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A B S T R A C T

We summarize past examples of the use of science to document the effectiveness of policy in air quality man-
agement. Our goal is to inform public discourse amidst attempts to negate the relevance and value of scientific
data and fact-based analysis in favor of partisan opinion and ideology. Although air quality is fundamental to
environmental and human health, air pollution has degraded natural systems and reduced economic and cultural
benefits and services. The quality of air and fresh water across much of the United States vastly improved in
recent decades in response to the Clean Air and Clean Water Acts and other rules and policies. We point to
recently observed decreases in air pollution and its effects attributable to policy that have been informed by
environmental monitoring and research. Examples include decreased environmental lead contamination due to
the elimination of tetraethyl lead from gasoline, decreases in tropospheric ozone, improved visibility from re-
duced airborne particulate matter, declines in atmospheric sulfur and nitrogen deposition that acidify the en-
vironment and declines in atmospheric mercury and subsequent bioaccumulation of toxic methyl mercury.
Pollutant reductions have provided environmental, social, and economic benefits, highlighting the urgency to
apply these lessons to address current critical environmental issues such as emissions of greenhouse gases. These
examples underscore the important role of data from long-term research and monitoring as part of fact-based
decision-making in environmental policy.

1. Introduction

Air and water quality have been long-standing concerns in the
United States and elsewhere. However, evidence-based policy decisions
and management have contributed to large improvements in environ-
mental conditions over the recent past. Socio-economic, environmental,
and public health benefits have been substantial. Across the United
States, the quality of air and fresh water has vastly improved, mainly in
response to the Clean Air and Clean Water Acts enacted nearly a half
century ago. We have recently observed decreases in air pollution

attributable to policy that have been informed by environmental
monitoring and research. Examples illustrated here include decreased
lead contamination due to the elimination of tetraethyl lead from ga-
soline, decreased ground-level (tropospheric) ozone, improved visibi-
lity and human health from reduced airborne particulate matter, de-
clines in atmospheric sulfur and nitrogen deposition that acidify the
environment, and declines in toxic mercury. None of these environ-
mental stressors have been completely eliminated and further progress
is needed, but all have been measurably reduced in the United States
and elsewhere by evidence-based policy decisions. As we highlight here
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using examples across different regions and pollutants, substantial
ecological and human health improvements and economic benefits to
society have been realized. Many other examples are available, in-
cluding regional measurements and model simulations that represent
responses at dozens or hundreds of locations (cf., U.S. EPA 2013;
Fakhraei et al., 2014; Driscoll et al., 2016; Fakhraei et al., 2016; Holmes
and Likens, 2016; Sullivan, 2017). Evaluation of air pollution control
policies and thresholds has been guided by advances in process science,
monitoring data, and model development and application. Long-term
measurements such as are reported here capture the accrued benefits of
advances in science and technology that have supported the develop-
ment of evidence-based regulations and public policy.

2. Analysis

2.1. Emissions and atmospheric deposition of oxides of sulfur and nitrogen

There have been pronounced decreases in emissions and atmo-
spheric deposition of sulfur and nitrogen oxide pollutants since the
1970s, especially throughout the eastern United States (Fig. 1A and B),
although legacy damages have been observed. Some pollutants are not
readily sequestered, and chemical recovery can take many decades or
longer. Sulfur and nitrogen forms of acidifying air pollution are typi-
cally lower in the western states, with notable exceptions where ni-
trogen emissions and associated tropospheric ozone remain high, such
as in parts of southern California. Higher air pollution impacts in the
eastern United States are driven, in part, by the human population
density and use of fossil fuels for energy and transportation in eastern
and midwestern states and the dominant west to east direction of pre-
vailing winds across the continent (U.S. EPA, 2009a).

Emissions of sulfur, mainly from coal-burning power plants, and
oxidized nitrogen, originating mainly from motor vehicles and power
plants, have decreased continuously and substantially across the United
States in recent decades (Fig. 1A). While changes in technology and the
economy undoubtedly contribute to these trends, reductions in sulfur
and nitrogen pollution have been primarily attributed to emissions
controls associated with the Clean Air Act, its amendments, and other
rules and legislation (U.S. EPA, 2009a).

The National Atmospheric Deposition Program (http://nadp.sws.
uiuc.edu/) is an example of high quality environmental monitoring that
informs evidence-based decision making. This program, and others, was
established in response to enactment and requirements of the Clean Air
Act. It includes 270 wet deposition monitoring locations across the
United States. Multi-decadal precipitation chemistry trends at an ex-
ample Adirondack Mountain, NY, lake monitoring site that has been
used for research on the effects of acidic deposition have shown marked
decreases in sulfur and nitrogen deposition (Fig. 1B) in response to
decreases in sulfur dioxide and nitrogen oxide emissions. Dry deposi-
tion of air pollutants is more difficult to measure, and is often estimated
from models based on monitored air quality and environmental para-
meters. Estimated total wet plus dry deposition of sulfur and nitrogen
have decreased by more than half across much of the eastern United
States since monitoring began in the 1970s (Fig. 1B).

2.2. Emissions and atmospheric deposition of mercury

Mercury is emitted into the atmosphere from a variety of sources,
particularly coal-fired power plants. Mercury emissions from power
plants, incinerators, industry, mining, and biomass burning can travel
long distances before being deposited to the surface of the earth. In the
United States, mercury emissions and deposition decreased sub-
stantially from a peak in the 1980s (Drevnick et al., 2012; Zhang et al.,
2016), while in many other countries mercury emissions have con-
tinued to increase (Pirrone et al., 2010).

2.3. Acidification

Atmospheric deposition of nitrogen, and especially sulfur, con-
tributes to acidification of soils and surface waters that can harm ter-
restrial and aquatic life. Nitrogen deposition also contributes to aquatic
and terrestrial eutrophication. Key acidification metrics for lakes and
streams include the sulfate concentration (largely from atmospheric
deposition), the concentration of toxic dissolved inorganic aluminum
(dissolved from soil), pH (or hydrogen ion concentration), and acid
neutralizing capacity. For example, the acidity of precipitation at
Hubbard Brook Experimental Forest, NH, as reflected by the hydrogen

Fig. 1. Example time series trends in air pollution levels.
A) National emissions of oxidized nitrogen (NOx) and sulfur
dioxide (SO2) throughout the U.S. from U.S. EPA’s National
Emissions Inventory.
B) Annual wet deposition of sulfur (S) and nitrogen (N) since
1979 as measured by the National Atmospheric Deposition
Program at Huntington Forest, NY and total (wet plus dry)
deposition estimated by Schwede and Lear (2014) since 2000
at Big Moose Lake, NY.
C) Mean air concentration of lead (Pb) measured at eight
United States monitoring sites from 1980 to 2015. Data are
annual maximum 3-month averages from U.S. EPA (https://
www.epa.gov/air-trends/lead-trends).
D) Annual average haze index on the haziest 20% of days at
Shining Rock Wilderness, NC, since 1995, plus the glide path
of continuous improvement needed to meet the Regional Haze
Rule requirement of zero human-caused haze by the year
2064. Data source: https://webcam.srs.fs.fed.us/graphs/vis/
index.php?wilderness=shinin.
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ion concentration, decreased by more than 60 μeq l−1 since monitoring
began in the 1960s (Fig. 2A). Recent improvements in water quality and
acid-base chemistry have been documented for hundreds of montane
surface waters such as Big Moose Lake in the Adirondack Park (Fig. 2B;
Fakhraei et al., 2014; Driscoll et al., 2016), including decreasing trends
in sulfate and inorganic aluminum concentrations, and increasing acid
neutralizing capacity. Improvements in water quality in response to
decreasing atmospheric sulfur and nitrogen deposition have also been
reported for many other surface waters throughout the northeastern
United States (Stoddard et al., 1999; Strock et al., 2014), along with the
first evidence of improvements in soil chemistry (Lawrence et al.,
2015). A critically important characteristic of environmental quality is
that recovery processes are complex and vary in time. Improvements in
the environment in response to improvements in air quality often un-
fold over years, decades and longer. Atmospheric sulfur and nitrogen
deposition and associated effects data show clear improvements evident
now. They represent the beginnings of processes of chemical and bio-
logical recovery that will continue to emerge over the next century.

2.4. Lead

One of the earliest air pollution abatement successes in the United
States was the removal of lead-based fuel additives from gasoline, re-
sulting in a>95% decrease in the concentration of lead in the air
(Fig. 1C). Lead causes neurological damage to children and cardiovas-
cular effects in adults, with a strong linear correlation between levels in
human blood and air (Thomas et al., 1999). Decreases in environmental
lead contamination from atmospheric deposition have been docu-
mented in response to lead emissions regulation (Holmes and Likens,
2016), although lead can be strongly held in soil organic matter
(Richardson et al., 2015). The redistribution of lead in ecosystems will
remain a concern for decades (Kaste et al., 2006).

2.5. Haze

Haze affects how far and how clearly we can see. Visibility can be
degraded by light scattering and absorption caused by gasses and par-
ticles in the air. Throughout the eastern United States, the most

important source of the resulting haze has been ammonium sulfate
(http://vista.cira.colostate.edu/Improve/), which derives mainly from
human-caused emissions of sulfur dioxide and ammonia. Haze impairs
the value of the visitor experience in natural areas (Sullivan, 2017).
Federal regulations, as reflected in the Regional Haze Rule, require that
states develop plans to reduce haze to natural background by the year
2064 in highly protected national parks and wilderness areas desig-
nated as Class I areas. It also requires that states make reasonable
progress by following a continuous reduction glide path to natural
conditions on the 20% haziest days. Measurements at the Shining Rock
Wilderness, NC, indicate that haze levels on the haziest days at this
Class I site are decreasing at a rate faster than defined by the Regional
Haze Rule (Fig. 1D). Similar observations have been documented at
many eastern national parks (Sullivan, 2017), although smoke from
forest fires has been an increasingly important component of haze in
recent years in many parts of the western United States.

2.6. Ozone

Near ground level in the lowest layer of the atmosphere known as
the troposphere, ozone is a gaseous component of smog, formed by
atmospheric reactions between nitrogen oxides and volatile organic
compounds in the presence of sunlight. Tropospheric ozone is a
greenhouse gas and also harms the health of both humans and vege-
tation (U.S. EPA, 2013). Ozone concentrations are especially high in
and downwind of urban areas and at many remote mountainous loca-
tions due to atmospheric transport of ozone precursors (Sullivan, 2017).
The current National Ambient Air Quality Standard for ozone to protect
human and environmental health is equivalent to 70 parts per billion,
based on the annual fourth highest daily maximum 8-hour concentra-
tion and averaged over a 3-year period. Ozone concentrations at many
Class I areas have decreased markedly in recent years (Fig. 2C; U.S.
EPA, 2013; Sullivan, 2017).

2.7. Mercury bioaccumulation

Once deposited to soils and water bodies, mercury can be methy-
lated and bioaccumulate in the food web, reaching toxic levels in fish.

Fig. 2. Example time series trends in air pollution effects.
A) Decreasing concentrations of hydrogen ion in precipitation
at Hubbard Brook Experimental Forest, NH over the period of
available data. (Data source: Holmes and Likens 2016).
B) Water chemistry at Big Moose Lake, NY. Adverse impacts
on aquatic life are generally associated with inorganic alu-
minum (Ali) concentrations above 2 μM, pH below about 6.0,
and acid neutralizing capacity (ANC) below 50 μeq l−1 (U.S.
EPA 2009a). Sulfate (SO4

2-) is the major driver of effects.
(Data source: Adirondack Lakes Survey Corporation [http://
www.adirondacklakessurvey.org/]).
C) Atmospheric ozone concentration at Look Rock, Great
Smoky Mountains National Park, TN, expressed as the fourth
highest 8-hour annual average and three-year average con-
centration data. Note that ozone is considered as an “effect”
because it forms in the atmosphere in response to emissions of
its precursors nitrogen oxides and volatile organic com-
pounds. Data source: https://www.epa.gov/outdoor-air-
quality-data/monitor-values-report.
D) Decreasing concentration of calcium in streamwater at the
Hubbard Brook Experimental Forest, NH, reference wa-
tershed, in part reflecting delayed recovery of the soil from
acidification.
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Game fish, wildlife, and humans who consume contaminated fish can
suffer neurological damage from high exposure. Consumption of tuna is
the largest source of human mercury exposure in the United States
(Sunderland, 2007). However, there is evidence that mercury bioac-
cumulation is decreasing. For example, concentrations of mercury in
Atlantic bluefin tuna (Thunnus thynnus) have decreased markedly in
recent years due to emission controls (Lee et al., 2016).

2.8. Ongoing challenges

Despite these successes, we have not eliminated all health and
welfare risks from these air pollutants, and others warrant action to
evaluate trends in exposure, health, and welfare risk. For example,
emissions and deposition of ammonia, which is not regulated in the
United States and derives largely from agriculture and motor vehicles,
have generally not decreased and in many areas have increased (Parker
et al., 2009; Warner et al., 2017).

Some areas that historically received high sulfur and nitrogen de-
position reflect a legacy of soil depletion of calcium and other im-
portant base cation nutrients, affecting the health and regeneration of
calciphylic plants like sugar maple (Sullivan et al., 2013; Holmes and
Likens, 2016). Even under much reduced levels, continued sulfur and
nitrogen deposition have constrained the recovery of soil base nutrient
status and tree growth. For example, at the Hubbard Brook Experi-
mental Forest, soil calcium depletion caused by acidification left a le-
gacy of damage that may take many decades or longer to reverse
(Likens, 2013; Fig. 2D), and forest decline attributable partly to acid-
ification was reversed by experimental calcium addition (Battles et al.,
2014). Even with the improvements discussed here, additional emis-
sions reductions and/or time may be needed for full recovery, parti-
cularly for sensitive components of ecosystems, at this experimental
forest and at other locations across the country. Maintaining critical
long-term monitoring and associated research will remain fundamental
to developing informed evaluations and decisions that define cost-ef-
fective policies for the 21st century.

2.9. Effects on human well-being

Globally, it has been estimated that air pollution contributes to the
premature deaths of millions of people each year (U.S. EPA, 2009b;
West et al., 2016; Landrigan et al., 2017). Air pollution that degrades
ecosystem health has reduced the economic and cultural benefits and
services that natural ecosystems provide (Beier et al., 2017). Examples
include forestry, tourism, fisheries, greenhouse gas mitigation and
others. Air quality is fundamental to human and ecosystem health.
Outdoor exposure to polluted air contributes to a wide range of human
ailments associated with asthma, other respiratory disease, cardiovas-
cular disease, and lung cancer (Brook et al., 2010; Loomis et al., 2013).
Improvements via the Clean Air Act over the period 1970 to 1990
provided the United States an estimated $22 trillion in cumulative
human health and reduced mortality benefits, with about $0.5 trillion
(1990 dollars) in implementation costs. The 1990 Clean Air Act
Amendments are estimated to yield additional health and monetary
benefits equal to $2 trillion in 2020, with compliance costs of ap-
proximately $65 billion in that year (U.S. EPA Office of Air and
Radiation, 2011). Projected economic benefits are attributable to pre-
venting about 230,000 cases of premature mortality in 2020; pre-
venting morbidity, including acute myocardial infarctions and chronic
bronchitis; and improving the quality of environmental resources, the
largest component of which is willingness to pay for improved visibi-
lity.

3. Conclusions

Many of the air pollution issues highlighted here have common
sources. Thus, cleaning up sources of one pollutant can yield co-benefits

with respect to other pollutants. For example, mitigation of water and
soil acidification through controls on sulfur emissions from electricity
generating units reduces emissions of mercury, particulate matter, and
ozone precursors, as well as acidifying compounds.

We increasingly hear public narratives that appear to be grounded
in a post-truth world, where empirical evidence and science take a back
seat to ideology. Perhaps nowhere is this disregard for facts more evi-
dent than in discourse on environmental policy. Environmental scien-
tists are generally effective at analyzing data to assess risk, and com-
municating those findings through time-tested mechanisms of scientific
peer review. We are less skilled at communicating successes and their
scientific foundations to the public and policy-makers, despite many
clear and cost-effective examples of success from local to global scales.
Many of those successes are highlighted with concrete examples here.
In a recent editorial, Lubchenco (2017) encouraged scientists to con-
front the new, and increasingly unsettling, post-truth world by de-
monstrating the value and relevance of science. We show here im-
portant examples of how environmental research and monitoring have
informed air quality policy that has reduced adverse effects of pollu-
tants on humans and ecosystems. Pollutant reductions provide en-
vironmental, social, and economic benefits. These examples show how
we can sustain and enhance these improvements and highlight the ur-
gency to apply these lessons to critical issues such as rising emissions of
greenhouse gases. They underscore the importance of data and fact-
based decision-making. Continued environmental monitoring and as-
sociated research will be even more essential in confronting the accel-
erating changes that lie ahead in order to track improvements, avoid
reversals, and identify emerging threats.
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