollutants on greenhouse gas exchange. More sophisticated 
observation and modeling methods are required to provide a consistent explanation of the global budget. 
Efforts are needed to provide scientific data for the Global Stocktake of the Paris Agreement. 

 Acquisition of highly accurate datasets through strategic observations based on flux observations targeting 
forests in particular, in collaboration with Asia-Flux and others, will lead to a better understanding of the 
process and improve the accuracy of model predictions. 

 Development of new measurement and analysis methods for BVOCs and lower cost analytical equipment. 
Establishment of an environment for new researchers to enter the field by organizing cross-disciplinary 
groups and launching projects in atmospheric chemistry, ecology, plant physiology and ecology, and other 
fields. 

 To deepen our understanding of the BSOA production process and explain the amount and characteristics of 
BSOA production; to quantify the impact of BSOA and bioaerosol production on climatic processes and to 
determine the presence and extent of feedback mechanisms on vegetation. 

 A comprehensive understanding of interactions (e.g., GPP promotion and CO2 fixation by nitrogen 
deposition) across fields (e.g., CO2, GPP, BVOC, BSOA) will help elucidate undiscovered processes and 
improve quantification of the material balance. 
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 To improve quantitative predictability of the dynamics of total organic matter involving terrestrial 
ecosystems, including the effects of human activities. 

 We will promote research on atmospheric and terrestrial ecosystems for an integrated understanding of the 
Earth's surface systems, and based on this, promote social implementation of the same themes. 

 5. Collaborations  IGAC, GCP, iLEAPS, FLUXNET, iCACGP etc. 

 

 
Figure A-4. Negative feedback via the BSOA formation.  
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Table A-5. Summary table for the topic Marine ecosystem and atmospheric chemistry 
(Authors: Akinori Ito, Yuzo Miyazaki, Fumikazu Taketani, Yoko Iwamoto, Yugo Kanaya, Jun Nishioka) 

 1. Ultimate Goals  Humanity has caused global atmospheric pollution and global warming, and we have entered the era known 
as the Anthropocene. It is important to understand the essential aspects of the effects of these anthropogenic 
global environmental changes on atmospheric chemistry and terrestrial-ocean ecosystem interactions, as well 
as the climate feedbacks caused by these effects, and to evaluate and predict these effects in an integrated 
manner. Therefore, the ultimate goal is to "clarify the climatic effects of the interaction between atmospheric 
trace elements and marine biological activities and their impacts on marine ecosystems and their climate 
feedbacks" during the Anthropocene period by integrating observations, experiments, and numerical 
modeling studies. 

 2. Progress in the 
past 10 years: 
global 
development and 
Japanese 
uniqueness 

 Integrated studies on marine organisms - atmospheric aerosol chemistry and physical processes - and their 
effects on cloud condensation nuclei and ice nuclei evolution have been conducted domestically and 
internationally. 

 Atmospheric chemistry observation data by ships were accumulated in Japan, mainly in the North Pacific 
Ocean. 

 An integrated research system of cross-disciplinary observations and models on the atmosphere-ocean budget 
of organic matter, iron, and reactive nitrogen was established. 

 New information on the composition of oceanic atmospheric aerosols was accumulated through offshore 
observations using advanced measurements and analyses, such as isotope analysis and fluorescence analysis. 

 In the North Pacific subarctic region, knowledge on the distribution and circulation of iron in the interior of 
the ocean was accumulated. 

 The ocean model suggests that combustion-derived iron is more efficient than mineral-derived iron for 
nutrient fertilization.  

 3. Current major 
gaps 

 The modeling of the oceanic climate and weather systems is still insufficient in terms of a comprehensive 
understanding of the processes and amounts of organic matter supplied from surface seawater to the 
atmosphere, and their effects on cloud condensation nuclei and ice nuclei evolution, and cloud precipitation 
processes. 

 The understanding of the supply and origin of atmospheric components that affect marine ecosystems in each 
ocean region is still insufficient. 

 There is a lack of validation data from integrated shipboard observations synchronizing atmospheric and 
oceanic parameters and field experiments such as mesocosms in the Arctic Ocean, North Pacific Ocean, Indo-
Pacific Ocean, and South Pacific Ocean. 

 Lack of understanding of interactions between organic matter and nutrients in the ocean-atmosphere 
boundary layer. 

 4. Key questions 
and hypothesis to 
drive research and 
development 
during 2022-32 

 With global warming, ocean acidification, and changes in nutrient deposition to the ocean, how does the 
quantity and quality of aerosols and precursors emitted from the ocean to the atmosphere change, and to what 
extent do positive or negative climate feedbacks occur via their functions such as cloud condensation and ice 
nucleation? 

 Quantify the response of marine ecosystems (e.g., primary production) to the supply of various nutrients and 
inhibitors from the atmosphere to the ocean. 

 Long-term integrated atmospheric and oceanic shipboard observations and modeling studies of atmospheric 
and oceanic circulation in the Arctic Ocean, North Pacific Ocean, Indian Ocean, and South Pacific Ocean 
will be conducted. 

 We will integrate observations, experiments, and modeling studies of organic matter and nutrients that have 
been conducted separately, not only in atmospheric chemistry but also in oceanography, and develop them 
into cross-disciplinary research. 

 5. Collaborations  The Oceanographic Society of Japan, Meteorological Society of Japan, Geochemical Society of Japan, 
Aerosol Society of Japan, SOLAS, CATCH, BEPSII, GESAMP, GEOTRACES, IMBeR 
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Figure A-5. Schematic diagram of interactions between atmospheric aerosols and marine ecosystems and their 
climate relevance in the Anthropocene.  
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Table A-6. Summary table for the topic Aerosol-radiation/cloud interactions 
(Authors: Hitoshi Matsui, Sho Ohata, Yutaka Tobo, Atsushi Matsuki, Syuichi Itahashi, Naga Oshima, Kentaro 
Suzuki, Yousuke Sato) 

 1. Ultimate Goals  The number concentration of aerosols by particle size and total mass concentration by aerosol composition 
should be known and predicted. 

 The aerosol particle and the total aerosol as a whole should be characterized and predicted in terms of optical 
properties, hygroscopicity, cloud condensation nucleus properties, ice nucleating properties, and so on. 

 The aerosol-radiation interaction and aerosol-cloud interaction processes should be well represented using 
numerical models validated and constrained by in-situ and satellite observations, to achieve reliable climate 
and environmental impact predictions. 

 2. Progress in the 
past 10 years: 
global 
development and 
Japanese 
uniqueness 

 The aerosol composition and physicochemical properties (e.g., hygroscopicity, cloud condensation nucleus 
properties, ice crystal nucleating properties, etc.) have been measured and laboratory experiments and 
atmospheric observation data of various aerosols have been accumulated worldwide. Correspondingly, 
numerical models have been improved to represent aerosol properties such as mixing state, hygroscopicity, 
and cloud condensation nucleation properties, as well as processes such as new particle formation, secondary 
organic aerosol formation, and wet deposition. In Japan, observations and modeling studies have accumulated 
knowledge on aerosol emission, transport, chemical transformation, deposition, and other processes, taking 
advantage of the country's geographical location downstream from the Asian continent, and have improved 
estimates of the effects of transboundary air pollution and radiative forcing of aerosols. 

 Satellite observations, general circulation climate models, and global cloud-resolving models have developed 
in an interactive manner, and our understanding of aerosol-cloud interactions has advanced. In satellite 
observations, the combined use of active and passive sensors has advanced our observational understanding 
of cloud response to aerosol perturbations. By utilizing the world's most powerful large computers, such as 
the K computer and the Fugaku computer, Japan has led the research on aerosol-cloud interactions using 
global cloud-resolving models.  

 3. Current major 
gaps 

 In the latest IPCC 6th Assessment, the range of uncertainties in the estimates of aerosol-radiation interactions 
and radiative forcing from aerosol-cloud interactions has not decreased since the 5th Assessment, and the 
variability in the estimates among climate models remains large. The variability in estimates among climate 
models is still significant. Estimates of the physico-chemical properties and spatio-temporal distribution of 
aerosols, which determine these radiative forcings, also continue to show large inter-model variability. 

 The temporal and spatial distribution of aerosols, especially in the polar regions, the open ocean, and the 
upper troposphere, is not well understood and reproduced by numerical models. The aerosol dynamics in the 
past based on ice core analysis and the validation of numerical models are also insufficient. 

 The understanding of the atmospheric abundance and dynamics of aerosols that act as ice nucleating particles 
(INPs) and the mechanisms that form ice crystals is inadequate. 

 The long-term monitoring stations in Asia, South America, Africa, Oceania, and Siberia are relatively 
insufficient compared to those in Europe. 

 Understanding of the response of cloud/precipitation systems to aerosol perturbations is inadequate. In 
particular, it is necessary to understand the response of clouds including ice at the elementary process level. 

 Model representations of aerosol, cloud, and precipitation processes are not well constrained by observations. 
 4. Key questions 

and hypothesis to 
drive research and 
development 
during 2022-32 

 Can the uncertainty ranges in the estimation of radiative forcing from aerosol-radiation interactions and 
aerosol-cloud interactions be reduced by accumulating field and satellite observation data, integrating 
observations and numerical models, and refining and increasing the resolution of numerical models? 

 Can the knowledge of aerosol processes (mixing state, formation process and hygroscopic properties of 
organic aerosols, transformation process of black carbon, emission and formation process of brown carbon, 
new particle formation, etc.) obtained from laboratory experiments and observations be appropriately 
incorporated into the numerical model? 

 What kind of surface structure of the INP induces the formation of ice crystals? Can long-term observations 
of INP at multiple locations clarify the dynamics of INP? Can we develop new measurement techniques for 
this purpose? 

 Can we establish a sustainable long-term observation network of aerosol optical properties, particle size 
distribution, cloud condensation nuclei, INP, and chemical composition in East Asia, including Japan, in 
addition to ground-based remote sensing observations? 

 Can we quantitatively predict future changes in air pollutants? Can the project contribute to the development 
of emission scenarios that enable us to address both air pollution and climate change? 

 Can we introduce new elements into the numerical model system that are not fully considered in most existing 
aerosol models (e.g., ice nucleating properties, composition of mineral dust, bioaerosols, etc.) and clarify 
their spatio-temporal distribution and radiative forcing? 

 Can we estimate and evaluate the interaction between aerosols and climate more quantitatively and 
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comprehensively, including the response of not only anthropogenic aerosols but also naturally occurring 
aerosols to climate change? 

 Can a new satellite observation mission with simultaneous cloud radar, precipitation radar, and lidar elucidate 
the interactions between microphysical and dynamical processes that complicate the cloud response to 
aerosols? How can this combined observational information be used to provide observational diagnostics of 
important elementary processes in aerosols, clouds, and precipitation? 

 In general circulation climate models (GCMs), can we elucidate the effects of aerosols on mixed phase 
clouds, including ice, and the resulting radiative effects and interactions between convective clouds and 
aerosols? Can global cloud-resolving models (GCRMs) reproduce past climate conditions and link them to 
climate studies, and can aerosol-cloud interactions be studied in global LES models in a seamless manner 
that can be quickly linked to GCRMs? 

 How can the representation of aerosol, cloud, and precipitation processes in these models be constrained and 
refined based on satellite observations? 

 How can we achieve both high accuracy and high speed in modeling elemental processes by using machine 
learning? 

 5. Collaborations  Meteorological Society of Japan, The Japanese Society of Snow and Ice, Japan Geoscience Union, Japan 
Association of Aerosol Science and Technology, IGAC, ESA-JAXA EarthCARE satellite mission, NASA 
AOS satellite mission 

 
 

 

Figure A-6. (a-c) Seasonal change in the observed and modeled black carbon mass concentrations in the Arctic. 
(d-f) Susceptibility of cloud increase per aerosol increase (A-Train, NICAM, GCM(MIROC)). (adopted from 
Sato et al. (2016, 2018) and Goto et al. (2020). 
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Table A-7. Summary table for the topic Stratosphere and Mesosphere 
(Authors: Nawo Eguchi, Yosuke Yamashita, Hideharu Akiyoshi, Tetsu Sakai, Tomoo Nagahama, Yoshihiro 
Tomikawa, Hideaki Nakajima, Takafumi Sugita, Takatoshi Sakazaki, Takuya Saito, Akira Mizuno) 

 1. Ultimate Goals  Understanding of the structure of the boundary region between the troposphere and stratosphere and the 
relationship between troposphere-stratosphere dynamical coupling and mass exchange. 

 Understanding of the effects of changes in trace constituents (GHGs, ozone, CFC substitutes, water vapor, 
etc.) on atmospheric circulation in the stratosphere. 

 Understanding of ozone layer changes associated with climate change and the impact of ozone layer changes 
on climate. 

 Understanding of the chemical effects of stratospheric aerosols from volcanic eruptions and large forest fires, 
and quantitative understanding of the contribution of anthropogenic aerosols to the stratosphere and their 
influx processes. 

 Prediction of the impact of geoengineering to modify the stratospheric aerosol layer as a countermeasure 
against global warming and appropriate indicators based on such predictions. 

 Understanding of the effects of solar activity (radiation and energetic particles) and magnetospheric 
phenomena that produce NOx and HOx through ion chemistry and alter mesospheric and stratospheric ozone, 
and their impact on climate. 

 2. Progress in the 
past 10 years: 
global 
development and 
Japanese 
uniqueness 

 Japan has made valuable contributions to balloon observations in the tropics, such as SOWER, large 
atmospheric radars (Indonesia, PANSY in Antarctica), and UTLS region observations with CONTRAIL. 

 Advancement of numerical models. Improved parameterization of cumulus clouds and gravity waves. 
Contribution to the refinement of UTLS processes by chemical transport models. 

 Improvement of resolution with the development of computer resources. 
 Increased use of numerical models to study the effects of the ozone layer on the climate, where the ozone 

distribution is calculated online in a chemical climate model rather than given. 
 Japan's SMILES, equipped with the world's first superconducting detector operated by a mechanical 

cryogenic refrigerator and observing in a solar asynchronous orbit unrestricted by local time, produced 
unique results, including the discovery of diurnal changes in ozone and variations associated with solar 
eclipses. 

 The super-pressure balloon enables in-situ stratospheric observations at about the same altitude for about one 
month. 

 Ground-based FTIR has increased the number of studies that investigate global secular changes by globally 
unifying and optimizing analysis tools and molecular parameters. Column quantities can now be derived for 
absorption lines such as CFC and HFC, which have weak intensities. 

 Microwave observations, both ground-based and satellite-based, provide data in the mesosphere and beyond, 
which is difficult to obtain with other instruments. Japan has advanced technology in the development of 
superconducting receivers with ultra-high sensitivity for SMILES and other ground-based radiometers. 

 3. Current major 
gaps 

 The temporal and vertical resolutions of current observational data and models are insufficient for 
understanding the material circulation and interactions in the troposphere-stratosphere (-mesosphere). High 
resolution observations and models are needed to understand phenomena such as tropical cumulus convection 
and tropopause folding, which are small in scale but also important for mass transport. 

 In order to refine future projections, it is necessary to understand the interactions between meteorological 
fields and trace constituents such as ozone, and to incorporate them appropriately into high-resolution 
chemical climate models. 

 The global satellite program has been stagnant (i.e., plans for continuing missions have been delayed), which 
may limit the continuity of global data and the types of trace constituents that can be observed. This may 
hinder our understanding of long-term trends in trace constituent concentrations, understanding of transport 
processes (consistent with meteorological fields and transport of various trace constituents), and estimation 
of abundances of equivalent effective stratospheric chlorine (EESC), reactive nitrogen oxides (NOy), etc. 

 4. Key questions 
and hypothesis to 
drive research and 
development 
during 2022-32 

 How do trace elements, especially short-lived chemical species, enter the stratosphere from the troposphere? 
What are the timescales and troposphere-stratosphere exchange time constants? 

 How does the stratospheric temperature structure change as the influx of chemical species such as water 
vapor from the troposphere to the stratosphere (and vice versa) changes with increasing GHGs? 

 Basically, the stratospheric cooling effect of increased CO2 will continue to dominate, but it is possible that, 
contrary to international regulations, increased concentrations of HFCs and other species may act to increase 
temperatures in the lower stratosphere, partially reducing the cooling effect. What will be the atmospheric 
circulation in the mid- and high latitudes due to these changes in the temperature structure? 

 To what extent do solar activity, magnetospheric activity, cosmic rays, and other energy inputs to the Earth's 
atmosphere affect the global environment? Do such effects propagate to the troposphere? 

 5. Collaborations  SPARC, NDACC, SCOSTEP 
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Figure A-7. Schematic diagram of phenomena and mechanisms relevant to atmospheric chemistry in the 
stratosphere and mesosphere.  
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