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Accelerating City Progress on Clean Air

Executive Summary

Innovative Solutions for a Deadly Problem

Air pollution continues to be the deadliest global
environmental health risk, causing nearly 5 million
deaths each year, mainly from exposure to fine par-
ticles (PM,,). The burden of air pollution is greatest
and increasing in countries with rapid economic
development and urbanization, along with a prolifer-
ation of emissions from industry, electric power gen-
eration, and motorized transport. In countries with
limited or no air quality regulation, this causes steep
increases in harmful pollution. Compounding the air
pollution challenge in many of these countries is the
persistence of pre-industrial pollution sources such
as burning of household solid fuels, crop waste and
forests for land clearing as well as open trash burn-
ing. The global air pollution crisis is closely linked to
rapidly worsening impacts of climate change that will
continue to grow without rapid and aggressive action
to reduce climate forcing pollutant emissions.

For many city governments in many low- and mid-
dle-income countries, the complexity and cost of
understanding and controlling air pollution have been
barriers to initiating or sustaining effective clean
air action. Limited national policies on air pollution
also create a void of guidance. A new approach in
air quality management that combines conventional
solutions with innovations in monitoring, assessment,
data use, and organization can accelerate clean air
action, especially in cities with presently limited
technical capacity. Decades of progress in high in-
come countries have shown that government action
can reduce air pollution even as economies and
populations grow. In combination with innovative
solutions, the investments and strategies developed
in wealthy countries to scale up efficiency, cleaner
fuels, and emission control technology for vehicles,
electricity generation, buildings, and industry can
now be leveraged cost-effectively for deployment in
low- and middle-income countries.

The full report—Accelerating City Progress on
Clean Air: Innovation and Action Guide—provides
a comprehensive framework for understanding and
deploying innovation and partnership models that in-
form, evaluate, and build sustained support for local,
regional, and national clean air measures.

This guide, produced by Vital Strategies staff and
other experts on air quality management, is mainly
intended for government officials, technical partners
and other stakeholders in cities and metropolitan
areas with limited local air quality management ca-
pacity and with levels of air pollutants that are well in
excess of health-based standards and/or increasing
steadily. It is also relevant to similar audiences at
state/provincial and national levels seeking to accel-
erate clean air actions. It describes how to build on
past successes and deploy recent innovations and
partnership models to reduce the complexity and
cost of obtaining and using data to inform, imple-
ment, evaluate and build support for sustained clean
air actions.

A New Approach to Air Quality Management

The guide lays out a new approach to accelerate
clean air progress in cities within low- and mid-
dle-income countries. It recognizes air pollution
as a massive public health crisis with unique, but
solvable challenges faced by urban areas in low- and
middle-income countries with limited air quality
management capacity.

Each of the four main sections of the guide (ambi-
ent air quality monitoring; assessing emissions and
sources; data availability, accessibility, and use; and
organization for action) aims to answer questions
about each component’s key role in urban air quality
management and to lay out a pragmatic, phased ap-
proach to launching and building clean air activities,
with methods and activities suited to local capacity.

¢ In the three technical sections, local capacity is

classified into four phases:

1. Limited or none

2. Basic—sufficient to support initial actions

3. Comprehensive—able to support sustained
actions

4. Advanced—exceeding capacity of many cities
in high-income countries

o Theguide provides visual keys to indicate content
that is most relevant to a city based on its current
capacity to manage air quality, as well as its plans
to augment them in the near term.
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Innovations to promote clean air action: Overall framework
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data, novel
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for local action

o City case studies provide applied examples of
how cities around the world at various stages of
air quality technical capacity and political com-
mitment took actions to control important sourc-
es or develop actionable data.

Ambient Air Quality Monitoring

This extract reviews the strengths and limitations
of both conventional and innovative monitoring
approaches—including satellite remote sensing,
advance surface monitoring, and hyperlocal moni-
toring—while aligning each approach with its appro-
priate monitoring capacity phases.

Objectives by local capacity phase:

Phase 1: Establish the need and plan for official
monitoring, especially for PM,¢

Phase 2: Establish and maintain official PM,, moni-
toring, and plan for monitoring enhancements
Phase 3: Monitor PM, composition and additional
pollutants, increase monitor coverage

Phase 4: Enhance spatial resolution within the urban
area with an advanced, integrated system

Innovations in monitoring technology, remote sens-
ing and modeling can provide actionable air pollution
data more rapidly and at lower cost than convention-
al regulatory monitoring approaches. However, the

Implement feasible control
of leading local sources

Enhance ambient monitoring
and emissions data

Improve data access

Enforce, coordinate and
build capacity

Near-Term

Long-term

Implement further local
emission reductions

Cleaner
Air

Deploy emerging
technology

Develop and implement
regional cooperation for
source control

Advocate for national
clean air policies

explosion in new monitoring approaches, products
and data also has the potential to increase complex-
ity and costs, create confusion among the general
public, and make it more difficult for governments
and citizens to build a shared understanding of a
city’s air pollution problem and how to address it.
A stepwise approach to prioritizing innovations to
strengthening air quality monitoring can help reduce
complexity and avoid monitoring pitfalls, combining
conventional regulatory monitoring approaches
with innovations. A combination of monitoring ap-
proaches can inform a robust air quality management
program, support the needs of local, regional, and
national air quality management, and provide data for
research and public information.
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Accelerating urban clean air progress
in Indian cities

Audience for this guide

This guide is mainly intended for government officials, technical partners and
other stakeholders in cities and metropolitan areas with limited local air quality
management capacity and with levels of air pollutants that are well in excess of
health-based standards and/or increasing steadily. It is also relevant to similar
audiences at state/provincial and national levels seeking to accelerate clean air
actions. It describes how to build on past successes and deploy recent innovations
and partnership models to reduce the complexity and cost of obtaining and using
datato inform,implement, evaluate and build support for sustained clean air actions.
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Overview

The full guide covers four aspects of clean air action: air quality monitoring;
assessing emissions and sources; data accessibility and use; and government
organization for action, and aims to answer practical questions about each topic
(Figure 1f).

Innovations in air pollution monitoring, including low-cost sensors, have received a
good deal of attention, but monitoring is only one aspect of air quality management.
This guide also considers how available data and innovations in assessing air pollu-
tion emissions and sources can be used to inform clean air action plans, even in the
absence of robust monitoring networks. The guide also addresses the importance of
data availability, accessibility and use to inform and evaluate control measures and
build public support for clean air actions. Finally, the guide addresses the need for
commitment at executive levels of government and leadership to organize and co-
ordinate multiple agencies, partners and stakeholders and build capacity for action.

Each of the technical chapters, 2-4, lays out a pragmatic, phased approach to launch-
ing and building clean air activities and describes approaches and activities suited
to local capacity. This local capacity is classified into four phases: 1) Limited or none;
2) Basic, sufficient to support initial actions; 3) Comprehensive, able to support sus-
tained actions; and 4) Advanced, exceeding capacity of many cities in high-income
countries. Within a city, capacity may be more developed in some areas than others.

Figure 1f
Innovations to Promote Clean Air Action: Overall Framework
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Depicted are four innovation domains considered in this guide: Ambient air monitoring (chapter 2); emissions and source assessment (chapter 3); data availability, accessibility and
use (chapter 4); and organizing for action (chapter 5). Using innovations and conventional approaches across these domains, governments and partners in cities and other urban
jurisdictions can obtain and apply actionable data, begin control of major local pollution sources in the near term, while improving monitoring and source data, building capacity,
advancing additional local, regional and national clean air policies for sustained air quality improvements.
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Each technical chapter

« Provides a brief overview of the topic;

o Describes phases that classify current capacity;

o Summarizes basic concepts about the topic; and

o Proposes implementation objectives and approaches suitable to each capacity phase.

Where appropriate, more detail on an approach is provided in the chapter and annexes. Several case studies
describing actions taken at city and urban regional levels are included in this guide. Relevant case studies are
referenced within the guide.

This guide not intended to replace available comprehensive air quality management
guidance, e.g. (35). Rather it focuses on:

o How to combine recent innovations with conventional AQM approaches

« How to act in phases starting with steps suitable for highly polluted cities with limited AQM capacity

o Using data to inform near-term, local clean air action while planning and building capacity for sustained
progress

« Distinguishing two roles for cities: taking local action and engaging advocacy and cooperation for regional
and national actions

o Use of partnerships to augment and build government AQM capacity

Non-technical readers of this guide may find it helpful to reference Table 1g, “Essential Facts About Urban Air

Table 1g

Essential facts about urban air pollution

Despite the complexity of urban air pollution, a basic understanding of the health impacts, causes and
solutions needed can inform effective use of clean air innovations and avoid pitfalls.

Ambient Air Air pollution harms more than the lungs. In addition to worsening asthma and COPD, air pollution causes heart
Monitoring disease, stroke, hypertension and cancers of the lung, larynx and nose and low birth weight.

Chronic exposure to low levels of pollution harm health. Studies show larger cumulative health effects from
long-term exposures than those from short-term exposures. The longer one is exposed to air pollution, the
greater the risk of serious health harm; sustained improvements in air quality lead to improved population
health and life expectancy.

A few well-placed monitors can identify unhealthy urban air quality. PM,, levels far above health-
based standards at one or a few well-placed, high quality monitors or from satellite-based measurements
demonstrate unhealthy air and the need to reduce emissions. More monitors can help identify hot-spots
within a city. Ambient PM, levels tend to rise and fall across an urban area with changes in weather and
increased proximity to sources.

Clear air does not always mean clean air. While air pollution at very high concentrations can form visible haze
and smog, air pollution concentrations high enough to harm health can be present when the sky is blue. Nine
out of ten people worldwide live in places where air quality exceeds World Health Organization (WHO) health-
based guideline limits.

10
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Emissions and
Sources

Organization
for Action

Air Pollution
Data Access

Table 1h

Inefficient combustion from many small sources can add up to a major share of urban pollution. These
include household solid fuels for cooking and heating, diesel generator sets and open burning of trash,
agricultural waste and to clear land. Motor vehicles — especially those powered by diesel, using high-sulfur fuel
or lacking modern emission controls — can be important sources, as can industrial facilities, like brick kilns, steel
mills and electric power facilities — especially those burning coal.

Household and outdoor pollution are related. Emissions from solid fuels used by households for cooking,
heating or hot water are a major source of both indoor and outdoor pollution in many regions. Fine particles
in the outdoor air also penetrate the indoor environment, mixing with pollution from indoor sources, such as
household cooking and environmental tobacco smoke.

Local and regional sources are both important. Air pollution in cities comes from both local sources and from
regional and upwind emissions — sometimes from hundreds of miles away.

Clean air actions are needed within and beyond cities. Cities must reduce emissions within their jurisdiction
while working to advance clean air measures at the state, regional and national level. Moving pollution sources
to city peripheries does not create clean air.

Cleaner air can be achieved in a growing, low-income economy. Decades of investment have driven down
the cost of cleaner energy sources, emission control technologies and energy efficiency. Clean air investments
provide economic benefits -- healthcare savings, longer and more productive lives and improved social and
development outcomes — with benefits that far exceed costs.

Year-round air quality management is necessary for sustained air quality improvements. Crisis response to
air pollution episodes (i.e. seasonal pollution, forest fire pollution) and Air Quality Index (AQI) notifications are
not solutions that sustain air quality improvements. Instead, cities should focus on reducing emission at their
sources throughout the year to decrease chronic exposure to air pollutants and the associated adverse health
effects.

Open and accessible air pollution data provide multiple benefits. Government officials benefit from broader
dissemination of information to the public, increasing trust and bolstering support for clean air policies. Open
data can support access to reliable non-official data and data use for research that feeds back into shaping or
evaluating policy. The public gains knowledge of health risks and exposures by time and place.

Practical questions about urban air quality innovation for action

Ambient
Air Quality
Monitoring

Source and
Emissions
Characterization

Data
Availability and
Accessibility

Organization for
Action

¢ Why is urban air quality monitoring needed to inform clean air action?

« What data on air pollution levels are already available to fill gaps in official monitoring?

* What types of information can different types of monitoring innovations provide?

e What are the advantages and disadvantages of different monitoring approaches?

¢ How can monitoring approaches and innovations be in phases to provide initial actionable data and build
an integrated system of complementary approaches?

e Why is characterization of leading air pollution sources and emissions essential for clean air action
planning?

¢ What data on sources and emissions influencing air quality are already available?

¢ What information can different source characterization methods provide?

¢ How can innovative and lower-cost approaches be used to improve local air pollution emissions and
source data?

¢ How can different air pollution source assessment methods be used together to evaluate and improve
data?

¢ How can emissions and source data help identify local “hot spot” areas, inform air pollution monitor
placement and set source control priorities in the near term?

¢ Why should air pollution data be made open and accessible?

* What defines open, accessible air pollution data?

« What are barriers to achieving open, accessible data and strategies for overcoming them?

¢ How can reliable air pollution data collected by government and non-governmental institutions be
integrated and organized to inform clean air programs?

* How can integrated and open-air pollution data benefit a city’s clean air program, researchers and other
local data users?

¢ How can air quality data be effectively shared with different stakeholder groups?

¢ How can a city organize to develop, implement and sustain clean air actions?
¢ How can strategic policy analyses be used to inform the planning process?
* What are key elements of successful clean air action plans in both the near term and the long term?
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Ambient Air Quality Monitoring

1.1Introduction: Purposeful, phased use of innovations

Air quality monitoring infrastructure and capacity
vary widely among cities. Decades of investment in
high-income countries in Europe and North America
have established ongoing, high-quality pollution
monitoring in nearly all cities, while thousands of
cities in rapidly developing low- and middle-income
countries lack even a single PM, . monitor (36). Inno-
vations in monitoring technology, remote sensing and
modeling can provide actionable air pollution data
more rapidly and at lower cost than conventional
regulatory monitoring approaches. However, the ex-
plosion in new monitoring approaches, products and
data also has the potential to increase complexity
and costs, create confusion among the general pub-
lic, and make it more difficult for governments and
citizens to build a shared understanding of a city’s air
pollution problem and how to address it.

A phased approach to prioritizing innovations to
strengthening air quality monitoring can help reduce
complexity and avoid monitoring pitfalls, combining
conventional regulatory monitoring approaches with
innovations. Each local situation is unique and there

Table 1a
Ambient air quality monitoring — capacity phases

Limited or none

No sustained official
reference PM,; monitoring
in place

Basic monitoring to
support initial actions

At least one official
reference PM,s monitor
in place with ongoing
data collection and use
(at a minimum for public
information)

is no “one size fits all” approach to air pollution mon-
itoring, but a phased approach is recommended to
ensure that:

e Monitoring is planned to address specific moni-
toring goals, questions and data needs.

o The monitoring approaches chosen at each phase
are compatible with resources and technical ca-
pacity to deploy and maintain equipment and to
manage, analyze and use the data being collected.

e Incremental enhancements help build an inte-
grated system of complementary monitoring ap-
proaches.

o Governments can make realistic commitments to
provide funding, build capacity, sustain air quality
monitoring, share air quality data and take mean-
ingful, data-driven actions to control air pollution.

Phases of monitoring capacity described in this
chapter are shown in table 1a below. For a given
phase, numbered icons through the chapter point to
the most relevant chapter content.

Comprehensive
monitoring for
sustained actions

Advanced integrated
system

A network of several
reference PM, s monitors,

at least one advanced
monitoring station collecting
PM, sampled for chemical
composition and to measure
gaseous pollutants. Data
have been used in policy
development.

Phase 3 monitoring, plus
periodic high-spatial--
resolution monitoring
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Monitoring Basics

N
7

Relevant Reading for
Monitoring Phase

a PM,; has been shown
to be harmful to
health; additionally, its
concentration also is useful
as an indicator of harmful
ambient air pollution
mixtures of many types
of particles and gases
harmful to health.

What to measure?

Fine particulate matter (PM,;) is the most important pollutant to monitor and
reduce. It is an indicator of a pollution mixture? that causes the most serious illness
and death globally and causes an especially large burden of disease in the most
polluted regions and cities (37). In addition to being a proven cause of serious illness
and death from cardiovascular and respiratory diseases, cancer and diabetes, which
are included in the global burden of disease estimates, PM, also impacts birth out-
comes and child health, potentially impairing well-being and productivity across the
life span (38,39).

Otherimportant pollutants include ozone (O,), a secondary, regional pollutant, which
currently causes roughly one-sixth as many deaths globally as ambient PM, pollu-
tion (refer to Figure 2b). Nitrogen dioxide (NO,) is a useful indicator of traffic-related
air pollution, a risk factor for asthma development (40) and a pollutant involved in
producing ozone (41). Sulfur dioxide (S0,) monitoring is especially useful near sourc-
es of coal and high-sulfur oil combustion, which also contribute to PM, , formation.

Air quality standards

To assess the severity of alocal air pollution problem, PM, .concentrations should
be compared to the WHO health-based guideline values, such as an annual aver-
age PM, level of 10 micrograms per cubic meter (ug/m?®) or a 24-hour average level
of 25 pg/méd. Even relatively low concentrations of common air pollutants are harmful
to human health (42,43). Based on current evidence, even the WHO guidance for am-
bient air pollution (3) balances health protection and feasibility, rather than defining
a “no effect” level. For highly polluted cities, achieving interim ambient air quality
targets, such as those suggested by WHO (44), can mark progress towards meeting
a true health-based standard.

For assessing public health risks, chronic exposure, as indicated by annual or
seasonal average concentrations, is more useful than short-term exposure, as
indicated by 24-hour or hourly concentrations (45). Trends in seasonal or annual
average PM, . concentrations are also better indicators of sustained progress than
short-term average concentrations. In most cities, short-term air pollution episodes
do not cause as much cumulative harm as chronically elevated, but less extreme
concentrations. Nevertheless, short-term severe air pollution episodes have serious,
acute and potentially lasting health impacts and can increase public and media at-
tention and concern. Public health advisories during such episodes (refer to Chapter
4) can build government credibility and raise support for sustained emission control
measures needed to protect health.

13
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1.3
Air pollution variation
by place and time

Figure 1b

Air pollution transport and
transformation

Figure 1b is a simplified description of how
emissions from local sources, combined
with emissions from regional upwind sources
and chemical transformation to second-

ary pollutants, affect air quality across an
urban area. A basic understanding of these
processes is essential to create policy-rel- IndUStry +
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An urban air quality program should choose monitoring approaches that fit policy-relevant objectives and questions

as well as the program’s technical capacity phase.

18

Establish the need and plan for official monitoring,
especially for PM,.

Cities without reliable, official ground-based monitoring can still de-
scribe their PM, levels. In some cities, high-quality monitors operated
by foreign embassies or by researchers can be reliable initial sources
of daily, seasonal and average PM,. measurements. In cities where
official monitoring for PM, , but not PM, occurs, conversion factors
(46-48) can be used to estimate PM, . A planned low-cost PM, ; sensor
campaign, following guidance summarized below, can also be helpful
to raise awareness and build support for establishing official, reference
monitoring. Satellite-based estimates (refer to Section 2.4) can also be
used to estimate annual PM, . exposure. If ambient PM, .concentrations
derived from one of these sources far exceed health-based standards,
work should start (and proceed in parallel) to assess available source
data (refer to Chapter 3), identify potential controls (refer to Chapter 5),
and initiate or enhance official monitoring.

Establish and maintain official PM, monitoring and
plan for monitoring enhancements.

An initial priority for an urban area without reliable ground-based
monitoring should be to establish a limited number of fixed reference
PM, monitors sited to best represent average urban area concentra-
tions. There is no single objective criterion for determining a minimum
number of PM, . monitors needed. Globally, PM, . monitor density varies
widely, from zero to several per million inhabitants (49). In cities with
multiple PM, monitors, average levels vary from site to site, but this
spatial variation within cities can be relatively small (50). Day-to-day
changes in ambient PM, . levels—often influenced by weather—tend to
be correlated across monitors within a city and even across an urban
region (50,51).

Establishing even one or a few well-placed, high-quality PM, . monitors
in an urban area lacking any monitoring is an important first step to
assess the severity of ambient pollution, establish a baseline to track
progress, and document unhealthy air quality events for public advi-
sories. Additional, upwind regional background monitoring sites (also
known as “contrast” sites) can provide data to compare with pollution
levels within cities to help assess regional contributions to urban con-
centrations. During this phase, scoping and planning for Phase 3 pollut-
ant monitoring objectives should begin.

Key questions to be
addressed:

Is the air quality
hazardous to health
in the urban/metro
area?

Why is it important
to have reliable
official monitoring?

Where should initial
reference monitors
be placed?

Key questions to be
addressed:

What is the baseline
PM,; level and trend
as clean air actions
are launched?

When are short-
term air pollution
episodes occurring?

b US EPA guidance
recommends that urban
scale PM,s monitors be
>1km away from large
polluting facilities and
more than 100 meters
from busy roadways.
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Monitor PM,,composition and additional pollutants,
increase monitor coverage.

Limited initial monitoring can demonstrate the need for action, but
more comprehensive monitoring is needed to better assess PM,,
sources, space and time variation, and to measure other harmful pollut-
ants. Advance surface particle monitoring stations provide temporally
resolved PM,. measurements and PM,.; chemical composition data
from time-integrated samples (refer to section 2.4). These are useful for
receptor-based source apportionment analysis (refer to Chapter 3). At
least one advanced surface particle monitoring station should be con-
sidered in each distinct airshed within any region of interest. Airsheds
are commonly defined by geographic/topographic and meteorological
regions.

A phase 3 monitoring network should include one or more locations
where all common gaseous pollutants are measured, including those
involved in ozone and secondary particle formation: oxides of nitrogen
(NO), sulfur dioxide (SO,), carbon monoxide, ozone and volatile organic
compounds. The temporary deployment of a network of reliable low-
cost sensors, as well as enhanced spatial resolution methods described
in phase 4 should be considered to inform monitor site locations.

Enhance spatial resolution within the urban area
with an advanced, integrated system.

Having established a reliable urban-scale air quality monitoring system
that can track progress on clean air measures that address multiple pol-
lutants, a useful next step is improving spatial resolution using periodic
mobile monitoring campaigns and/or land use regression (refer to sec-
tion 2.4) or dispersion models. When combined with temporal patterns
from conventional ambient monitors within the airshed, high-resolution
spatiotemporal estimates can be produced in near real time.

While low-cost sensor networks (refer to section 2.4) at present are
unlikely to directly replace such estimates, their deployment can be
informed by the spatial and temporal air quality patterns. Once cal-
ibrated to the conventional air quality monitoring stations, low-cost
sensor data could be used to identify deviations from the estimates and
generate hypotheses about new or changed source activity or land-use
changes for further investigation through field visits and additional fo-
cused monitoring campaigns. In turn, the sensor networks can inform

Key questions to be
addressed:

What are important
sources of urban/
metro area air
pollution?

Are control
measures improving
air quality in the
urban/metro area?

Where should
additional monitors
be placed?

Key questions to be
addressed:

What are the local
neighborhood hot
spots and sources?

Are control
measures improving
local neighborhood
air quality?
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improvements in the estimates of pollution concentrations and the
need for additional high-quality monitor sites, and suggest when mobile
monitoring campaigns or modeling exercises should be repeated.

Figure 1d
Strengthening monitoring: a phased approach

Is the air

quality hazardous to
health in the urban/
metro area?

Why is it important to
have reliable official

monitoring?

Where should initial
reference monitors be
placed?

Satellite-
based estimates

Non-official reference
PM, ¢ monitoring

Land-use regression,
low-cost sensor, or
mobile monitoring
studies

What is the baseline
PM,; level and trend
as clean air actions are
launched?

Is local air quality
compliant with local
standards?

When are short-term
air pollution episodes
occurring?

Phase 1+

One or more
fixed reference
PM,; monitors

(3)

What are important
sources of urban/
metro area air
pollution?

Are control measures
improving air quality in
the urban/metro area?

Where should
additional monitors be
placed?

Phase 2 +

Advanced surface
particle monitoring
station

One or more reference
monitoring station for
gaseous pollutants

&)

What are the local-
neighborhood hot
spots and sources?

Are control measures
improving local-
neighborhood air
quality?

Phase 3+

Periodic land-use
regression models or
mobile monitoring
campaigns

Low-cost sensor
network

Increasing monitoring devices and network density
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The phased approach suggested above is not meant to be prescrip-
tive, and the sequencing and specific technology used will depend
on local context, budget and capacity. For example, high-spatial-res-
olution methods, including low-cost sensor networks that may already
exist in some communities, can help to raise public awareness about
air pollution and build confidence in official monitoring that accounts
for known spatial gradients and sensitive populations. The important
principle is that monitoring is aimed at answering questions and pro-
viding actionable data and contributing to developing an integrated,
sustainable system.

Across all monitoring phases, a range of approaches, including high-spa-
tial-resolution monitoring studies, emissions mapping and satellite-re-
mote-sensing-based estimates, can help identify priority locations for
additional fixed reference monitors (refer to Figure 1d). Ground-based
monitors can be deployed with higher density in areas of greater vari-
ability, weighted towards areas with higher population density and in
locations where rapid growth in emissions is anticipated, such as near
industrial parks. This approach also facilitates modeling and forecasting
at regional and urban scales with a goal of providing temporally and spa-
tially resolved accurate estimates of concentrations as well as regional
and local source contributions.
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More about monitoring approaches:
Conventional and innovative

Relevant Reading for
Monitoring Phase

N
7

Costs, people, infrastructure and logistics

Detailed guidance on costs and resource needs for different monitoring approach-

es are beyond the scope of this guide. For more information on this topic, readers

may refer to a summary of a 2017 World Bank conference (36). Some key costs to

consider are:

o Purchase price of monitoring equipment

o Supplies, parts, service and shipping for repairs and maintenance

o Consumables, shipping, laboratory analysis for filter-based or passive gaseous
sampling

o Structures and supporting infrastructure

o Property leases if applicable

 Utilities including reliable electric power and wireless communications

o Personnel costs for deployment, calibration and maintenance

o Data management equipment, fees and personnel

Conventional, fixed-location reference monitoring

Conventional reference monitoring stations typically incorporate robust, high-qual-
ity devices to provide a combination of real-time or integrated average measure-
ments of common air pollutants such as sulfur dioxide (SOZ), carbon monoxide (CO),
Nitrogen Dioxide (NO,,, PM,, and/or PM, and O,. Monitoring networks should prior-
itize PM,as a better health risk indicator than PM,.

Conventional, regulatory air quality monitoring has focused on establishing a usu-
ally limited number of fixed-location reference-method monitors sited to provide
information on regional- or urban-scale concentrations and trends. Concentrations
are compared to regulatory ambient air quality standards or health-based guid-
ance levels. Fixed location monitors can also be placed at targeted locations to
assess the impacts of specific sources such as motor vehicles, industrial sources or
power plants.

Conventional reference monitoring stations are relatively costly to establish and
maintain considering unit instrument costs, site requirements of shelter, reliable
power supply and climate control, and substantial ongoing servicing by trained per-
sonnel for calibration, filter changes and other maintenance. As a result, reference
monitor density is often limited, even in high-income countries. Nonetheless, as not-
ed above (cross-reference phase 2) even one or two reference monitors can demon-
strate and track poor air quality in an urban area. Investments in reference monitors
should be consistent with resources for sustained operation. In some low-income
countries, high maintenance and personnel requirements have sometimes resulted
in conventional regulatory monitoring equipment ceasing to function reliably within
just a few years of installation.
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Innovative approaches

Building a robust official ground monitoring network using fixed reference monitors
should be part of a goal of urban air quality management programs, but innovative
approaches, strategically deployed, can accelerate the collection of actionable air
quality data (52).

Satellite remote sensing-based monitoring

Satellite remote sensingbased monitoring can fill gaps in ground monitoring and
has become a critical source of global air quality information (53). Satellite remote
sensing-based estimates now provide a standardized measure with complete global
coverage suitable for evaluation of trends since approximately the year 2000 and for
estimating the global burden of disease. National and in some places, state- and ur-
ban-area-level estimates of ambient PM, . and ozone concentrations and the current
health burden from air pollution are freely available for all countries online (54-56).
While not a substitute for on-ground monitoring, satellite remote sensing estimates
are sufficient to demonstrate the need for improving air quality in highly polluted
cities. Remote sensing estimates require specialized technical skills to analyze and
interpret; most cities seeking to use remote sensing estimates will need training or
technical partners with this capability. More detailed information and references are
provided in Annex 1,2 and 3.

Advanced surface monitoring

Advanced surface monitoring stations provide information on additional pollutants
(e.g., hazardous or toxic air pollutants like benzene) and PM,, chemical composition
(52). One example is the advanced monitoring stations deployed by the US PM,
Chemical Speciation Monitoring Network (CSN) (57). Speciation is a method for
identifying the specific chemical mix in air pollution that is useful for identifying
the most important contributing sources (refer to Chapter 3). Another example is
the Surface Particulate Matter Network (SPARTAN), which is a network of 19 active
sites worldwide that provide publicly available data on PM,, mass and chemical
composition. Unique features of SPARTAN include co-location with sun photome-
ters for Aerosol Optical Depth measurement (58,59) to support the improvement of
satellite-based estimates of local PM, and a centralized, advanced laboratory for
chemical composition analysis (58,59). SPARTAN devices can operate for 63 days
unattended between filter cartridge collection.

Lower cost, filter-based PM monitors [e.g., MiniVOL sampler (Airmetrics)] or passive
gaseous samplers, which measure time-integrated pollutant concentrations without
using pumps, can be used in time-limited campaigns. More detailed information and
references are provided in Annex 1.

23



Relevant Reading for
Monitoring Phase

00

N
7

Relevant Reading for
Monitoring Phase

24

N
7

Accelerating City Progress on Clean Air

High-spatial-resolution or “hyperlocal” monitoring—identifying urban “hot spots”
As noted above, conventional monitoring networks are not designed to characterize
the true spatial variability in pollutant concentrations within urban areas. Knowing
how pollutant concentrations vary within a city is important for identifying how
sources vary across a city, and for mobilizing communities to support clean air
actions (60,61).

Spatial gradients in NO,, black carbon, CO and in some locations SO, are generally
more pronounced and better indicators of local emission sources than PM,; and O,.

Three approaches (sometimes used in combination) to characterize spatial variation
in pollutant levels at high (~100m) resolution are summarized below. These low-
er-cost approaches for characterizing spatial variation could be useful for informing
and evaluating geographically localized interventions, such as low emission zones,
and for guiding the placement of more expensive fixed site monitors within an urban
area. Refer to Annex 2 for more details and references about each method.

Land use regression modeling has revolutionized understanding of air pollution
variability within urban areas and become increasingly the norm for epidemiologic
investigations of long-term exposure to air pollution (62). In this approach, measure-
ments are collected over temporary but defined periods at a relatively high number
of locations within an urban area. Monitoring results are combined with geospatial
data describing air pollution sources or their proxies to estimate highly spatially re-
solved annual or seasonal air pollutant concentrations. Land use regression studies
require technical capacity that typically will require collaboration with academic
researchers or other partners.

Mobile monitoring is an approach in which high-quality instruments that detect one
or more pollutants of interest are deployed in one or more vehicles to collect mea-
surements while repeatedly driving a planned route. Measurements are analyzed
to map air quality—especially for primary pollutants with strong spatial gradients,
such as NO , black carbon and ultrafine particles (UFP)—at high spatial resolution
throughout urban areas. Mobile monitoring could be helpful in identifying small but
poorly controlled local emissions sources of these pollutants. In contrast, mobile
monitoring may be less useful for characterizing pollutants that vary less over small
areas (e.g., PM,;, O,).

Low-cost sensors

Low-cost sensors are a promising innovation with many applications, particularly
when integrated with other modeling approaches. A recent surge in interest and
development has produced commercially available devices for the consumer mar-
ket (63). Low-cost sensors have been utilized by citizen groups when government
measurement data have been unavailable or considered unreliable. One low-cost
sensor application is in a network with large numbers of devices, densely deployed
to assess changes in pollutant concentrations over small spatial areas and short time
periods (64).
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Low-cost sensors have important limitations (65, 66) that should be considered when
determining how they should be used and what questions they can answer. Several
testing and evaluation programs for specific sensors as well as guidance on how they
should be deployed in networks describe reliability, validity and logistic consider-
ations. These programs have found that some devices when used in the field yield
concentration estimates that are very close to those from reference monitors while
many others are very poor predictors of actual air quality. Because so many devices
are quickly coming to market, an independent evaluation of their validity cannot al-
ways be counted on (67) (64,68-71). A useful summary of the best practices to guide
the selection of low-cost sensors has been published by the World Meteorological
Organization (64) (refer to Annex 2).

As government data quality and availability improve and increasingly meet citizen
goals for accessible air quality information, the demand for citizen-based sensors
and networks to fill data gaps may decline, but their applications in citizen-science
partnerships, engagement and awareness-raising will likely remain.
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An integrated system combining conventional and
innovative approaches

> The complementary conventional and innovative approaches and the phased ap-
Relevant Reading for proach described above can be used to build an integrated system for each urban
Monitoring Phase airshed (Figure 2e). A combination of approaches can inform a robust air quality
o o o management program, support the needs of local, regional and national air quality

management, and provide data for research and public information (49). The cost
of deploying and operating such a system will vary greatly depending on local cir-
cumstances (refer to Annex 1) but would likely be much less than a conventional
regulatory network with many reference monitors.

Figure 2e
Integrated air pollution monitoring system
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Depicted is a framework for using satellite remote sensing methods, traditional and advanced surface monitors and periodic monitoring
with one or more high spatial resolution approaches: land-use regression, mobile monitoring or low-cost sensor networks. Such a system
can assess air pollution variation at different spatial and temporal resolution, inform additional reference monitor placements and incorpo-
rate new innovations over time.
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Summary of case studies of
monitoring innovations in action

Ambient Air  Emissions
Monitoring = & Sources

Data Availability, Organizing
Accessibility&Use  for Action

City Innovations Applied Actions

New York City, . .
USA Phase out high-sulfur heating oil
Oakland, High-spatial-resolution mapping
USA of air pollution in urban areas
London. Integrgted, hypgrlocal air

UK pollution mapping and

monitoring
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New York City, USA

A transition to cleaner heating
fuels informed by innovative
monitoring, emissions data
and modeling

Innovations
Applied

Ambient Air
Monitoring

Emissions
& Sources

Data Availability,
Accessibility & Use

Organizing
for Action

New York City (NYC) has the highest
population (more than 8.6 million in 2017)
and population density of any city in the
United States (179). While once home to
many industries, the economy of NYC today
as measured by employment is dominated
by service sectors, including health and
education, information technology, retail,
finance, real estate, leisure and hospitality
(180). After experiencing population
stagnation and decline from the 1960s
through much of the 1980s, NYC population
has grown steadily, increasing more than 5%
since 2010.

Primary stakeholders involved in
New York’s effort for air quality
improvement

o Government ministries

(e.g., NYC Department of Health)
o Technical partners and advisors
e Legal and policy advisors

The Issue

The air quality in NYC had been improving
as of 2007, with PM, . levels close to reaching
the National Ambient Air Quality Standards
(NAAQS) since 2000 (181). However, air pol-
lution remained one of the most signficant
environmental threats to NYC residents,
contributing to about 6% of premature deaths
annually (182).

NYC'’s regulatory air monitoring system, man-
aged by the New York State Department of
Environmental Conservation, conformed to
national standards to support the state’s legal
requirement to develop programs to achieve
NAAQS. The monitoring system included 22
PM, monitors, but only three for monitoring
the gaseous pollutants sulfur dioxide (SO,)
and oxides of nitrogen (NOx) across the
roughly 780-square-kilometer city, which was
too sparse to identify local pollution hot spots
and emissions sources (181).

Enhanced Local Monitoring Identifies a
Major Pollution Source

In 2007, NYC launched its first multisectoral
long-term environmental sustainability plan,
known as PlaNYC, for improving the city’s
major infrastructure systems, natural environ-
ments and environmental indicators. PlaNYC
included a number of air quality initiatives,
with a goal of achieving the “cleanest air” of
any large city in the United States (183). Given
the limited spatial coverage of NYC'’s existing
air monitoring system, the city’s department
of health launched more geographically in-
tensive pollution monitoring under PlaNYC
known as New York City Community Air
Survey (NYCCAS) in 2008 to assess spatial
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Estimated SO, concentrations,
winter 2008-2009 and winter
2012-2013

<25

Community Districts

Source: New York City Trends in Air Pollution and its
Health Consequences, Sept 2013 Report, available at
https://www1.nyc.gov/assets/doh/downloads/pdf/
environmental/air-quality-report-2013.pdf

variation in air pollution across neighbor-
hoods, identify important local sources and
inform local clean air measures. NYCCAS
deployed a spatially dense network of 100 to
150 integrated samplers—designed by a local
university partner—to measure major pollut-
ants. Data from the samplers were analyzed
along with co-located regulatory monitors
to validate measures and adjust for temporal
variation. The data were then combined with
GIS data on indicators of local emissions from
traffic, buildings and other sources in land-use
regression models that estimated spatial vari-
ation in pollution across the city (184).

The survey found a strong association be-
tween average concentrations of SO, and
nickel in fine particulate matter (PM, ;) and the
number of building boilers burning high-sulfur
oil within one kilometer of the sample location
during the winter of 2008-2009, suggesting
high-sulfur heating fuel to be a major source
of neighborhood air pollution (185,186). At
the time, an estimated 10,000 NYC buildings
burned the dirtiest heating fuels (i.e., #4 and
#6), which produced higher emissions of both
SO, and PM,;. These buildings—just 1% of
all buildings in the city—caused similar PM,¢
emissions as all on-road vehicles citywide
(187).

Improving Local Emissions and Modeling

A subsequent health impact assessment
used refined and spatially allocated emis-
sions data—which were updated by the NYC
tax data on building size and boiler fuel type
environmental permit data—to better reflect
the locations and quantities of heating oil use.
The assessment used atmospheric modeling
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to estimate reductions in PM, at 1 kilometer
resolution, health benefits from clean heat
changes through 2013, and further benefits
from completely phasing out high-sulfur heat-
ing oil ahead of the 2030 deadline (188). Com-
pared to a business-as-usual scenario with
2008 heating oil use, the study estimated that
a complete phaseout of high-sulfur heating
oil could avoid annual health impacts of 290
premature deaths, 180 hospital admissions for
respiratory and cardiovascular emissions and
550 emergency department visits for asthma.

Organizing for Clean Air Actions

Findings from NYCCAS helped to spur local
and state regulations and laws that required
a phase-out of #6 heating oil by 2015, of #4
heating oil by 2030 and a reduction of sulfur
content in #2 and #4 oil in 2012 (188). Conver-
sions to cleaner heating fuels began in antic-
ipation of these deadlines, aided by falling
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natural gas prices and a city program to assist
building owners in planning conversions. By
2013, winter SO, concentrations had fallen by
69%, while nickel concentrations declined by
35% (187).

The mayor of NYC established an Office of
Long-term Planning and Sustainability as part
of the PlaNYC process to convene multiple
city agencies, coordinate their activities and
establish systems for tracking and report-
ing progress on implementation of many
sustainability programs. Resulting funding
established a new air pollution monitoring
and epidemiology program integrated with an
environmental health surveillance with several
technical staff positions and academic part-
nerships. The mayor’s leadership promoted
cross-agency collaboration facilitating the
clean heat program and other clean air actions
that he championed. After the impact of local
high-sulfur heating oil based on monitoring
data from the health department was estab-
lished, boiler permits from the Department
of Environmental Protection and building
size data were used to better spatially al-
locate heating emissions data in support of
bottom-up emissions source apportionment
modeling. Partnerships across agencies led
to further clean air and climate action policy
initiatives. The improvements in monitoring,
emissions data and modeling capacity have
also helped to inform other local policy initia-
tives including a revision of local air pollution
regulations. This makes NYC the first juris-
diction in the United States after California
to require controls to reduce commercial
charbroiling PM, . emissions, conduct a health
impact analysis of heavy duty diesel vehicles,
monitor other exposures including air toxics,

Exhaust from a boiler using high-sulfur
heating oil.

Source: https://www.nyccleanheat.org/content/problem
Photo Credit: Patti McConville

noise and pollen, and exposure estimation for
health studies (189-192). NYCCAS monitoring
data and modeled pollution estimates were
made available through open data portals and
for researchers. In 2015, a local law was passed
mandating the continuation of NYCCAS.

Lesson learned

NYC'’s effort to convert to cleaner heating
fuels was informed by innovative monitoring,
improved emissions data and modeling ca-
pacity. NYC'’s effort highlights the importance
of political leadership, convening and coordi-
nation across multiple agencies; data-driven
policy and implementation follow-through;
and open data access that engaged stake-
holders to support continued air quality mon-
itoring.
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Oakland, California, USA
o o o
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°
Experience on high-spatial-
resolution mapping of air
pollution in urban areas
The Issue
Innovations Air pollution concentrations, especially ultra-
Applied Ambient Air | Emissions fine particles, nitrogen monoxide, and black
Monitoring | &Sources .
carbon, can vary dramatically over a short
Data Availability, | Organizing distance within an urban area due to unevenly
Accessibility&Use | forAction distributed emissions sources, dilution, and

physiochemical transformations (197,198).
However, most ground-based air quality mon-
itoring networks, which are used to provide
information on urban-background pollution

The city of Oakland is one of the most

populated cities in California, with 431,000 .
residents in 2018 (193). Once known for concentrations, often do not adequately cap-
ture the spatial variability in pollution expo-

sure in urban areas. Even in high-income coun-
tries, routine monitors are generally sparsely

its harbor and deep-water port, Oakland

now has a highly diversified economy and
is home to several major corporations ] ; )
(194,195). The major industries in Oakland as sited. In the U.S. there is a mean of ~two to five

measured by employment are professional, routine air quality monitors per million peo-
scientific, and technical services, health ple and 1,000 km2 (197). Given that air quality

care and social assistance, educational measurements are necessary for air quallty

services, retail trade, construction, and management and public health protection,
manufacturing (196) an alternative monitoring approach is needed

to provide the high spatial resolution needed
to characterize heterogeneous human expo-

. . sures and localized air pollution hot spots.
Primary stakeholders involved

in Oakland’s effort for air quality
improvement
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Approach of air pollution measurements in Oakland,
California using two specially equipped Google Street
View cars.

Source: available at https://apte.caee.utexas.edu/google-air-mapping/
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Enhanced Ambient Air Monitoring

A new approach was developed using spe-
cially equipped Google Street View cars
to identify urban air pollution patterns in a
30-km2 area of Oakland at very fine (~30 m)
scales, at four to five orders of magnitude
greater spatial precision than possible with
current fixed site ambient monitoring (197).
The mobile monitoring campaigns focused
on three socioeconomically diverse neigh-
borhoods within Oakland: West Oakland (a
lower-income neighborhood near the port of
Oakland and industries; ~10 km2), Downtown
Oakland (a mixed residential and commercial
mid- and high-rise buildings; ~5 km2), and East
Oakland (a neighborhood with industrial and
mixed-income residential areas; ~15 km2).

Mobile monitoring was conducted for about
six to eight daytime hours on the designated
routes of the different neighborhoods on
every weekday for over one year, collecting
more than 3 million data points and logging
over 15,000 miles (199). A fast-response pol-
lution measurement platform on each Google
car repeatedly sampled the concentrations of
black carbon particles, nitrogen oxides (NO),
and nitrogen dioxide (NO2). The resultant
maps of annual daytime air pollutant concen-
trations at high-resolution scale show highly
variable air pollution concentrations by as
much five to eight times within an individual
city block, and air pollution levels in many
streets inside neighborhoods where small,
consistent pollution hot spots (e.g., traffic
congestion, industrial and cooking emissions)
are present.

(ug m?)

0.5

-0

Multipollutant hotspots identified from BC median
concentrations measured using the Google Street
View cars in Oakland, California.

Source: Apte JS, Messier KP, Gani S, et al. High-Resolution Air Pollution Mapping with
Google Street View Cars: Exploiting Big Data. Environ Sci Technol. 2017;51(12):6999-7008.
doi:10.1021/acs.est.7b00891

Google maps_‘

Strest \
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A Google Street View Car mapping the streets
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Organizing for Clean Air Actions

The availability of high-resolution air quality
data in Oakland has important implications
for epidemiology, as the spatially resolved
exposure estimates can reduce exposure
measurement error that may bias the health
effect estimates. An epidemiological analysis
using the high-resolution street-level air pol-
lutant measurements confirmed that traffic
pollution affects cardiovascular health, add-
ing evidence to support reducing exposures
in urban areas and neighborhood hot spots in
Oakland (200). In addition, the high-resolution
air quality maps are proposed to be used as an
indicator for the assessment of environmental
equity in the Downtown Oakland Specific
Plan to address disparity and promote health
(201). Actionable data from the campaign are
also being used to inform the new Seaport Air
Quality 2020 and Beyond Plan on emissions
reduction measures (202), and to advocate
for cleaner air under California’s landmark AB
617 law, which develops a new community-fo-
cused program to more effectively reduce
exposure to air pollution and protect public
health (203).

Lesson learned

Oakland’s experience in high-resolution air
quality data mapping using mobile monitoring
campaign complements the existing monitor-
ing network of fixed site ambient monitoring
by filling the important data gaps regarding
localized pollution hot spots and enabling
targeted pollution reduction and control
measures.

35



36

Accelerating City Progress on Clean Air

London, United Kingdom

Hyperlocal air quality
monitoring project for
measuring and

mapping air pollution

Innovations
Applied

Emissions
& Sources

Ambient Air
Monitoring

Data Availability,
Accessibility & Use

Organizing
for Action

Millions of Londoners face health threats
every day because of air pollution. London’s
toxic air has an economic cost of £3.7
billion every year, due to the health impact
of pollutants like PM,; and NO, leading

to lost years of life, hospital admissions
and deaths. Some people are especially
vulnerable to the dangers of air pollution

- including children, the elderly, people

of colour, low-income communities and
those with diabetes, heart disease or
respiratory problems. These groups may
suffer an increased risk of developing
cardiovascular disease, cancer, asthma and
other respiratory diseases; or of worsening
conditions that are already present.

Primary stakeholders involved
in London’s effort for air quality
improvement

. Government ministries (i.e. Mayor of London)

. Technical partners and advisors (Environmental
Defense Fund Europe, ACOEM Air Monitors,
Cambridge Environmental Research Consultants,
Google Earth Outreach, the National Physical
Laboratory, University of Cambridge, the
Environmental Research Group at Imperial
College London (formerly King’s College London))

. Advocates and civil society organizations (e.g.
C40 Cities)

London has breached legal limits for air qual-
ity every year since implementing them in
2010, and all of London’s boroughs fail both
annual targets and World Health Organization
standards. Mayor Sadiq Khan in 2019 declared
air quality a ‘public health emergency’ and has
prioritised tackling the health issue, but addi-
tional actions are needed to ensure the city
meets the World Health Organization’s clean
air guidelines.

Project overview

To better understand Londoners’ exposure to
air pollution, the Breathe London pilot project
combined state-of-the-art monitoring tech-
nology with new methods of data analysis. By
measuring harmful pollution across London
and at thousands of locations, especially at a
local level, the project informed data-driven
solutions to clean London’s air and foster
healthier, stronger communities.

The pilot phase of the Breathe London project
was delivered by a consortium led by Environ-
mental Defense Fund Europe (EDF Europe)
and funded by the Children’s Investment
Fund Foundation, with continued funding from
Clean Air Fund. Further funding support was
provided by the Valhalla Charitable Founda-
tion for EDF staff, as well as additional funding
by the Mayor of London for the wearables
study and hospital pods. The pilot project was
convened by C40 Cities, the leading global
alliance of cities committed to addressing
climate change, and the Mayor of London. The
pilot phase ran from July 2018 to November
2020.
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Stationary Network
100 sensor pods, installed on  Specially-equipped Google Specially-designed

lamp columns and buildings Street View cars used

Mobile Mapping

Wearables

backpacks with air quality

across the city, continuously mobile sensors to measure sensors allowed children

transmitted air quality
measurements.

air pollution on a variety of
roadways, taking readings

and teachers to monitor air
quality during their journey to

approximately every second.  and from school.

With cutting-edge sensor technology and
research, Breathe London comprised three
projects that brought new understanding of
air pollution levels where people live, work
and play:

The main aims of the pilot project were three-
fold:

« Advance the use and development of inno-
vative, lower-cost monitoring techniques to
support cities around the world;

« Enhance London’s existing regulatory net-
work to better understand pollution and as-
sess targeted solutions for cleaner air, like the
Ultra Low Emission Zone; and

o Make air pollution data publicly available
and visualise it in new and innovative ways.

Findings

The city has a well-established regulatory
network of higher-cost, stationary, continuous
air quality monitors used to assess compli-
ance with legal standards, which served as
an excellent reference network to study the
reliability and accuracy of the lower-cost
sensors deployed as part of Breathe London.
Validating lower-cost methods of measure-
ments against such a network was an import-
ant goal of Breathe London in order to support
replication in other cities interested in using
lower-cost air quality sensors.

Breathe London developed openly shared
quality assurance and quality control (QA/
QC) procedures and analysis algorithms, and
demonstrated how to effectively leverage
lower-cost and new monitoring techniques. It
enabled the assessment of pollution hotspots
and the evaluation of policy interventions
through a network of 100 stationary sensors,

combined with repeated mobile monitoring
on nearly 600 kilometres (km) of varied roads,
to measure and map air pollution across
Greater London. Policymakers and commu-
nity groups were able to use Breathe London
data to better understand local pollution and
its sources.

In its first year, Breathe London monitoring
spanned the months leading up to and im-
mediately following the implementation of
the world’s first Ultra Low Emission Zone
(ULEZ) in Central London and in its second
year, the extended operation of the stationary
network captured the unprecedented times
of COVID-19 and the air quality effects of re-
strictions that ensued.

Breathe London also created a robust,
open-access, hyperlocal dataset that gener-
ated an unprecedented level of detail about
air quality in London. The team made the
data available to the public on the Breathe
London platform (right), which showcased an
interactive map with real-time and historical
measurements.

Source apportionment results from mod-
elled emissions scenarios were added to the
Breathe London platform to display hyperlo-
cal pollution sources data alongside current
pollution measurements on the interactive
map. The feature enabled anyone interested
in learning more about how different activities
contribute to local NOx pollution, such as
road transport, to explore data at all Breathe
London and regulatory monitoring sites.
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Lessons learned

Breathe London data produced insights that were broadly
comparable to findings from London’s extensive regulato-
ry network, demonstrating that lower-cost sensor systems
and mobile monitoring are valid options for generating
useful data.

Even if a city only has limited access to regulatory air
quality monitors, you can assess a city’s pollution and
meet different goals, including finding pollution hotspots,
measuring how well an intervention is working and raising
public awareness.

EDF Europe is producing a Breathe London Blueprint that
will be disseminated broadly in early 2021in order to share
these lessons with other global cities and support future
hyperlocal monitoring initiatives.
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Satellite remote sensing-based estimates fill gaps
in ground monitoring

Satellite remote sensing has been a critical source of global air quality information
(1), especially in locations without any ground monitoring. This approach can also
fill data gaps in areas with extensive ground monitoring (2-5). When combined with
chemical transport models to relate atmospheric column measurements to surface
concentrations, satellite-based estimates are available at varying spatial resolution
(~1-10 km) for all common air pollutants (PM,, NO,, CO, SO,) except for ozone; these
estimates are increasingly used to estimate exposure in studies demonstrating
health effects of chronic exposure (e.g, Li et al., (6)).

Satellite remote sensing-based estimates now provide a standardized measure with
complete global coverage suitable for evaluation of temporal trends since approx-
imately the year 2000 and for estimating the global burden of disease. National and
in some places, state-level estimates of ambient PM, . and ozone concentrations
and the current health burden from air pollution are freely available for all coun-
tries online and can be compared to the impact of other risk factors (7,8). Future
enhancements to satellite remote sensing technology and capabilities are planned
[e.g. MAIA (9)]. Additionally, use of near-real-time data streams from geostationary
satellites focused, for example, on India (vs. the current polar-orbiting satellites that
provide snapshots one to two times per day) could provide further information to
enhance public communications, forecasts and source analysis.

A key limitation of satellite-derived estimates is the lack of information during
periods of cloud and at night. In addition, satellites measure pollution in the entire
column or air between the earth’s surface and the satellite, rather than surface levels
needed for air quality management. In the case of PM, satellites measure the amount
of reflected sunlight scattered by PMin this entre column, a measure known as Aero-
sol Optical Depth (AOD). AOD is typically related to surface PM concentrations by
simulating this relationship with a chemical transport model. Linking ground-based
measurements of AOD via a sun photometer with measurements of PM, . can help
improve simulations, correct for potential biases and improve the accuracy of satel-
lite-based estimates from both global and regional perspectives.

Because of gaps in on-ground monitoring, it is true that “No one knows which city
has the highest concentration of particulate matter” (10). However, satellite re-
mote-sensing based monitoring increasingly makes it possible to confidently iden-
tify urban areas with average ambient PM, . concentrations well above health-based
standards. Thus, while not a substitute for on-ground monitoring, satellite remote
sensing can accelerate progress in urban air quality monitoring by filling spatial gaps,
informing monitor placements and estimating long-term temporal trends.
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Remote sensing estimates require specialized technical skills to analyze and inter-
pret. Although training is available, (11) most cities seeking to use remote sensing
estimates for initial assessment or to inform monitor placement will need to identify
technical partners with this capability.

Advanced surface monitoring stations

Conventional ground monitoring networks may be complemented by a limited num-
ber of advanced surface monitoring stations that provide information on additional
pollutants (e.g., hazardous or toxic air pollutants like benzene) or PM,. chemical
composition (12). For example, the advanced monitoring stations deployed by the US
PM, . Chemical Speciation Monitoring Network (CSN) (13) conduct high quality PM
mass and chemical speciation measurements that support quantification of emis-
sion sources’ contribution to ambient air pollution (Learn more on receptor-based
source apportionment in Chapter 3).

Other filter-based air monitoring instruments available for collecting filter samples
for speciation include, but not limited to, Mass Aerosol Speciation Sampler (URG
Corporation), Spiral Ambient Speciation Sampler (Met One Instruments), Reference
Ambient Air Sampler (Thermo Anderson) (14).

In LMIC settings where resources for permanent conventional reference monitors
are not available, lower cost, filter-based PM monitors [e.g., MiniVOL sampler (Air-
metrics)] or passive gaseous samplers, which measure time-integrated pollutant
concentrations without using pumps, can be used in time-limited campaigns to
make the case for further monitoring investments. The latter have been used in both
urban (15). and remote, highly polluted areas (16,17) and can be combined with lower
cost filter-based PM monitors in integrated multi-pollutant sampling units. One or
more of these approaches can be deployed in citywide monitoring campaigns for
land-use regression studies.

Advanced surface monitoring stations, especially when co-located with ground-
based AOD measurements, can provide important evaluation data for chemical
transport model simulations. These outputs can help improve air quality forecasting
and evaluation of air quality management options and actions. One example is the
Surface Particulate Matter Network (SPARTAN), which is a network of 19 active sites
worldwide that provide publicly available data on PM,, mass, chemical composi-
tion, and AOD characteristics for connection with satellite remote sensing (18,19).
SPARTAN monitors are co-located with sun photometers—operated as part of the
AErosol RObotic NETwork (AERONET) coordinated by the National Aeronautics
and Space Administration (NASA)—for AOD measurement (18,19). Combined with
continuous measurement of particle light scattering with a nephelometer, these
monitors can collect seven pairs of filter samples, each integrating PM, . and coarse
PM (PM,:-10) covering a nine-day period, and operate for 63 days unattended be-
tween filter cartridge replacement and other maintenance tasks. Another unique
advantage of the SPARTAN network is the use of a central laboratory using advanced
methods for chemical composition analysis of filter-based samples, providing capa-
bility, comparison data and quality control beyond the capability of most LMIC city
governments.
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Advanced surface monitoring stations can also serve as nodes that are linked to
conventional air quality monitoring stations within each airshed, thus providing addi-
tional information on spatial variability in pollutant concentrations at high temporal
resolution and linking the network directly to satellite-based estimates.

High spatial resolution or “hyperlocal” monitoring—identifying
urban “hot spots”

As noted in chapter 2, clustered local emission sources contribute to spatial vari-
ation and hot spots within cities. The historical emphasis on temporal specificity
and air pollution episode surveillance, made limited spatial coverage of fixed-site
reference monitors less of a concern. But conventional monitoring networks poor-
ly characterize the true spatial variability in pollutant concentrations within urban
areas and may mask temporal variability if major location-specific sources have dif-
ferent temporal emission patterns. This may be relevant in rapidly developing econ-
omies where diverse arrays of numerous small sources are present and increasing
emphasis on characterizing spatial variation in air pollution and associated sources
is warranted (20,21).

Spatial gradients in NO2, black carbon (BC), CO and in some locations SO2 are gen-
erally more pronounced and better indicators of local emission sources than PM, .,
which derives from local and upwind sources. Similarly, O3, which entirely originates
in upwind NOx and VOC emissions and chemical transformation, is less spatially
variable than primary pollutants. Three monitoring approaches to characterize
spatial variation in pollutant levels at high (~100m) resolution are described below.
Operational dispersion models are another method that requires highly space and
time resolved emissions data (22), discussed in the next chapter. These lower-cost
approaches for characterizing spatial variation could be useful for informing and
evaluating geographically localized interventions, such as low emission zones or
motor-vehicle-free zones, and for guiding the placement of more expensive fixed
site monitors within an urban area.

Land use regression modeling has revolutionized understanding of air pollution
variability within urban areas and become increasingly the norm for epidemiologic
investigations of long-term exposure to air pollution (23). In this approach, target-
ed measurements are collected over defined periods at a relatively high number
(~50-100) of locations within an urban area. These spatially dense air pollution
measurements are used with geospatial data describing air pollution sources (e.g.
road or traffic density, land use, source proximity) in a simple regression model. As
the geospatial data are typically available throughout urban areas at high resolution
(10-100m), models can estimate highly spatially resolved annual or seasonal air pol-
lutant concentrations. Because the focus of such studies is understanding persistent
spatial gradients they often use methods that integrate samples over a period of one
to two weeks, using passive methods for gaseous pollutants, such as NO2 (24), and
active samplers for filter-based measurements of PM mass, black carbon and other
chemical constituents.

Land use regression approaches are typically limited in the temporal resolution of
modeled estimates (often seasonal or annual); timeliness of data is limited by time
needed for laboratory processing of integrated samples and data analysis.
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Land use regression studies require technical capacity that is beyond that of most
city governments and will most often require collaboration with academic research-
ers or other technical partners.

Mobile monitoring is an approach in which high quality instruments relevant to
one or more pollutants of interest are deployed in one or more vehicles to collect
measurements while repeated driving a planned route. Measurements are analyzed
to map air quality— especially for primary pollutants with strong spatial gradients,
such as NOx (NO + NO2), BC and ultrafine particles (UFP)—at high spatial resolution
throughout urban areas. A recent example demonstrated automated data process-
ing and a highly scalable approach (25) with instruments deployed in dedicated
vehicles, identifying small but poorly controlled local emissions sources that may
be common even in cities that have generally good ambient air quality. Mobile mon-
itoring’s greatest potential strength is its efficiency and cost effectiveness, which
could be further enhanced with monitors deployed on existing commercial (e.g.
Uber, taxis, delivery vehicles) or public fleets (buses, police vehicles, etc.).

In contrast, mobile monitoring may be a less efficient approach for characterizing
pollutants that have more limited spatial variability (e.g, PM, ¢, ozone). In addition,
most mobile monitoring datasets alone are insufficient to characterize spatial pat-
terns of pollution at locations away from roads and temporal variation in patterns
by day and week, given that a small monitoring fleet cannot be everywhere at once.
Finally, because mobile monitoring can rapidly generate large amounts of spatio-
temporally complex data, a successful application of this technique requires a well-
trained team experienced in analyzing this unique type of data.

Low-cost sensor networks are a promising innovation with many applications, par-
ticularly when integrated with other modeling approaches. Portable, low cost devic-
es for detecting air contaminants in real time have a long history, but in recent years
advances in sensor technology and microelectronics have captured the imagination
of several air quality stakeholders and innovators, including civil society organiza-
tions. The surge in interest and development has produced commercially available
devices for the consumer market. (26). Low-cost sensors have been used by citizen
groups when government measurement data have been unavailable or considered
unreliable (for example due to spatial gaps that miss pollution hot spots).

To date, several limitations of low-cost sensors have prevented the realization of
their potential. Sensor accuracy and precision has been a major issue (27). In addition,
many low-cost sensors have been developed by start-up firms, creating concerns
regarding their longer-term availability, data ownership and a lack of transparency
about proprietary device algorithms and performance testing data for some devic-
es. In response, a number of local, national and international agencies have initiated
testing and evaluation programs for specific sensors as well as guidance regarding
their deployment in networks (28-32). An additional limitation of low-cost sensors
is that accuracy, precision and freedom from interference is currently limited for
contaminants other than particulate matter (mass or count), carbon monoxide and
VOCs.
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Among the proposed applications of low-cost sensors is that of linked networks
with large numbers of them, densely deployed to assess changes in pollutant con-
centrations over small spatial areas and short time periods (32). However, the useful-
ness of data collected by a large dense network of such devices is far from clear. A
short spike (seconds to minutes) in levels measured by a single sensor may indicate
a malfunctioning sensor or a transient increase in highly localized air pollution. The
latter has little relevance for air quality management or public health unless it affects
a large population or occurs regularly.

Operational considerations also pose a barrier to sustained operation of a low-cost
sensor network. Air pollution data collected with inaccurate or faulty sensors or
collected without a sound, well documented and designed sampling protocol and
attention to operations, maintenance and QA/QC will limit its value (33). While the
low cost of sensor units is appealing, personnel and other resource costs of device
deployment, maintenance, calibration, and replacement along with data network
management and maintenance (34) could offset much or all of the savings on instru-
ment purchase. Additionally, the complexity and computing needs for data manage-
ment, analysis and QA/QC can tax the capacity of LMIC government agencies. There
is also the potential for such data collected by citizen groups to distract limited
government air quality personnel and resources from efforts to control identified,
important pollution sources.

As sensor quality and networking algorithms improve, there is potential for these ap-
proaches to improve our understanding of air quality, particularly where a high-qual-
ity reference monitor serves as a data node to help calibrate a larger network of
low-cost sensors and where academic, government and citizen groups collaborate
to design sensor deployment, data capture, analysis and interpretation. A summary
of the best practices to guide such efforts has been published by the World Meteo-
rological Organization and is available in the Annex 2 of the document (32).

As government data products improve and increasingly meet citizen goals for ac-
cessible air quality information, the demand for citizen-based sensors and networks
to fill data gaps may decline, but their applications in citizen-science partnerships,
engagement and awareness-raising will likely remain.
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Annex 1| Table 1

Monitoring Approaches Components and Considerations

Method

Capabilities and
considerations

Spatial and temporal
resolution

Equipment costs* and
resources needed

Strengths

Limitations

Reference fixed-location
monitor

Accurate, precise
measurements suitable
for comparison to
regulatory standards,
monitoring long-term
trends, supporting
forecasting and short-
term health advisories.

Monitoring Innovations

Advanced surface
particle monitor

Satellite remote sensing
- based estimates

Land use regression
models

Mobile monitoring

Low cost sensor network

Reference grade PM
filter-based sampler
for measuring mass
concentration and
chemical composition.

Estimates for any
location of PM,5 and
NO2, using satellite and
surface measurements
and chemical transport
models.

Models use pollution
measurements and spatial
predictors to estimate
concentrations, at high
spatial resolution within
urban areas.

Mobile measurement
of multiple pollutants
with reference quality
monitors in real-time
while repeatedly driving
city streets.

Network of multiple low-
cost sensors to monitor at
high spatial and temporal
resolution. PM, s sensor
technology most mature.

Up to 1per 2-4 km2 area
to assess air pollution at
an urban airshed scale.
Daily to hourly or finer
temporal resolution

1or 2 monitors per
urban airshed. Temporal
resolution can be
1-several days

~10 km2 or better.
Annual-average or daily
concentrations.

50-300 m2 spatial
resolution. Seasonal or
annual average temporal
resolution.

e ~30-100m2 spatial
resolution.

Annual or seasonal
average temporal
resolution.

Variable spatial resolution
and number of sensors.
Time resolution <1 minute.

*  Moderate ($US 20-30K+)
for PM,s monitor

High ($US s100-200K) for
multi-pollutant (including
gaseous) site.

« Additional costs for
structure, land, power and
personnel.

* 1or 2 monitors per
urban airshed. Temporal
resolution can be
1-several days

* Moderate ($US 50K for
SPARTAN instrument)

«  Low operating cost ($10K

/year).

« Colocation with aerosol
optical depth (AOD))
instruments improves
remote-sensing based
measures.

No cost to individual cities or
other users.

* Moderate per study cost
($US 45 - 75K).

* Requires local predictor
data and specialized
modeling skills.

* Moderate per campaign
cost ($US 75K)

« Highinitial capital cost
for instruments, building
vehicle measurement
package.

« Low persensor ($US
100-500)

Moderate ($US 30K) for
data integration.

« Additional personnel
costs for ongoing
instrument deployment,
calibration and
maintenance.

Gold-standard”
measurement quality.

High quality PM mass and
particle composition for
source apportionment.
Cost effective for local
measurement and
improvement of remote
sensing estimates.

Very low-cost, multi-year,
global coverage, including
regions with sparse
official monitoring.

High spatial resolution,
low-cost, especially
useful for traffic-related
air pollution.

« Multiple pollutants,
high-quality
instruments, fine
spatial resolution

« One vehicle and
instruments package
can map many areas.

* Semi-quantitative
insights on air quality
and sources at high
space-time resolution.

« Can promote citizen
engagement.

High cost and site
requirements, including
reliable power supply,
limit number of sites and
spatial resolution.

Co-location with AOD
instruments limits ideal
locations.

More uncertain in regions
with sparse surface
monitors. Misses some
hotspots.

Modeled estimates not
measurements, limited by
predictor datasets.

¢ Pollutant
measurement and
mapping limited to
roads.

¢ Low temporal
resolution.

» Highinitial capital
costs and technical
expertise required.

* Poor data quality and
interferences limit
data quality beyond
PM sensors.

* Low sensor cost may
be offset limited
sensor data quality
and lifespan plus high
personnel input costs.

¢ Uncertain public
health action value of
brief, highly localized
“spikes”.

* Cost are estimates for illustration only. Actual costs will
depend on exchange rates, tariffs and other factors.
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Annex 2
Best practices for operating networks to produce high-quality datasets according to the
World Meteorological Organization

Network attributes Research networks Regulatory networks Sensor networks

Established primary
standard . . .

Traceability to the primary

standard via direct . ‘

comparison

Best practices for

measurement guidelines . . .

and SOPs
Use of data quality
objectives (e.g. precision, ‘ .

accuracy, stability, drift)
for an application

Onsite maintenance . .

Implementation of the QA

(e.g. calibration, validation) . .
procedures

Comparison among

instruments/sensors in the . ‘ .

network
Independent site and
instrument audits ‘ . '

Open/transparent data
processing algorithms

Open data sharing ‘ .
Site and instrument
operation log . . .

In-depth training available ‘ . '

Source: World Meteorological Organization . Required and consistently performed

Common practice but not consistently occurring

. Encouraged, but new techniques needed
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Annexes

Annex 3
Using regional and global model forecasts

Air pollution knows no boundaries; a city’s air pollution often includes significant contribution from sources
outside its administrative jurisdiction. This is especially true in regions with natural sources like dust storms or
wildfires, cities in close proximity to other cities, industrial areas, fossil fueled power stations or to rural areas
with significant sources (e.g., burning of household solid fuels or crop waste). It is crucial for policymakers to
know what portion of the ambient pollution is originating from local sources within a city’s jurisdiction and
from non-local sources that may require a regional action plan.

Several regional and global model forecasts can be used to quantify non-local contributions of air pollution.

The following table highlights some of these model outputs.

Resource

Whole Atmosphere Community
Climate Model (WACCM)
Chemistry and Aerosol Forecasts

Copernicus Atmosphere
Monitoring Service (CAMS)

Navy Aerosol Analysis and
Prediction System (NAAPS)
Global Aerosol model

Global Earth Observing System —
Composition Forecast (GEOS-
CF)

System for Integrated mod-eling
of Atmospheric com-position
(SILAM)

Spectral Radiation-Transport
Model for Aerosol Species
(SPRINTARS)

The European Monitoring and
Evaluation Program Unified
Model for the UK (EMEP4UK)

Brief description

WACCM creates global and regional forecasts for a variety of air quality and climate indicators (e.g., CO,
PM,5, NO,, O,, SO,, black carbon). Several tools for visualizing the forecast products are available.

« Daily 9-day global and regional forecast

o 19x2.5°%resolution

Website: https://www2.acom.ucar.edu/acresp/forecasts-and-near-real-time-nrt-products

Each day, CAMS provides five-day forecasts of aerosols (e.g., dust, biomass), atmospheric pollutants (e.g.,
PM,;5, PM,,, NO,), greenhouse gases, stratospheric ozone, the UV-Index.

« Daily 5-day global and regional (e.g., SE Asia) forecast

« 0.35x 0.35° resolution

Website: https://atmosphere.copernicus.eu/global-forecast-plots

NAAPS is a global three-dimensional aerosol and air pollution model, based primarily on the Danish
Eulerian Hemispheric Model. It combines the current and expected satellite data streams with other
available data and the global aerosol simulation and prediction, and provides forecasts of dust, smoke,
salt, sulfate and SO,

« Daily 6-day global and regional (e.g., SE Asia) forecast

o 1x1°grid, at 6-hour intervals

Website: https://www.nrlmry.navy.mil/aerosol/

GEOS-CF system combines the GEOS weather analysis and forecasting system to provide detailed
chemical analysis of a wide range of air pollutants including O;, CO,, NO, and PM,;.

« Daily 5-day global and regional/country (e.g., Indonesia) forecast

« 0.25x0.25° resolution

Website: https:/fluid.nccs.nasa.gov/cf/ (visualization); https://portal.nccs.nasa.gov/datashare/gmao/geos-cf (data access)

SILAM chemical transport model, developed in Finnish Meteorological Institutes, provides air quality
forecasts of concentrations, total column loads, and depositions of air pollutants (e.g., SO,, NO, NO,, O,
PM,, PM,)

« Daily 4-day forecast over global and Europe, Northern Europe, and South-East Asia

« 1.44°resolution

Website: http://silam.fmi.fi

SPRINTARS is a numerical model that has been developed for simulating effects on the climate system
and condition of atmospheric pollution by atmospheric aerosols (PM,5 and soil dust) on the global scale.
« Daily 7-day forecast over global, East Asia and Asia

« 35km horizontal resolution

Website: https://sprintars.riam.kyushu-u.ac.jp/forecast.html

The EMEP4UK is an off-line atmospheric chemistry transport model that simulates hourly to annual
average atmospheric composition and deposition of various pollutants (e.g., PM,,, PM,, SO,, O,). Dry and
wet deposition of pollutants are routinely calculated by the model.

« Daily 3-day forecast over global, European Union and United Kingdom

« 100 km to 1km horizontal resolution

Website: http://www.emep4uk.ceh.ac.uk/emepglobalforecast
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