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1. LMICs and the air pollution challenges

Air pollution is the leading environmental risk factor
for human health; it is responsible for millions of
deaths annually and tens of millions of years of life
lost—a majority of them in low- and middle-income
countries (LMICs) [1, 2]. Despite recognition of the
outsized impact of air pollution on human health
and productivity globally, limited progress has been
made in tracking and tackling it in most LMICs [3–
5]. In fact, more than 100 countries around the world,
almost all LMICs, do not even have PM2.5 monitor-
ing, and in many cases, data generated through air
quality monitoring programs is not publicly available
[6, 7]. Although several factors can be seen as con-
tributing to the limited progress, four factors possibly
are key: (a) the lack of understanding of the state of
air pollution across a country or region, (b) a full
appreciation of the national/regional/local social and
economic impacts of air pollution, (c) the relative
dearth of capacity and resources to capture, digest,
and use air pollution-related knowledge to develop
clear policies and approaches to mitigate air pollu-
tion, and (d) the interplay of diverse sources and
atmospheric processes that drive air pollution, which
makes mitigation of the problem that much more
complex [8].

2. Changing scientific and technical
landscapes

Globally, the fields of air pollution science and man-
agement are rapidly evolving and our understanding

of the role of sources and atmospheric processes in
driving air pollution is constantly improving. This is
especially relevant for many LMICs that have diverse
topographies, sources, population densities, andmet-
eorological conditions. Many of these countries are
still in a nascent stage of understanding trends in air
quality, associated sources, and the underlying atmo-
spheric regimes across regions, both in terms of geo-
graphic airsheds and across urban and rural areas [8].

Air pollution measurement tools and tech-
niques have advanced significantly in recent years:
conventional, reference-grade air quality monitors
and instruments for pollutant characterization have
improved substantially and the use of low-costmonit-
ors and satellite-derived estimates is also expanding,
adding to the arsenal of tools available to under-
stand air pollution trends and patterns. There have
also been major advances in analytical techniques
that have increased the scope of what we can learn
from the variousmeasurement data streams. Further-
more, experiences from countries and regions around
the world—particularly from East Asia, Europe, and
North America—offer important lessons on how to
operationalize air quality measurement systems and
use the data effectively to inform air quality manage-
ment planning, operation, and policymaking. Taken
together, advances in air pollution science, techno-
logy, and data analytics and lessons from numerous
global experiences—including from other LMICs—
provide an opportunity for many countries to take a
leapfrog approach, rather than following the ad-hoc
and evolutionary path undertaken by many of the
pioneering countries.
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3. A systematic approach to air quality
measurement and analysis

Accordingly, we propose here an air quality measure-
ment and analysis system (AQMAS) framework as
a systematic and comprehensive approach to guide
the efforts of LMICs to put in place the key activities
and actors to underpin the development of the know-
ledge base regarding the state of air pollution and use
this knowledge to address air pollution. A suitably
designed AQMAS can also pave the way for scientific
advances in the areas of atmospheric science, techno-
logy, and other disciplines such as public health. Such
an approach is particularly relevant for LMICs since
it will allow them to utilize resources and capacity to
engage efficiently and effectivelywith the air pollution
problem.

At the most fundamental level, the objective of
an AQMAS is to ensure that adequate and appro-
priate knowledge pertaining to air pollution levels,
sources, and dynamics is available to policy makers
and other key stakeholders. Accordingly, an AQMAS
has four key components (a) measurement instru-
mentation that perform ambient air quality monit-
oring in a complementary and integrative fashion,
(b) measurement system design, (c) data architecture
and access coupled to analytical support for optimum
utilization across user types, and (d) data analysis
and applications for modeling, forecasting, and plan-
ning including source apportionment and cost effect-
iveness analysis. We use the term ‘system’ since all
four interconnected elements are necessary for the
achievement of the above-mentioned objective. We
detail these elements below.

3.1. Measurement instrumentation
In an AQMAS, the key instrumentation and infra-
structure should work in a complementary and integ-
rative fashion. Instrumentation can include:

(a) Conventional reference grade measurement sta-
tions for the measurement of criteria pollutants
at strategically located sites.

(b) Advanced instrumentation and infrastructure
including comprehensive air quality measure-
ment stations to improve understanding of local
air-pollution characteristics and phenomena9,
as well as source apportionment and emissions
inventories.

(c) Satellite, remote sensing, and modeling sys-
tems that are rapidly evolving with ongoing
improvements in instrumentation, algorithms,

9 Examples include non-linearity of the atmospheric chemistry,
chemical regimes including the critical role of secondary vs primary
particulate matter, and changes in sources [9, 10].

and applications with broad air quality and cli-
mate change applications10.

(d) Low-cost sensor networks, which can be valu-
able in situations of high spatial and temporal
variability in pollution concentrations and when
absolutely accurate measurements may not be
required11.

3.2. Measurement system design
Data from the instruments and infrastructure
described above can be used for monitoring air
quality, identifying sources, and advancing scientific
understanding of air pollution processes. However,
specific objectives might be best achieved by util-
izing different combinations of the instrumenta-
tion types, depending on the local context. Cities,
regions, and countries are increasingly adopting
hybrid approaches for air quality monitoring [12],
source identification, and modeling involving a com-
bination of regulatory stations, low-cost sensors, and
high-cost instrumentation in fixed, mobile, and satel-
lite platforms that can help achieve an optimum spa-
tial and temporal coverage required to understand
air pollution sources and exposure over various parts
of the country. Such systems and high-end instru-
mentation can complement each other to provide
highly spatially and temporally resolved air pollu-
tion information. Furthermore, when coupled with
the growing number of algorithms linking satellite
retrievals of particulate matter, gaseous pollutants,
and other environmental data, the sources and the
pool of information can be significantly enhanced in
the coming years and decades.

3.3. Data architecture
A systems approach requires harmonized meth-
ods and processes, data compilation, and reporting
procedures. Well-designed data architecture ensures
appropriate processing, archiving, and accessibility of
data generated from different streams. Furthermore,
a range of actors are involved in the process of trans-
latingmeasurements into actionable information and
knowledge through analytical efforts including mod-
eling, source analysis, exposure analysis, atmospheric
dynamics, and chemistry. It is necessary to have act-
ive interactions among experts to ensure the ana-
lysis system is dynamic and provides the best possible

10 For example, satellite derived estimates of PM2.5 are helping
scientists conduct large-scale air quality and health studies. Fur-
thermore, combining satellite data with on-ground measurements
(monitoring) and models can be used to fill data gaps (e.g.in loc-
ations without ground-level monitors), improve model simula-
tion, and enhance capacity of monitoring and management of air
pollution [11].
11 Such networks are typically deployed in locations where install-
ation of a conventional network can be expensive or where the net-
work can substantively enhance the air quality monitoring capacity
in remote and rural areas. Deployment of such sensor networks can
also be valuable for citizen education and citizen engagement.
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information for decision-making. It is also important
to ensure that the data generated through an AQMAS
is credible and consistent. As such, detailed quality
assurance and quality control procedures and chain of
command are critical within the system; this includes
equipment testing and verification as well as periodic
internal and third-party data checks and validation.

3.4. Data analysis and applications
The various data streams from an AQMAS can
be used for policy, science, and citizen engage-
ment applications. Effectively applying andusing data
can help improve policymakers’ and administrators’
understanding of past, present, and future air quality
scenarios and inform air qualitymonitoring planning
as well as stakeholder engagement. Air quality mod-
eling can also help predict the outcomes of air qual-
ity policy interventions and allow decision makers
to consider the impacts of specific policies during
the decision-making process. The science of air qual-
ity modeling and forecasting, which is an import-
ant application of an AQMAS data stream, has made
significant strides globally. Forecasting methods are
increasingly combining satellite data with chemical
transport models and reanalysis data to produce air
quality forecasts at regional and global scales [13, 14].
Countries, cities, or in some cases, researchers, are
also investing in their own fit-for-purpose air quality
forecasting and modeling tools [15, 16], or adapting
global models for local use [17–19]. Data from such
systems, coupled with strategic communications, can
also provide citizens usable and timely information,
enabling them to limit their exposure to ambient air
pollution [20].

4. Enabling an effective AQMAS

Suitable institutional arrangements are required for
the optimal functioning of an AQMAS, both from
the point of view effective measurement and analysis
and ensuring its societal relevance in an LMIC. Fur-
thermore, both individual and institutional capacity
building are also critical for the sustainability of an
AQMAS.

4.1. Institutional arrangements
It is particularly important to set up institutional
arrangements that facilitate coordination and ensure
responsiveness among the actors involved in the four
activities described above, across geographic or insti-
tutional scales. For example, measurements may well
be organized at local, state, and national levels but
some of the analysis may take place in a more cent-
ralized fashion. Furthermore, institutional arrange-
ments to enhance interactions between AQMAS act-
ors and external stakeholders (policy makers, civil
society, citizens, and scientists) are key. Such inter-
actions will allow both societal needs to shape the

design and focus of the AQMAS, and equally import-
antly, allow for the reliable data and relevant analyses
to inform and support policymaking, citizen engage-
ment, and scientific research. This could happen, for
example, through online portals that share data in a
usable format and through regular formal or informal
platforms and events that bring together air pollu-
tion analysts, policy makers, administrators, scient-
ists, civil society, journalists, and others.

4.2. Capacity building
It is important to note that two kinds of capacity
building are relevant for the smooth and effective
functioning of an AQMAS: one, that of the actors rel-
evant to the individual components of the AQMAS
and, two, of the institutions to promote both inter-
actions and coordination among these actors as well
as interactions between AQMAS and external actors.
Developing local technical research capacity is crit-
ical to support and sustain implementation of locally
implemented air quality related policies and regu-
lations. Thus, investments in developing and main-
taining such capacity should be seen as an integral
part of an AQMAS approach. International experi-
ence shows, for example, the importance of combin-
ing structured training courses with on-job training
to gain sufficient capacity and skills required for vari-
ous components of an AQMAS.

An optimal AQMAS requires proper functioning
of individual components of the system, but also for
the various components to work together as a part
of a synergistic system. In addition to the financial
and logistics support required to operate such a sys-
tem, there needs to be effective and efficient coordina-
tion across an AQMAS to ensure that high quality and
user-friendly data streams are available to all users,
and that the data streams can be optimally used to
achieve the various objectives of the AQMAS.

In the long-term, the ability to sustain and
improve an AQMAS is critical to derive optimal value
from it, and will require a well-trained, engaged, and
dynamic ecosystem. To achieve such an ecosystem,
long-term and continuous capacity building of indi-
viduals and institutions across all components of the
AQMAS must be a key consideration.

The components and organization of an AQMAS
are presented in figure 1.

5. Illustrating an AQMAS process and its
potential implementation

The authors are currently working with key stake-
holders in India including government ministries,
central and state pollution control boards, academia,
civil society, and others to outline the approach for,
and contours of, a modern AQMAS for India. In
this context, we have drawn on the AQMAS frame-
work outlined above to (a) bring together represent-
atives from government agencies, academia, and civil
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Figure 1. The components and organization of an AQMAS.

society to develop an understanding of key object-
ives for air quality measurement and analysis in
India, (b) convene leading Indian and international
scholars and practitioners to learn about the latest
advances in air qualitymeasurement instrumentation
and from experiences of air quality monitoring pro-
grams within India and in other countries/regions
(e.g. US, Europe, South Korea, China), (c) draw on
the expertise of data scientists to outline suitable data
collection, storing, retrieval, and analysis approaches,
(d) identify gaps in existing measurement and data
infrastructure, governance, and capacity in the Indian
context. These steps are intended to help design an
AQMAS that caters uniquely to the Indian context.

Given that air pollution is a problem across urban
and rural parts of India, an air pollution meas-
urement network’s coverage needs to be designed
accordingly. We are envisaging a systematic approach
to instrumentation and their placement for India
that might use satellite-derived air pollution data
and existing ground-based observations to optim-
ally place low-cost and reference grade instrument-
ation across the country and obtain spatially- and
temporally-resolved urban and rural air quality
information across major air sheds. Furthermore, a
few strategically located supersites across the coun-
try (e.g. Indo-Gangetic Plain, coastal, high-altitude,
etc) with state-of-art instrumentation and continu-
ous source profiling capabilities could advance air
pollution science and inform policymaking at the
regional and national level. Sustainable operations of
such as system in India will require sustained funding

and long-term and continuous capacity building of
personnel who can design measurement networks,
install, and operate instrumentation, enable access-
ible and usable data architecture, analyze data, and
facilitate coordination among the key actors (includ-
ing users)—these capacity needs point towards the
necessity of developing training programs for a range
of personnel. The effectiveness of the AQMAS will
require coordination across key government agen-
cies (such as Central and State Pollution Control
Boards, Ministry of Environment, Forest and Cli-
mate Change, Ministry of Health and FamilyWelfare,
Ministry of Earth Sciences, Indian Space Research
Organization, and Office of the Principal Scientific
Advisor) as well as with civil society, academics, and
other key stakeholders in the country—this function
potentially could be carried out by a government
entity or through a public–private partnership.While
an effective AQMAS for India will require alloca-
tion of significant resources, we hope that a system-
atic process to design and develop an AQMAS will
help to efficiently utilize, and perhaps even incentiv-
ize, domestic and international financing that sup-
port India’s air quality and related goals.

6. Conclusion

Given the complexity of the air pollution problemand
the challenge of addressing this problem in LMICs,
we believe that a systematic approach—as outlined
above—can greatly facilitate planning and imple-
mentation of efforts to attain clean air goals.

4
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While the design of an AQMAS for an LMIC can
benefit from decades of global experiences, it ulti-
mately needs to be designed in the context of the
individual country or region and take into consid-
eration available resources and technical capacity as
well as heterogeneity in terms of pollution levels and
associated impacts. While financial or capacity con-
straints may prevent a country from implementing
a full version of an AQMAS as defined by its local
context and needs, the approach proposed here still
provides a roadmap to add components and capacity
over time. At the same time, we believe that a sys-
tematic approach of this kind will allow for a more
effective and efficient use of the limited financial and
human resources available in LMICs—and in doing
so, potentially also increase the support available for
efforts to engage with the air pollution problem over
time.

We believe that there exists great potential for
such a leapfrog approach, taking advantage of existing
knowledge and experiences. There is no reason why
LMICs (and their international partners) should not
take heed of this opportunity and work together to
realize it.
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