
 

 
 

Effects of Early-Childhood 
Exposure to Ambient Lead and 
Particulate Matter on Adult 
Personality 
Arthur Fraas, Randall Lutter, Joshua Murphy, Qinrui Xiahou, Jeff Potter, and 
Samuel D. Gosling 
 
 

Working Paper 23-17 
May 2023 



Resources for the Future   i 

About the Authors 

Arthur Fraas is a visiting fellow at RFF. Fraas works on a variety of issues related to 
energy and the environment, including projects looking at the development of 
retrospective analyses of major environmental rules, the potential regulation of 
greenhouse gases under the Clean Air Act, and issues and tradeoffs with energy 
efficiency regulations. He retired in 2008 from OMB after serving 21 years as chief of 
the Natural Resources, Energy, and Agriculture Branch in OIRA. Before joining the 
OMB, Fraas was a senior economist at the Council on Wage and Price Stability, a staff 
member of the Senate Judiciary Subcommittee on Antitrust and Monopoly, an 
assistant professor of economics at the US Naval Academy, and a staff economist with 
the Federal Reserve System. 

Randall Lutter, PhD, is a senior fellow at the Manhattan Institute, where his research 
focuses on pharmaceutical markets and policy, medical innovation, and regulation. As 
senior science and regulatory advisor in the Office of the Commissioner at the U.S. 
Food and Drug Administration (FDA) from 2017 to 2020, Dr. Lutter led projects 
involving competition in pharmaceutical markets and drug pricing, the regulation of 
tobacco products, and surveillance of medical product supply chains disrupted by 
Covid-19. His work draws from more than 25 years of senior experience in the analysis 
and management of federal programs to protect health, safety, and the environment. 

Joshua Murphy is a senior economist at Natural Resources Canada. He obtained a 
Ph.D. in economics from the University of Toronto. His thesis examined the costs, 
benefits, and efficiency of air quality regulation, including the Clean Air Act of 1970 
and the Clean Air Interstate Rule. 

Qinrui Xiahou is a PhD student in Economics at the University of Hong Kong. Prior to 
joining HKU, she was a Research Analyst at Resources for the Future, a Student 
Research Fellow at the Yale Hixon Center for Urban Ecology, and a Student Associate 
of the Yale Climate Change and Health Initiative. Qinrui’s research focuses on climate 
change economics and policy. Her work involves employing econometrics and energy 
modeling methods to analyze a wide array of policies, such as the Solarize Campaign 
in the state of Connecticut, the low-carbon transition pathways in China, the Clean 
Energy for America Act in the United States, and the Cap-and-Trade Program in 
California. She graduated from Yale University in May 2021 with a master’s degree in 
Environmental Science. 

Jeff Potter is chief technology officer of Enveritas, a Y Combinator-backed non-profit 
working to improve the livelihoods of coffee farmers around the world. Previously, he 
was the vice president of engineering at the James Beard-winning website Food52.  

One of his earliest projects was a site about personality, The Big Five Project. It’s still 
popular; over 15 million people have learned about themselves from the site.  

https://www.thebigfiveproject.com/


Effects of Early-Childhood Exposure to Ambient Lead and Particulate Matter  ii 

 

Samuel D. Gosling is a professor at the University of Texas at Austin. He has three 
main areas of interest: Connections between people and the physical spaces in which 
they live, personality in nonhuman animals, and new methods for obtaining data useful 
for research in the social sciences. 

Acknowledgments 

The authors gratefully acknowledge help from Ted Schwaba, who graciously answered 
questions about his data and code. We also acknowledge assistance from David 
Evans, Carl Pasurka, and Chris Clotworthy who helped assemble data for our lead 
density calculations. Reed Walker and Adam Isen provided their data files (with the 
exception of confidential Census data). Fraas and Xiahou acknowledge financial 
support from the Smith Richardson Foundation.  



Resources for the Future   iii 

About RFF 

Resources for the Future (RFF) is an independent, nonprofit research institution in 
Washington, DC. Its mission is to improve environmental, energy, and natural resource 
decisions through impartial economic research and policy engagement. RFF is 
committed to being the most widely trusted source of research insights and policy 
solutions leading to a healthy environment and a thriving economy.  

Working papers are research materials circulated by their authors for purposes of 
information and discussion. They have not necessarily undergone formal peer review. 
The views expressed here are those of the individual authors and may differ from 
those of other RFF experts, its officers, or its directors. 

Sharing Our Work 

Our work is available for sharing and adaptation under an Attribution-NonCommercial-
NoDerivatives 4.0 International (CC BY-NC-ND 4.0) license. You can copy and 
redistribute our material in any medium or format; you must give appropriate credit, 
provide a link to the license, and indicate if changes were made, and you may not 
apply additional restrictions. You may do so in any reasonable manner, but not in any 
way that suggests the licensor endorses you or your use. You may not use the 
material for commercial purposes. If you remix, transform, or build upon the material, 
you may not distribute the modified material. For more information, visit 
https://creativecommons.org/licenses/by-nc-nd/4.0/. 

  

https://creativecommons.org/licenses/by-nc-nd/4.0/


Effects of Early-Childhood Exposure to Ambient Lead and Particulate Matter  iv 

Abstract 

To assess how early-life exposure to air pollution affects adult personality, we use new 
annual lead (Pb) vehicle emissions data by county, for 1969 to 1981, and “Big Five” 
personality data for 130,000 adults.  Models with county and cohort fixed effects show 
higher Pb exposure during the first five years of life lowers agreeableness and 
increases openness. Weaker evidence suggests Pb lowers conscientiousness and 
increases neuroticism but it has no effect on extraversion. We also assess how 
regulation-induced cuts in total suspended particulates (TSP) levels affect adult 
personality.  We are unable to disentangle early life effects of Pb and TSP. 
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1. Introduction 

The environmental economics literature has typically focused on a familiar set of 
outcomes related to mortality, morbidity, and environmental quality, and sometimes 
cognitive performance, but not noncognitive personality traits. Effects on personality, 
however, may also be important, especially for family relationships and labor market 
performance. Identifying the causal effects on personality of early-life environments 
has been difficult because these environments are so multidimensional and relevant 
quasi-experiments are rare. Schwaba et al. (2021) provide the first analysis we are 
aware of about effects of early-life exposure to air pollution on subclinical adult 
personality traits.  

We contribute to the literature on effects of early-life exposure to pollutants on adult 
outcomes in three different ways. First, we develop and analyze novel county-level 
annual data on vehicular lead (Pb) emissions, using the volume of gasoline sold, its 
lead content, and other data. Second, we improve modeling of the effects of lead on 
personality by introducing fixed effects for counties and cohorts and exploring 
different periods of exposure during early childhood. Finally, we seek to disentangle 
the effects of two airborne pollutants (Pb and particles) on adult personality. 

Following Schwaba et al. (2021), we use “Big Five” personality traits from more than 
132,000 respondents to an Internet survey. These traits (agreeableness, 
conscientiousness, extraversion, neuroticism, openness) are derived from statistical 
analyses and may be identifiable through close observation by a stranger (McAdams 
1995), as they are readily observable. Cobb-Clark (2012) report that these traits are 
stable in adulthood, and Cubel et al. (2016) and Donato et al. (2017) find that they 
predict labor productivity.  

We develop new measures of annual lead emissions from motor vehicles by county 
because leaded gasoline was the primary source of lead in residential environments 
(e.g., EPA Office of Policy Analysis 1985). Our approach relies on publicly available 
data to provide measures of annual Pb density at the county level and at the urban 
core within counties. We also identify difficulties inferring county-level air quality 
measures from the Pb monitoring data available to Schwaba et al. (2021). Given that 
limited data, decisions about the location of new monitors, and the relocation of 
existing ones, as well as their upkeep and maintenance, simply aggregating monitoring 
data—with the necessary interpolation and extrapolation to address missing data—
compromises efforts to provide a measure of annual county-level air quality. We 
compare the new vehicular lead emissions data with the Schwaba et al. (2021) Pb 
monitoring data.  

We examine the effects of reduced lead exposure using Schwaba et al.’s (2021) sample 
of counties (269) and modified versions of their regression specifications. We assess 
the relative effectiveness of lead exposure measures—including Schwaba et al.’s 
(2021) measures of ambient lead based on monitoring data and our new measure 
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based on motor vehicle emissions—in explaining variations in adult personality traits. 
Following Schwaba et al. (2021) and Reyes (2007, 2015), we focus on changes in lead 
emissions and exposure associated with EPA actions under the Clean Air Act (CAA) to 
reduce lead in gasoline. The regulations introduced during the 1970s caused 
variations in lead levels that were not closely tied to local conditions and, therefore, 
plausibly exogenous. The timing of reductions in lead levels during that decade was 
driven by refineries’ choices, considering both EPA’s requirements for the lead content 
of their gasoline and their broader regional marketing opportunities (volumes and 
blends of gasoline sold within regional marketing districts). We isolate the effects of 
early-childhood exposure to high-density vehicular lead emissions on adult 
personality through several refinements. We introduce county-level fixed effects and 
cohort fixed effects and use standard errors clustered by county. We also examine 
how effects of childhood exposure vary with different periods of exposure (e.g., birth 
year, first five years). 

Finally, we assess effects of regulation-induced reductions in total suspended 
particulates (TSP) during the 1970s on adult personality traits. This analysis applies 
some of the methods employed by Isen et al. (2017) and related papers (Chay and 
Greenstone (2003), Chay et al (2003), Chay and Greenstone (2005)), that use the 
designation of nonattainment areas in 1972 (implementing the CAA requirements for 
attaining the National Ambient Air Quality Standards (NAAQS)) as a quasi-experiment 
(i.e., two-stage least-squares estimates based on before-after 1972, attainment–
nonattainment comparisons). We applied this approach to a set of counties broader 
than the 148 in Isen et al. (2017). We avoid potential bias derived from TSP monitor 
placement by using a set of monitors in locations that are unchanged during our 
analysis period.  

The rest of the paper is organized as follows. Sections 2 and 3 provide background 
information on the literature and regulatory requirements. Sections 4 and 5 present 
our preregistered hypotheses and our identification strategy. Section 6 presents our 
data. Our results and conclusions end the paper. The appendices offer details. 

2. Literature 

Two quite different papers report that exposure to air pollution during infancy and 
early childhood adversely affects adult outcomes.  First, using the 1970 CAA as a 
quasi-experiment, Isen et al. (2017) show that regulation-induced reductions in early-
life exposure to TSP increases adult employment and earnings. Their analysis uses 
administrative data from the US Census Bureau’s Longitudinal Employer Household 
Dynamics file, which includes information on labor market outcomes at age 30 and 
county of birth for millions of individuals in 24 states. 

Schwaba et al. (2021), interpreting ambient concentrations of lead as exogenous, 
reported effects of early-life exposure to airborne lead on normal-range personality 
traits. They report that US adults growing up “in counties with higher level 
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atmospheric lead levels had less adaptive personality profiles, were less agreeable and 
conscientious and, among younger participants, more neurotic.” Schwaba et al. (2021) 
argue that these effects are important because they can affect well-being and lifetime 
earnings. This association was statistically significant for adults in their twenties and 
thirties but not older. The authors use the observed peak year of average ambient 
lead concentrations in a county to date the beginning of lead in gas emissions control 
efforts. They do not address whether some peaks may reflect random variation in 
monitoring methods or market conditions, as opposed to the beginning of emissions 
controls, although they note that other changes in the 1970s may also have 
contributed to these changes. 

The two studies, by focusing on distinct but interrelated impacts of different air 
pollutants, invite an integrated assessment of how air pollution during early life can 
affect adult outcomes. We take steps toward such an assessment. 

A broader literature also considers the effect of early-childhood Pb exposure on 
cognitive effects (such as IQ) and behavior in later childhood. For example, Reyes 
(2007, 2015) reports effects of early-childhood exposure on behavior, including 
teenage aggressive behavior and criminal behavior. Other literature reporting 
behavioral effects of childhood Pb exposure in the United States on crime include 
Nevin (2000), and Masters et al. (1998). 

In federal regulatory analyses, the cognitive effects of lead have been more important 
than its noncognitive effects. In its most recent regulatory impact assessment of 
reducing children’s exposure to lead, EPA (2020, ES–15) noted that “to estimate the 
[quantifiable] benefits of the regulatory options for each affected child, the estimated 
value of an IQ point based on its effect on lifetime earnings is multiplied by the 
estimated change in avoided IQ decrement.” EPA (2020) added that “some studies 
found that noncognitive personality traits are at least as predictive of life outcomes as 
IQ,” citing Borghans et al. (2016) and Heckman et al. (2006).  

EPA’s (2020) analysis, however, only discusses the qualitative effects on outcomes 
other than IQ, noting that some (e.g., attention deficit/hyperactivity disorder and 
noncognitive skills, such as effort and initiative) adversely affect labor earnings. Some 
assessments of the impact of cognitive performance on labor market outcomes have 
taken into account noncognitive skills (e.g., Lin et al. (2018)), but limitations on 
measuring these skills have hindered such assessments.  

Other adverse effects of lead include shortened attention span and increased risk for 
antisocial and criminal behaviors, according to Landrigan et al. (2018) and EPA (2013). 
In a study on the phaseout of lead in gasoline in Sweden, Nilsson (2009) reports a 
nonlinear relationship between local air lead levels in early childhood and labor market 
outcomes for young adults, with an adverse effect that is greater for children of lower 
socioeconomic status. Reyes (2007, 2015) finds large negative consequences of early-
childhood lead exposure, in the form of an unfolding series of adverse behavioral 
outcomes culminating in criminal behavior for some young adults. 
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3. Regulatory Requirements 

Obtaining good estimates of the effects of TSP and lead regulations during the 1970s 
requires a nuanced understanding of the implementation of the CAA of 1970, which 
directed EPA to set national air quality standards for six major air pollutants (including 
TSP) and provided the legal framework for regulating lead in gasoline.  

Pb. Lead is a neurotoxin with demonstrated adverse effects of childhood exposure on 
the developing nervous system. In early 1971, the EPA administrator declared that “an 
extensive body of information exists which indicates that the addition of alkyl lead to 
gasoline […] results in lead particles that pose a threat to public health.” In early 1972, 
EPA proposed a rule requiring refiners to produce a nonleaded grade of gasoline and a 
schedule for the phasedown of lead in gasoline. In 1973, EPA issued final rules 
requiring the production of a nonleaded gasoline (37 Federal Register (FR) 10842) and 
a schedule for the phasedown to a 0.6 g/gallon. The rule faced legal challenges, 
delaying its implementation, but was upheld in early 1976 by the DC Circuit court. Until 
then, no binding federal restrictions addressed lead content in gasoline, though 
refiners were required to provide unleaded along with leaded fuels, and by 1975, 
unleaded gasoline had become widely available. In the last part of the 1970s, the EPA’s 
refinery-specific caps on lead content gave refiners flexibility in determining the lead 
content of gasoline delivered to various local markets, though the caps were also 
stringent enough to drive significant reductions in the average lead content across all 
marketing districts and states.  

Figure 1 shows that the average amount of lead in gasoline sold fell from 2.56 grams 
per gallon in 1969 to 0.57 grams per gallon in 1981, with the largest year-to-year 
decline in 1980.1 

 

 

 

 

 
1 The Data section describes data. For a given state, the average lead content of gasoline is 
defined as the sales volume (in gallons) weighted average of the lead content of individual 
fuels (regular, premium, unleaded). The national average lead content was obtained by taking 
sales volume weighted averages of the state averages. 
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Figure 1.  Trend in the Average Lead Content of Gasoline Sold in the US 

Although the lead content of gasoline declined in all states in both the early and late 
1970s, the phasedown varied in extent and timing. The earliest and strongest declines 
were in Michigan, Indiana, Illinois, Iowa, and Wisconsin. States that initially saw 
relatively weak declines in the early 1970s, such as Oklahoma, Arkansas, Missouri, 
Texas, and Kansas, caught up via relatively strong declines later in the decade (Figure 
2a shows a negative correlation between changes in lead content in the early versus 
late 1970s). Because the regulations ultimately required refiners everywhere to meet 
the same standard, those states with the highest initial lead content (e.g., Texas, 
Louisiana) saw the largest declines during the entire decade (Figure 2b). 

Figure 2. Differences in The Timing of The Lead Phasedown across 
States during the 1970s 

Panel A: Early versus Late Reductions in The Lead Content of Gasoline 
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Panel B: Changes in The Lead Content of Gasoline versus Initial Levels 

TSP. The CAA required EPA to set NAAQS in early 1971 for six criteria air pollutants, 
including TSP (36 FR 8186). To bring areas into attainment with the NAAQS, the 1970 
CAA established a formal process requiring states to submit specific implementation 
plans for EPA approval. These plans had to identify nonattainment areas and adopt 
the control measures necessary to meet and maintain the NAAQS (37 FR 10842). In its 
1972 final rule approving the state plans, EPA recognized that “the aggregate emission 
control requirements of the 55 State plans will create such a great demand for clean 
fuels, emission control equipment, and other items that attainment of the primary 
standards in many urban areas in significantly less time than 3 years generally will not 
be feasible” (37 FR 10843). 

Figure 3 summarizes steps taken by EPA in the 1970s to regulate Pb emissions from 
motor vehicles and implement the NAAQS for TSP. 

Figure 3. Key Steps in Federal Regulation of Lead and Total Suspended Particulates Emissions 
in the 1970s 
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4. Hypotheses 

We present our four preregistered hypotheses—noting that additional hypotheses 
were developed during preliminary data analysis.  

First, as Pb from motor vehicle emissions is considered the primary source of 
exposure in residential environments, we hypothesized that our new measure of 
county-level annual density of vehicular Pb emissions is positively correlated with 
ambient monitoring data.  

Second, we expected our measure to better explain variations in adult personality 
traits in the Schwaba et al. (2021) framework, as it may better reflect population 
exposure.  

Third, we hypothesized that Pb exposure through the first five years of life (including 
in utero for children born late in the calendar year) will predict adult personality 
roughly as well as measures of exposure over 18 years of childhood. While Schwaba et 
al. (2021) report associations between cumulative Pb exposure over the first 18 years 
and adult personality traits, multiple authorities suggest the key period is the first six 
years. The CDC’s blood Pb reference level, for example, is based on data from children 
ages 1–5 (Ruckart et al (2021). Its Lead Poisoning Prevention Program states “Children 
less than six years old are at a higher risk of lead exposure […] because their bodies 
are rapidly developing and more susceptible to taking in lead if exposed” (CDC 
undated). The US Department of Health and Human Services’ goal to reduce childhood 
exposure to Pb focused on children under six years old (Ruckart et al (2021).  

Fourth, using the nonattainment provisions of the CAA of 1970 to isolate exogenous 
reductions in TSP similar to Isen et al. (2017), we expected to find that exposure to 
TSP while in utero and up to age 6 will have an additional effect (after controlling for 
Pb exposure) personality traits. In implementation, we shifted our focus to exposure 
limited to the year of birth, for simplicity and consistency with Isen et al. (2017). 

5. Identification 

We apply the identification strategy of Schwaba et al. (2021), who use the phasedown 
of Pb in gasoline to identify exogenous reductions in Pb pollution. We also use the 
same model specification, except we introduce county fixed effects, cohort fixed 
effects, clustering of standard errors by county, and a new measure of Pb that avoids 
reliance on interpolations and extrapolations to resolve sparse and intermittent 
ambient monitoring from before the phaseout of leaded gasoline. Our introduction of 
county fixed effects means that we exploit variation in the timing and extent of Pb 
reductions across counties. 
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We also apply the identification strategy of Isen et al. (2017), who use the introduction 
of NAAQS for TSP to estimate causal effects of reductions in TSP pollution. Following 
Isen et al. (2017), we identify effects of TSP by using an indicator variable for whether 
a given county’s air quality in 1971 met or exceeded the standard for TSP that EPA 
issued in 1971. 

6. Data 

The data in our analysis are available from government sources, appear in studies, 
including supplemental material from Schwaba et al. (2021) and Isen et al. (2017), or 
come from historical (paper) documents available in research libraries. We use EPA 
monitoring data for airborne concentrations of Pb and TSP, GPIPP data on personality 
traits measured on a scale of 1–5, family characteristics, and county-level economic, 
environmental, and demographic variables.  

We construct a new measure of the density of Pb emissions from motor vehicles by 
county and calendar year using data from several sources: 

• Quantity sold in gallons, by month and grade, of leaded and unleaded 
fuel, by state and for DC, 1970–1982. Ethyl Corporation (Petroleum 
Chemicals Division) provides these data in its Yearly Report of 
Gasoline Sales: By States.  

• Pb content of gasoline (grams per gallon) by grade (premium, 
regular, unleaded), for each of 17 marketing districts, which together 
cover the United States, by season (summer = June, July, and 
August; winter = December, January, and February), for 1968–1982. 
The source is DOE Bartlesville Energy Research Center.  

• EPA’s data on nitrogen oxides (NOx) emissions from motor vehicles 
by state and by Air Quality Control Regions covering all counties in 
all states, 1972–1980, from the annual National Emissions Report (of 
EPA’s National Emissions Data System), beginning in 1972. We use 
NOx emissions to apportion state-wide gasoline use to AQCRs. 

• Census data on population by county and state, by year. Estimates of 
county populations by calendar year since 1969 are available at 
https://www.census.gov/data/datasets/time-
series/demo/popest/2010s-counties-detail.html. We use AQCR 
population to estimate per capita Pb emissions from motor vehicles 
within an AQCR.  

• We use census data to estimate population density in the core urban 
area within the county. 
https://www2.census.gov/prod2/decennial/documents/1980/1980

https://www.census.gov/data/datasets/time-series/demo/popest/2010s-counties-detail.html
https://www.census.gov/data/datasets/time-series/demo/popest/2010s-counties-detail.html
https://www2.census.gov/prod2/decennial/documents/1980/1980censusofpopu8011uns_bw.pdf
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censusofpopu8011uns_bw.pdf (for the 1980s) and 
https://www.census.gov/library/publications/1973/dec/population
-volume-1.html#par_textimage_43 (for the 1970s).  

More specifically, our calculation sums across all leaded grades of gasoline the 
product of the Pb content (grams/gallon) and the gallons sold. We calculate vehicular 
Pb emissions for each AQCR by multiplying estimates of Pb emissions for a specific 
state and a specific year by that AQCR’s vehicular NOx divided by state-wide vehicular 
NOx emissions in that same year.  

Some counties, such as Alameda County CA, have areas with low population densities 
and other areas that are quite urban and densely populated. Since these patterns of 
development may lead to Pb emissions that are heterogeneous within a county, we 
construct a measure of Pb density for the urban core, which implies that exposure 
outside the urban core is negligible. In counties with no urban core, we use an 
estimate of countywide Pb density—countywide Pb emissions divided by countywide 
geographic size.  

Our measure of Pb emissions from motor vehicles in core urban areas is predictive of 
monitored ambient Pb concentrations. Table 1 reports cross-sectional correlations 
between our measures of Pb density and the county average of monitor-specific 
annual mean Pb concentrations in 1975, partway through the phasedown. Excluding 
source-oriented monitors from the calculation of county-average Pb concentrations, 
or dropping counties with primary Pb or copper smelters altogether, improves the 
correlations considerably, as our measure of Pb density focuses solely on traffic-
related pollution, whereas ambient monitoring is also affected by large industrial 
emitters. Other adjustments, such as excluding monitors that are high above ground 
(which may not be affected by vehicle emissions) or have fewer than five readings (an 
EPA requirement for valid quarterly data), have negligible effects on the correlations. 
The log-log formulation provides the best fit. Our measure of Pb density that focuses 
on the urban core significantly outperforms county-average Pb density, consistent 
with requirements for state and local authorities to focus monitoring efforts on the 
most heavily urbanized areas. These correlations demonstrate the predictive ability of 
our measure. 
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Table 1. Correlations between Lead Density and Monitored Ambient Lead Concentrations 

    Excluding source-oriented monitors 

 
All counties 
and monitors 

Excluding 
counties with 
smelters 

All counties 
and monitors 

Excluding 
monitors >15 
feet above 
ground 

Excluding 
monitors with 
<5 readings 
per year 

Log-log, all 
counties and 
monitors 

Lead density 
measure (kg 
per sq. mile) 

(1) (2) (3) (4) (5) (6) 

Unadjusted 0.19 0.26 0.26 0.26 0.29 0.26 

Urban 
adjusted 

0.27 0.40 0.40 0.42 0.41 0.75 

# Counties 235 224 231 171 221 231 

Note: Each county’s ambient lead concentration is the simple average of monitor-specific annual means. Only 235 counties 
had valid lead monitoring data in 1975. 

The ambient Pb and TSP monitoring data used for the analysis are from the EPA’s Air 
Quality System. Ambient Pb concentrations were themselves based on analysis of TSP 
filters. While TSP monitors and monitored counties increased quickly during the early 
and mid-1970s due to CAA monitoring requirements (Murphy 2017), the number of 
monitors reporting ambient Pb concentrations were—with the exception of more 
intensive monitoring efforts in 1968 and 1975—generally quite limited until the late 
1970s. Sampling was infrequent, with most monitors recording 30 to 60 24-hour 
averaged (daily) readings per year.  

Pb monitoring was somewhat more haphazard than TSP monitoring, with less frequent 
sampling throughout the year and more churning from one year to the next (a location 
being monitored in one year and not monitored in the next). In addition to the lack of 
continuous and long-term Pb monitoring data, measuring trends in Pb concentrations 
is further complicated by an apparent effort to manage the monitor network so as to 
detect high Pb concentrations yet minimize the overall cost of monitoring. As shown 
in Figure 4, using annually averaged data, we found a consistent effort to conduct new 
sampling (or restart sampling) in areas with relatively high Pb concentrations and to 
cease sampling in areas with relatively low concentrations. For these reasons, we 
suggest caution when interpreting results based on trends in ambient Pb 
concentrations (we use Schwaba et al.’s (2021) county-year panel in some 
regressions) and prefer instead those based on our measure of vehicular Pb 
emissions. 
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Figure 4. Differences in Ambient Lead Concentrations among 
Remaining, New, and Retiring Monitors 

Note: For a given year, t, the dark blue dots represent differences in the annual average of 24-
hour readings in that year between “remaining monitors” (those active in years t-1, t, and t+1) 
and “new monitors” (monitors active in year t but not year t-1), and the coral dots represent 
differences between remaining monitors and “retiring monitors” (monitors active in year t but 
not year t+1). 

Our analysis covers 250 counties included in Schwaba et al. (2021) (excluding Alaska, 
Hawaii, and Puerto Rico). We use the GPIPP personality traits data at the individual 
level. The GPIPP website has collected personality data for millions of people since the 
early 2000s (Schwaba et al. 2021). Schwaba et al. (2021) provided access to 59 years 
(1960–2018) of Pb monitoring data for the 269 counties in their analysis, including 
interpolations and extrapolations. Consistent with Isen et al. (2017), we have access to 
9 years (1969–1977) of data for annual TSP measures (though not necessarily for all 
269 counties). Table A3.1 in Appendix 3 presents summary statistics of the variables 
used in our statistical analyses. 
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7. Results 

Using the data and code provided by Schwaba et al. (2021), we replicate their 
published results and then modify their analysis in several ways. We control for fixed 
effects for counties and five-year cohorts (beginning in 1965, 1970, etc.), so that our 
measure of the effect of Pb concentrations reflects variations within a county and 
within a cohort. We also use standard errors clustered by county. We transform the 
ambient Pb concentrations by using natural logs and find that the effect of (the log of) 
ambient Pb concentrations is statistically significant at the 95 percent confidence 
level, as shown in Table 2 for agreeableness. Using a period of exposure of five years 
beginning with the birth year improves the statistical significance level to 99 percent 
confidence and leaves the R2 unchanged. Limiting the analysis to only those years for 
which we have Pb density data (birth years 1969–1977) increases the absolute value of 
the effect from 0.022 to 0.082, leaving it statistically significant at the 99 percent level 
and raising the R2 from 0.14 to 0.18. Thus, we find evidence to support the first 
hypothesis that Pb exposure in the first five years predicts personality traits as well as 
exposure in the first 18 years does.  

In Model 4, we present a measure of Pb density expressed as annual emissions per 
square meter of core urban areas in the county. We first consider a measure of 
vehicular Pb emissions constructed without adjustment for the urban core but 
discover that the adjustment performs better, as discussed in Appendix 2. We find 
that the adjusted measure predicts adult agreeableness as well as the ambient Pb 
measure used in Model 3—the coefficient for Pb density has a slightly higher t-ratio 
and the equations yield the same R2. In online Appendix 4, Tables A4.1 to A4.5, we 
present similar tables for all five personality traits. 
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Table 2. Effects of Early-Life Exposure to Lead on Adult Agreeableness 

 (1) (2) (3) (4) 

log(Lead 
concentration+1) 

-0.032 -0.022* -0.082***  

(0.029) (0.013) (0.026)  

log(Lead density 
(adj)+1) 

   -0.124*** 

   (0.035) 

Age 
0.026*** 0.026*** 0.027*** 0.027*** 

(0.001) (0.001) (0.001) (0.001) 

Parental college 
-0.014*** -0.014*** -0.040*** -0.040*** 

(0.004) (0.004) (0.006) (0.006) 

Median county 
income 

-0.161*** -0.161*** -0.247*** -0.247*** 

(0.005) (0.005) (0.009) (0.009) 

Period of 
Exposure 

18 years 5 years 5 years 5 years 

Cohort   1969–1977 1969–1977 

Avglead 0.181 0.433 0.987 1.459 

Sdlead 0.326 0.571 0.53 1.098 

Observations 1,059,813 1,059,813 132,383 132,383 

R2 0.014 0.014 0.018 0.018 

Adjusted R2 0.014 0.014 0.016 0.016 

Notes: All data except lead density are from Schwaba et al. (2021). Parentheses contain 
standard errors, clustered at the county level. *p < 0.1; **p < 0.05; ***p < 0.01. All regressions 
include county and five-year cohort fixed effects. Counties with smelters or in Alaska, Hawaii, 
and Puerto Rico are removed. Lead concentration is the arithmetic mean of nonzero monitor 
readings within the county over the first five years of life (μg /m3). The mean and standard 
deviation are displayed as “Avglead” and “Sdlead.” 
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As shown in Table 3, using the log of Pb concentrations, dummies for counties and 
cohorts, five-year periods of exposure, and standard errors clustered by county leads 
to statistically significant effects of the log of ambient Pb concentrations on 
agreeableness; the effects of extraversion and openness are statistically significant at 
the 95 and 90 percent levels, respectively. No statistically significant effect was found 
on conscientiousness and neuroticism. 

Table 3. Effects of Ambient Lead Concentrations During Early Life on 
Adult Personality 

 Agr Con Ext Neu Ope 

 (1) (2) (3) (4) (5) 

log(Lead 
concentration+1) 

-0.082*** -0.036 0.056** 0.024 0.055* 

(0.026) (0.033) (0.028) (0.030) (0.029) 

Age 
0.027*** 0.027*** 0.008*** -0.025*** -0.012*** 

(0.001) (0.001) (0.001) (0.001) (0.001) 

Parent college 
-0.040*** -0.078*** 0.019*** -0.048*** 0.248*** 

(0.006) (0.007) (0.006) (0.007) (0.007) 

Median county 
income 

-0.247*** -0.160*** -0.039*** 0.210*** 0.053*** 

(0.009) (0.010) (0.010) (0.011) (0.009) 

Cohort 1969–1977 1969–1977 1969–1977 1969–1977 1969–1977 

Avglead 0.987 0.987 0.987 0.987 0.987 

Sdlead 0.538 0.538 0.538 0.538 0.538 

Observations 132,383 132,383 132,383 132,383 132,383 

R2 0.018 0.091 0.006 0.018 0.027 

Adjusted R2 0.016 0.089 0.004 0.016 0.025 

Note: Traits are agreeableness, conscientiousness, extraversion, neuroticism, and openness. *p 
< 0.1; **p < 0.05; ***p < 0.01. All regressions include county and five-year cohort fixed effects. 
Standard errors are clustered at the county level. Counties with smelters or in Alaska, Hawaii, 
and Puerto Rico are removed. Lead concentration is the arithmetic mean of nonzero monitor 
readings within the county over the first five years of life (μg /m3). The mean and standard 
deviation are displayed as “Avglead” and “Sdlead.” 
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In Table 4, we use our measure of vehicular Pb emissions density in urban cores 
instead of ambient Pb concentrations. We believe our measure avoids sparse and 
incomplete monitoring of ambient concentrations before the mid-1970s and the 
resulting need for interpolations or extrapolations used by Schwaba et al. (2021). It 
also sidesteps biases that may be associated with strategic choice of ambient Pb 
monitoring locations.  

Using our measure, we find that the t-ratios improve for agreeableness, 
conscientiousness, neuroticism, and openness but not extraversion. Effects of Pb 
density in early life are statistically significant at the 99 percent level for 
agreeableness and openness and at the 95 percent level for conscientiousness and 
neuroticism. The signs of the coefficients for all traits are the same in the models with 
Pb density as in the models with ambient Pb concentrations.  

Comparing our results with the results that Schwaba et al. (2021) emphasize, we find 
that agreeableness and conscientiousness have a negative effect that is strongly 
statistically significant (at the 95 percent or greater level). In addition, we also find a 
positive effect that is strongly statistically significant for openness. Finally, although 
Schwabe et al. (2021) only report a positive effect for neuroticism with additional 
controls among younger respondents, we find a more robust positive effect that is 
statistically significant at the 95 percent level.  

We also consider models using Pb instead of the log of Pb, although such models 
implicitly assign greater influence to declines in the few counties that have high initial 
levels. In these models, presented in online Appendix 4 in Table A4.6, ambient Pb 
concentration has a statistically significant negative effect on agreeableness (at the 
99 percent level), a positive effect on extraversion (at the 95 percent level), and a 
positive effect on openness (at the 90 percent level). Replacing it with Pb density 
changes these results slightly (Table A4.7). Pb density has a statistically significant 
negative effect on agreeableness (at the 95 percent level), no effect on extraversion, 
and a positive effect on openness (at the 99 percent level). In models treating 
concentration and density linearly, no statistically significant effect appeared for 
conscientiousness and neuroticism.  

We are not aware of a theoretical reason why the relationship between Pb exposure and 
each of the Big Five personality traits should be the same for all five traits and believe 
additional analysis of the functional form of such relationships may be warranted.  

Before exploring potential effects of early-life exposure to TSP and personality, we 
consider whether the results vary if we limit our analysis to only those counties for 
which we have valid ambient TSP data from 1969 to 1981 from a set of monitoring 
locations that generated TSP data for all the years in our analysis period. Imposing 
this constraint does not change any of the results in Tables 3 and 4. 
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Table 4. Effects of Vehicular Lead Emissions during Early Life on Adult Personality Traits 

 Agreeableness Conscientiousness Extraversion Neurotic Openness 

 (1) (2) (3) (4) (5) 

log(Lead 
density+1) 

-0.124*** -0.066** 0.021 0.068** 0.183*** 

(0.035) (0.030) (0.034) (0.032) (0.039) 

Age 
0.027*** 0.027*** 0.008*** -0.025*** -0.013*** 

(0.001) (0.001) (0.001) (0.001) (0.001) 

Parent 
college 

-0.040*** -0.078*** 0.020*** -0.048*** 0.248*** 

(0.006) (0.007) (0.006) (0.007) (0.007) 

Median 
county 
income 

-0.222*** -0.147*** -0.041*** 0.195*** 0.012 

(0.014) (0.013) (0.012) (0.014) (0.012) 

Cohort 1969–1977 1969–1977 1969–1977 1969–1977 1969–1977 

Avglead 1.459 1.459 1.459 1.459 1.459 

Sdlead 1.098 1.098 1.098 1.098 1.098 

Observations 132,383 132,383 132,383 132,383 132,383 

R2 0.018 0.091 0.006 0.018 0.028 

Adjusted R2 0.016 0.089 0.004 0.016 0.026 

Cohort 1969–1977 1969–1977 1969–1977 1969–1977 1969–1977 

Note: Dependent variables are agreeableness, conscientiousness, extraversion, neuroticism, and openness. *p < 0.1; **p < 
0.05; ***p < 0.01. All regressions include county and five-year cohort fixed effects. Standard errors are clustered at the county 
level. Counties with smelters or in Alaska, Hawaii, and Puerto Rico are removed. Lead density is the average estimated lead 
emissions divided by area within the county over the first five years of life (μg /m2). The mean and standard deviation are 
displayed as “Avglead” and “Sdlead.” 

In Table 5, we present results of the basic model of personality traits using the 
predicted values of TSP based on an instrumental variable approach developed by 
Isen et al. (2017), which uses a county’s status regarding nonattainment of the initial 
NAAQS for TSP. In this model, we avoid complications from the strategic behavior of 
local air quality regulatory agencies by including TSP data from only those locations 
that have monitors active in every year from 1969 through 1977.  
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Exposure to TSP in the birth year has statistically significant negative effects on 
agreeableness and conscientiousness and a positive effect on openness (all at the 99 
percent confidence level). Effects on extraversion and neuroticism are not significant. 
For all five traits, the data reject the null hypothesis that the instrument is weak at 
conventional levels of significance and the hypothesis that the independent variable (IV) 
estimate is equivalent in consistency to simple OLS estimates, except for extraversion. 

Table 5. Effects of Exposure to TSP in The Year of Birth on Adult Personality Traits Using 
Instrumental Variables 

 Agreeableness Conscientiousness Extraversion Neurotic Openness 

 (1) (2) (3) (4) (5) 

TSP 
-0.003*** -0.003*** -0.0003 0.002 0.004*** 

(0.001) (0.001) (0.001) (0.001) (0.001) 

Age 
0.028*** 0.028*** 0.008*** -0.026*** -0.014*** 

(0.001) (0.001) (0.001) (0.001) (0.001) 

Parent college 
-0.042*** -0.080*** 0.020*** -0.046*** 0.242*** 

(0.007) (0.008) (0.007) (0.009) (0.008) 

Median county 
income 

-0.169*** -0.122*** -0.083*** 0.202*** 0.003 

(0.027) (0.026) (0.023) (0.032) (0.032) 

Cohort 1969–1977 1969–1977 1969–1977 1969–1977 1969–1977 

Avgtsp 88.354 88.354 88.354 88.354 88.354 

Sdtsp 27.61 27.61 27.61 27.61 27.61 

Weak instruments 0.000 0.000 0.000 0.000 0.000 

Wu-Hausman 0.001 0.001 0.959 0.049 0.000 

Observations 97,440 97,440 97,440 97,440 97,440 

R2 0.017 0.090 0.005 0.018 0.025 

Adjusted R2 0.015 0.088 0.003 0.016 0.023 

Note: *p < 0.1; **p < 0.05; ***p < 0.01. All regressions include county and five-year cohort fixed effects. Standard errors are 
clustered at the county level and presented in parentheses. Counties with smelters or in Alaska, Hawaii, and Puerto Rico are 
removed. TSP emissions are at the county level in the birth year. The mean and standard deviation are displayed as “Avgtsp” 
and “Sdtsp.” The p-values of the regression diagnostics are presented in the “Weak instruments” and “Wu-Hausman” rows. 
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Table 6 presents the first-stage regression underlying Table 5, along with two 
additional exogenous variables: the log of ambient Pb concentrations and the log of 
annual vehicular Pb density. The latter performs better—its effect is statistically 
significant at the 99 percent confidence level. 

Table 6. First-Stage Results from Independent Variable Regressions 

 Dependent variable: annual county average TSP 

 (1) (2) (3) 

TSP nonattainment 
status 

-10.058*** -9.568*** -7.306*** 

(1.790) (1.909) (1.809) 

log(Lead 
concentration+1) 

 8.578  

 (9.666)  

log(Lead density+1) 
  23.806*** 

  (8.408) 

Age 
0.060** 0.038 -0.030 

(0.030) (0.033) (0.034) 

Parent college 
-0.181** -0.186** -0.187** 

(0.087) (0.086) (0.085) 

Median county 
income 

22.369*** 21.339*** 19.954*** 

(0.699) (1.418) (1.090) 

Cohort 1969–1977 1969–1977 1969–1977 

Observations 97,440 97,440 97,440 

R2 0.982 0.982 0.983 

Adjusted R2 0.982 0.982 0.983 

Note: *p < 0.1; **p < 0.05; ***p < 0.01. All regressions include county and five-year cohort fixed 
effects. Standard errors are clustered at the county level and presented in parentheses. 
Counties with smelters or in Alaska, Hawaii, and Puerto Rico are removed. 
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To disentangle the relative importance of early-life exposure to TSP versus Pb, Table 
7 presents the reduced form IV results using the first stage from Model 3 in Table 6. 
We find that the effects of birth year exposure to TSP are statistically significant at 
the 99 percent confidence level for conscientiousness and at the 90 percent level for 
agreeableness and have the same sign as the effects of vehicular Pb density shown in 
Table 4. The effects of vehicular Pb density in these models, however, is not 
statistically significant on any personality trait. We note that the standard errors 
associated with these effects are large, approximately twice those reported in Table 4. 
We believe that the correlation between Pb density and TSP shown in the first-stage 
IV model (Table 6) is so high that introducing both the predicted TSP and the 
vehicular Pb density measure in the second-stage model (Table 7) leads to the weak 
performance and general insignificance of both measures of environmental quality. 
Use of ambient Pb concentration instead of Pb density leads to similar results. Put 
simply, use of Pb density as an instrument for TSP generates too much correlation in 
the second stage for discriminating results. 
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Table 7. Instrumental Variable Estimates of the Effects of Early-Life Exposure to TSP and Lead 
Density on Adult Personality 

Note: *p < 0.1; **p < 0.05; ***p < 0.01. All regressions include county and five-year cohort fixed effects. Standard errors are 
clustered at the county level and presented in parentheses. Counties with smelters or in Alaska, Hawaii, and Puerto Rico are 
removed. TSP emissions are at the county level in the birth year. Lead density is the average estimated lead emissions 
divided by area of the urban core within the county over the first five years of life (μg /m2). The mean and standard deviation 
are displayed as “Avglead/tsp” and “Sdlead/tsp.” The p-values of regression diagnostics are presented in the “Weak 
instruments” and “Wu-Hausman” rows. 

 Agreeableness Conscientiousness Extraversion Neurotic Openness 

 (1) (2) (3) (4) (5) 

TSP 
-0.003* -0.004*** -0.001 0.002 0.003 

(0.002) (0.002) (0.002) (0.002) (0.002) 

log(Lead 
density+1) 

-0.009 0.084 0.027 0.005 0.076 

(0.079) (0.077) (0.074) (0.086) (0.093) 

Age 
0.028*** 0.028*** 0.008*** -0.026*** -0.014*** 

(0.001) (0.001) (0.001) (0.001) (0.001) 

Parent college 
-0.042*** -0.080*** 0.020*** -0.046*** 0.242*** 

(0.007) (0.008) (0.007) (0.008) (0.008) 

Median county 
income 

-0.170*** -0.109*** -0.079*** 0.203*** 0.015 

(0.032) (0.031) (0.030) (0.040) (0.038) 

Cohort 1969–1977 1969–1977 1969–1977 1969–1977 1969–1977 

Avgtsp 88.354 88.354 88.354 88.354 88.354 

Sdtsp 27.61 27.61 27.61 27.61 27.61 

Avglead 1.588 1.588 1.588 1.588 1.588 

Sdlead 1.172 1.172 1.172 1.172 1.172 

Weak instruments 0 0 0 0 0 

Wu-Hausman 0.035 0.003 0.819 0.196 0.017 

Observations 97,440 97,440 97,440 97,440 97,440 

R2 0.017 0.089 0.005 0.018 0.026 

Adjusted R2 0.015 0.087 0.003 0.016 0.024 
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8. Conclusion 

Reducing Pb exposure continues to be a policy priority. Recent bipartisan 
infrastructure legislation will “eliminate the nation’s lead service lines” and “invest $55 
billion to expand access to clean drinking water for households, businesses, schools, 
and child care centers all across the country,” according to The White House, 2021.  
The US EPA is soliciting comment on a recent revision to the rule on Pb and copper in 
drinking water and has extended to October 2024 the compliance deadline for the 
revision finalized in January 2021 (National Primary Drinking Water Regulations, 2021). 
The agency ordered Benton Harbor, Michigan to take immediate actions to improve 
safety and reliability of its drinking water (EPA, 2021).  In 2018, residents were told to 
flush their drinking water for five minutes daily to help reduce potential toxins that 
had been stagnant in lead pipes for extended period (Abdel-Baqui. 2021). The EPA is 
also evaluating the air quality impact of leaded gasoline used in piston-engine aircraft 
(EPA 2020; President’s Task Force on Environmental Health Risks and Safety Risks to 
Children, 2018). Seventy percent of Pb in the US atmosphere from leaded fuel are from 
these aircraft, and Pb exhaust particles are small enough—around 13 nanometers—to 
penetrate mucosal tissue in the lung and be readily taken up by epithelial cells 
(Griffith et al. 2020). 

This research suggests that young children’s environment, including exposures to Pb 
and airborne particulates, may have subtle subclinical effects on aspects of 
personality observable to strangers. Our analysis provides the first modeling explicitly 
linking EPA’s regulation of leaded gasoline in the 1970s to personalities of people born 
from 1969 to 1977 when assessed several decades later. We find that vehicular Pb 
density in urban core areas during early life predicts adult personality better than 
ambient Pb concentrations do. In models that treat vehicular Pb emissions as 
exogenous, it lowers agreeableness and conscientiousness and increases neuroticism 
and openness. It has no statistically significant effect on extraversion. In addition, 
vehicular Pb levels in the birth year plus the next four years better predicts adult 
personality than exposure in the birth year or over 18 years.  

Additional research is necessary, however. The nature of the relationship between Pb 
during early life and adult personality merits additional attention, particularly because 
it may vary by trait. In addition, our modeling, which controls for both county and 
cohort fixed effects, may not adequately control for other changes in the early-life 
environment that occurred in the counties that we studied during the period of our 
analysis. In particular, modeling of adult personality and TSP suggests that TSP 
reductions driven by nonattainment with EPA’s NAAQS may also affect personalities 
of adults decades later. More data may be needed to disentangle the separate effects 
of early-life exposure to Pb and TSP on adult personality. 
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Appendices 

Appendix 1.  EPA’s Actions to Regulate TSP and Lead 
from Motor Vehicles During the 1970s 

A1.1.  TSP 

—EPA established NAAQS for the criteria pollutants, including TSP, on April 20, 1971 
(36 FR 8186). 

—Section 110 required states to prepare and submit for EPA approval plans within 
nine months after EPA established NAAQS. State plans were to include the 
designation of AQCRs as attainment or nonattainment areas. On August 14, 1971, EPA 
published a final notice (36 FR 15486) setting out its requirements for the preparation, 
adoption, and submittal of state plans.  

—State plans were submitted in early 1972—as of May 31, 1972, all states had 
submitted plans (although some were incomplete) (37 FR 10842). 

—On May 31, 1972, EPA published a notice approving the states’ plans, including 
designations—or disapproving parts of the plans and requiring revisions or additional 
provisions where it determined a plan was inadequate (e.g., EPA required Colorado to 
add transportation control measures) (37 FR 10842). 

—State plans were required under the CAA requirements to provide for attainment of 
the NAAQS within three years from the date of EPA approval (although EPA could 
also grant an extension of up to two years under the CAA). It is unlikely that sources 
would immediately achieve significant reductions in their PM emissions in 1972 or 
1973—required levels of control would likely be achieved only over subsequent years 
to meet the 1975 deadline. The May 31, 1972, final rule indeed stated that “it is already 
clear, however, that the aggregate emission control requirements of the 55 state plans 
will create such a great demand for clean fuels, emission control equipment, and other 
items that attainment of the primary standards in many urban areas in significantly 
less time than 3 years generally will not be feasible” (37 FR 10843). 

A1.2.  Lead 

EPA was also active in lowering the lead (Pb) content of gasoline beginning in 1971, 
before its well-known actions to eliminate it during the Reagan administration. 

1. January 1971: EPA administrator Ruckelshaus declared that “an extensive body of 
information exists which indicates that the addition of alkyl lead to gasoline...results in 
lead particles that pose a threat to public health.” 
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2. EPA's first rule, issued January 10, 1973 (EPA, 1973): EPA required the general 
availability of one grade of unleaded gasoline by July 1, 1974 (required for catalysts 
controlling HC tailpipe emissions). EPA also reproposed a phasedown schedule for 
leaded gasoline, with a final limit of 1.25 g/gallon by January 1, 1978. 

3. EPA's 2nd rule (December 1973): EPA limited Pb content per gallon averaged over 
all gasoline (leaded and unleaded) at the refinery according to the following 
phasedown schedule: 

• July 1, 1975: 1.7 g/gal 

• July 1, 1976: 1.2 g/gal 

• July 1, 1977: 0.9 g/gal 

• July 1, 1977: 0.6 g/gal 

The final rule also provided a two-year delay (until July 1977) of the scheduled 
phasedown for small refiners (EPA, 1973). 

4. Judicial support: The federal DC Circuit Court in March 20, 1976, upheld EPA’s rule 
shifting the scheduled reductions to begin in 1976, to phase down to 0.6 g/gal in 1979. 
(New York Times, 1976). 

Appendix 2.  A Novel Measure of Lead Emissions from 
Gasoline 

We present a measure of lead (Pb) emissions from motor vehicle gasoline that is novel 
relative to existing measures because it varies by county and year. It may prove to be 
a measure of emissions relevant to exposure that is more accurate and useful than 
other measures used.  

Our measure by county i, in year t, is expressed as kilos of Pb emitted from cars and 
trucks using gasoline, per square kilometer, Pbi,t. We find data to construct this 
measure starting in 1970 and ending in 1982, after the phaseout was complete. 

Data Sources. We use the following data: 

1. Quantity sold in gallons, by month and grade, or leaded and unleaded fuel, by 
state and for DC.  

a. Ethyl Corporation (Petroleum Chemicals Division) provides these 
data in its Yearly Report of Gasoline Sales: By States. We found only a 
hard copy.  
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b. These data start in 1970 and run to 1982. The yearly report provides 
quantity sold of leaded and unleaded premium and nonpremium. The 
first year of data on unleaded gasoline sales volume is 1975; it made 
no distinction between unleaded premium and unleaded regular. 
Sales volume data for both unleaded premium and unleaded 
nonpremium first appear in 1981.  

c. Data revisions appear in the Report of Gasoline Sales for the 
following year (Table A2.1). 

2. Pb content of gasoline (grams per gallon) by grade (premium, regular, 
unleaded), for each marketing district, which cover the country, by season 
(summer = J,J,A; winter = D,J,F).  

a. The source is DOE Bartlesville Energy Research Center. The reports 
appear twice each year, for winter and summer.  

b. Thirty-two states plus DC fall entirely within these 17 marketing 
districts. We assign all counties in each of these 32 states (and DC) 
to the appropriate marketing district.  

c. We assign counties in the remaining 16 contiguous states to one or 
more marketing districts after a detailed review of their boundaries. 
See Table A2.2 for these 16 states and Figure 1 for a map of the 17 
marketing districts. We determine assignments for these counties 
based on feasibility using case-by-case criteria.  

3. EPA’s annual National Emissions Report (of National Emissions Data System), 
beginning in 1972) provides nitrogen oxide (NOx) emissions by state and 
AQCRs that cover all counties in all states.  

a. When a single AQCR covers parts of multiple states, the National 
Emissions Report provides NOx emissions data for that AQCR by 
state. Thus, the AQCR for the DC metropolitan area has NOx 
emissions reported for MD, VA, and also DC.  

b. Many of these data are described as “preliminary” or still subject to 
validation by the state. We are unaware of a publicly available report 
of these data that is not described as “preliminary.”  

c. Murphy (2017) (based on 37 FR 10841) indicates that all AQCRs 
contain only whole counties. We assign counties to AQCRs using data 
from Murphy (2017), but also validate the data by comparing them 
with the FR notice.  

4. County and state-level data on population, by year 
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a. Census data on county populations by calendar year since 1969 are 
available at https://www.census.gov/data/datasets/time-
series/demo/popest/2010s-counties-detail.html. 

5. County and state-level data on geographic size, in square kilometers. 

Computations. We construct our measure of county-level lead emissions from motor 
vehicles by taking the following steps: 

1. State-level Pb emissions from motor vehicles.  

a. For the 32 states (including DC) that are entirely within a marketing 
district, we compute each state’s Pb emissions from gasoline used for 
motor vehicles (in year t) as PBs, where 

PB s = ∑ ∑ {(gallons sold in State S, of grade g in month m)m𝑔𝑔  X 

(𝑃𝑃𝑃𝑃 content of grade g, in district D, in month m, in grams per 
gallon)}  

We suppress the time subscript for simplicity. For spring months 
(March, April, May) and fall (September, October and November), we 
assume the Pb content can be approximated by a linear interpolation. 
For winter, we assume the Pb content is unchanged in December to 
February, and for summer, we assume it is unchanged from June 
through August.  

b. For the other 17 contiguous states (including DC), we make case-by-
case determinations about how to estimate proxies for state-level Pb 
emissions from motor vehicles.  

2. Apportionment of state-level Pb emissions from motor vehicles to individual 
counties.  

a. We first assign each county to  

i. An AQCR and  

ii. One of 17 marketing districts, if feasible, noting that some 
counties are split by boundaries between marketing districts.  

b. We define an AQCR’s share of a state’s annual motor vehicle lead 
emissions, as SA,s, where A identifies the AQCR and s identifies the state.  

https://www.census.gov/data/datasets/time-series/demo/popest/2010s-counties-detail.html
https://www.census.gov/data/datasets/time-series/demo/popest/2010s-counties-detail.html
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i. We assume it can be approximated by the AQCR’s share of the 
state’s total motor vehicle NOx emissions, from EPA’s annual 
National Emissions Reports.  

c. We define a county’s share of an AQCR’s motor vehicle Pb emissions 
as Si,A, where i identifies the county, and A identifies the AQCR (or for 
multistate AQCRs, the portion within the same state as the county i). 

i. We assume it can be approximated in a specific year by that 
county’s share of the population of the AQCR (or, for 
multistate AQCRs, the portion within the same state as the 
county i).  

d. We compute each county’s share of the state’s Pb emissions as Si,s = 

Si,A / SA,s 

3. Synthesis: we calculate motor vehicle Pb emissions by county PBi, as 

a. PBi = PBs Si,A / SA,s, and then divide by the size of the county in square 
kilometers, to derive PBie; where the superscript e denotes our 
emissions estimate expressed per square kilometer so as to be 
interpretable as a proxy for exposure. We also develop an “adjusted” 
measure of Pb density, defined as micrograms of vehicular Pb 
emissions per square meter of urban core within the county. 
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Table A1.  Gasoline Volume Sold: Data Availability 

Note: We use “1” to indicate that data are available. 

Source: Ethyl Corporation 

 

 

 

 

 

 

 

Year Leaded Premium Leaded Regular Unleaded Comment 

1970 1 1 

No data tables 
exist 

Revisions are in 
a separate file. 

1971 1 1 

1972 1 1 

1973 1 1 

1974 1 1 

No table of 
revisions exists. 

1975 1 1 1 

1976 1 1 1 

1977 1 1 1 

1978 1 1 1 

1979 1 1 1 

1980 1 1 1 

1981 1 1 

Unleaded 
premium and 
unleaded regular 
are two tables. 
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Table A2.  Marketing Districts and State Boundaries 

Marketing 
districts 

Complete states Partial states Comments 

1 VT, NH, ME, MA NY  

2 RI, CT, DC, DE, VA, WV  NY, PA, MD  NY and PA are split 
diagonally. MD 
panhandle is split 
diagonally.  

3 NC, SC, GA, FL, AL  TN  

4 OH MD, NY, PA, KY, WV NY and PA are split 
diagonally. MD 
panhandle is split 
diagonally. 

5 MI    

6 WI IA, IL, IN  

7  IL, IN, KY, (eastern) 
MO 

 

8 LA, MS AR, TN AR is split diagonally. 

9 ND, SD, MN   

10 NE IA, KS, MO  

11  AR, KS, MO, OK, TX AR is split diagonally. 

12  TX  

13 AZ, CO, NVA, NM, UT CA, KS, OK, TX  CA has curved 
boundaries for 
marketing district #13. 

14 ID, MT, WY WA, OR  

15  WA, OR  

16  CA  CA has curved 
boundaries for 
marketing district #16. 

17  CA  CA has curved 
boundaries for 
marketing district #17. 



33 
 

Figure A1.  Map showing locations and numbers of samples by areas and 
locations. 
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Appendix 3.  Additional Statistical Analyses 

Table A3.  Summary Statistics 

Panel A: Full Sample (250 counties, 132,383 observations)  

Variable Mean SD Min Max 

Agreeableness 3.798 0.680 1.000 5.000 

Conscientiousness 3.759 0.704 1.000 5.000 

Extraversion 3.310 0.860 1.000 5.000 

Neuroticism 2.850 0.838 1.000 5.000 

Openness 3.725 0.678 1.000 5.000 

Year of birth 1973 2.585 1969 1977 

Age when taking survey 36.500 4.265 26.000 46.000 

Parents college graduates 0.636 0.481 0.000 1.000 

Current college student 0.186 0.389 0.000 1.000 

County median household income/10,000 5.450 1.180 3.113 9.724 

Average county lead concentration in the first 5 years (μg /m3) 0.987 0.538 0.000 2.949 

Average county lead density in the first 5 years (μg /m2) 1.459 1.098 0.000 9.041 
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Panel B: TSP Balanced Sample (160 counties, 97,440 observations)  

Variable Mean SD Min Max 

Agreeableness 3.798 0.681 1.000 5.000 

Conscientiousness 3.761 0.707 1.000 5.000 

Extraversion 3.316 0.859 1.000 5.000 

Neuroticism 2.849 0.840 1.000 5.000 

Openness 3.730 0.677 1.000 5.000 

Year of birth 1973 2.595 1969 1977 

Age when taking survey 36.550 4.267 26.000 46.000 

Parents college graduates 0.631 0.483 0.000 1.000 

Current college student 0.187 0.390 0.000 1.000 

County median household income/10,000 5.412 1.050 3.113 8.228 

Average county lead concentration in the first 5 years (μg /m3) 1.029 0.567 0.000 2.949 

Average county lead density in the first 5 years (μg /m2) 1.588 1.172 0.000 9.041 
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Appendix 4.  Statistical Analyses 

Table A4.1.  Effects of Early-Life Lead on Adult Agreeableness 

 Dependent variable: Agreeableness 

 (1) (2) (3) (4) (5) 

log(Lead concentration+1) 
-0.032 -0.022* -0.082***   

(0.029) (0.013) (0.026)   

log(Lead density (unadj)+1) 
   -0.074*  

   (0.044)  

log(Lead density (adj)+1) 
    -0.124*** 

    (0.035) 

Age 
0.026*** 0.026*** 0.027*** 0.026*** 0.027*** 

(0.001) (0.001) (0.001) (0.001) (0.001) 

Parent college 
-0.014*** -0.014*** -0.040*** -0.040*** -0.040*** 

(0.004) (0.004) (0.006) (0.006) (0.006) 

Median county income 
-0.161*** -0.161*** -0.247*** -0.252*** -0.222*** 

(0.005) (0.005) (0.009) (0.009) (0.014) 

Time frame 18 years 5 years 5 years 5 years 5 years 

Cohort All  All  1969–1977 1969–1977 1969–1977 

Avglead 0.181 0.433 0.987 0.507 1.459 

Sdlead 0.326 0.571 0.538 0.916 1.098 

Observations 1,059,813 1,059,813 132,383 132,383 132,383 

R2 0.014 0.014 0.018 0.018 0.018 

Adjusted R2 0.014 0.014 0.016 0.016 0.016 

Note: Standard errors are clustered at the county level. *p < 0.1; **p < 0.05; ***p < 0.01. All regressions include county and five-
year cohort fixed effects. Counties with smelters or in Alaska, Hawaii, and Puerto Rico are removed. Lead concentration is 
the arithmetic mean of non-zero monitor readings within the county over the specified time frame (μg /m3). Lead density is 
the average estimated lead emissions divided by area within the county over the specified time frame (μg /m2). The mean 
and standard deviation of relevant lead measures (without transformations) are displayed as “Avglead” and “Sdlead.” 
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Table A4.2.  Effects of Early-Life Lead on Adult Conscientiousness 

 Dependent variable: Conscientiousness 

 (1) (2) (3) (4) (5) 

log(Lead concentration+1) 
-0.011 0.011 -0.036   

(0.048) (0.021) (0.033)   

log(Lead density (unadj)+1) 
   -0.008  

   (0.042)  

log(Lead density (adj)+1) 
    -0.066** 

    (0.030) 

Age 
0.046*** 0.046*** 0.027*** 0.027*** 0.027*** 

(0.001) (0.001) (0.001) (0.001) (0.001) 

Parent college 
-0.010*** -0.010*** -0.078*** -0.078*** -0.078*** 

(0.004) (0.004) (0.007) (0.007) (0.007) 

Median county income 
-0.288*** -0.287*** -0.160*** -0.162*** -0.147*** 

(0.005) (0.005) (0.010) (0.010) (0.013) 

Time frame 18 years 5 years 5 years 5 years 5 years 

Cohort All All 1969–1977 1969–1977 1969–1977 

Avglead 0.181 0.433 0.987 0.507 1.459 

Sdlead 0.326 0.571 0.538 0.916 1.098 

Observations 1,059,813 1,059,813 132,383 132,383 132,383 

R2 0.067 0.067 0.091 0.091 0.091 

Adjusted R2 0.066 0.066 0.089 0.089 0.089 

Note: Standard errors are clustered at the county level. *p < 0.1; **p < 0.05; ***p < 0.01. All regressions include county and five-
year cohort fixed effects. Counties with smelters or in Alaska, Hawaii, and Puerto Rico are removed. Lead concentration is 
the arithmetic mean of non-zero monitor readings within the county over the specified time frame (μg /m3). Lead density is 
the average estimated lead emissions divided by area within the county over the specified time frame (μg /m2). The mean 
and standard deviation of relevant lead measures (without transformations) are displayed as “Avglead” and “Sdlead.” 
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Table A4.3.  Effects of Early-Life Lead on Adult Extraversion 

 Dependent variable: Extraversion 

 (1) (2) (3) (4) (5) 

log(Lead concentration+1) 
0.160*** 0.065*** 0.056**   

(0.026) (0.023) (0.028)   

log(Lead density (unadj)+1) 
   0.069  

   (0.055)  

log(Lead density (adj)+1) 
    0.021 

    (0.034) 

Age 
-0.005*** -0.005*** 0.008*** 0.008*** 0.008*** 

(0.001) (0.001) (0.001) (0.001) (0.001) 

Parent college 
0.047*** 0.047*** 0.019*** 0.020*** 0.020*** 

(0.003) (0.003) (0.006) (0.006) (0.006) 

Median county income 
-0.009** -0.009** -0.039*** -0.036*** -0.041*** 

(0.004) (0.004) (0.010) (0.010) (0.012) 

Time frame 18 years 5 years 5 years 5 years 5 years 

Cohort all all 1969–1977 1969–1977 1969–1977 

Avglead 0.181 0.433 0.987 0.507 1.459 

Sdlead 0.326 0.571 0.538 0.916 1.098 

Observations 1,059,813 1,059,813 132,383 132,383 132,383 

R2 0.003 0.003 0.006 0.006 0.006 

Adjusted R2 0.003 0.003 0.004 0.004 0.004 

Note: Standard errors are clustered at the county level. *p < 0.1; **p < 0.05; ***p < 0.01. All regressions include county and five-
year cohort fixed effects. Counties with smelters or in Alaska, Hawaii, and Puerto Rico are removed. Lead concentration is 
the arithmetic mean of non-zero monitor readings within the county over the specified time frame (μg /m3). Lead density is 
the average estimated lead emissions divided by area within the county over the specified time frame (μg /m2). The mean 
and standard deviation of relevant lead measures (without transformations) are displayed as “Avglead” and “Sdlead.” 
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Table A4.4.  Effects of Early-Life Lead on Adult Neuroticism 

 Dependent variable: Neuroticism 

 (1) (2) (3) (4) (5) 

log(Lead concentration+1) 
-0.030 0.002 0.024   

(0.036) (0.021) (0.030)   

log(Lead density (unadj)+1) 
   -0.046  

   (0.043)  

log(Lead density (adj)+1) 
    0.068** 

    (0.032) 

Age 
-0.016*** -0.016*** -0.025*** -0.025*** -0.025*** 

(0.001) (0.001) (0.001) (0.001) (0.001) 

Parent college 
-0.059*** -0.059*** -0.048*** -0.048*** -0.048*** 

(0.004) (0.004) (0.007) (0.007) (0.007) 

Median county income 
0.121*** 0.121*** 0.210*** 0.211*** 0.195*** 

(0.005) (0.005) (0.011) (0.011) (0.014) 

Time frame 18 years 5 years 5 years 5 years 5 years 

Cohort all all 1969–1977 1969–1977 1969–1977 

Avglead 0.181 0.433 0.987 0.507 1.459 

Sdlead 0.326 0.571 0.538 0.916 1.098 

Observations 1,059,813 1,059,813 132,383 132,383 132,383 

R2 0.010 0.010 0.018 0.018 0.018 

Adjusted R2 0.009 0.009 0.016 0.016 0.016 

Note: Standard errors are clustered at the county level. *p < 0.1; **p < 0.05; ***p < 0.01. All regressions include county and five-
year cohort fixed effects. Counties with smelters or in Alaska, Hawaii, and Puerto Rico are removed. Lead concentration is 
the arithmetic mean of non-zero monitor readings within the county over the specified time frame (μg /m3). Lead density is 
the average estimated lead emissions divided by area within the county over the specified time frame (μg /m2). The mean 
and standard deviation of relevant lead measures (without transformations) are displayed as “Avglead” and “Sdlead.” 
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Table A4.5.  Effects of Early-Life Lead on Adult Openness 

 Dependent variable: Openness 

 (1) (2) (3) (4) (5) 

log(Lead concentration+1) 
-0.002 0.005 0.055*   

(0.021) (0.013) (0.029)   

log(Lead density (unadj)+1) 
   0.145***  

   (0.056)  

log(Lead density (adj)+1) 
    0.183*** 

    (0.039) 

Age 
-0.002*** -0.002*** -0.012*** -0.012*** -0.013*** 

(0.001) (0.001) (0.001) (0.001) (0.001) 

Parent college 
0.158*** 0.158*** 0.248*** 0.248*** 0.248*** 

(0.003) (0.003) (0.007) (0.007) (0.007) 

Median county income 
-0.026*** -0.026*** 0.053*** 0.056*** 0.012 

(0.004) (0.004) (0.009) (0.009) (0.012) 

Time frame 18 years 5 years 5 years 5 years 5 years 

Cohort all all 1969–1977 1969–1977 1969–1977 

Avglead 0.181 0.433 0.987 0.507 1.459 

Sdlead 0.326 0.571 0.538 0.916 1.098 

Observations 1,059,813 1,059,813 132,383 132,383 132,383 

R2 0.016 0.016 0.027 0.027 0.028 

Adjusted R2 0.016 0.016 0.025 0.025 0.026 

Note: Standard errors are clustered at the county level. *p < 0.1; **p < 0.05; ***p < 0.01. All regressions include county and five-
year cohort fixed effects. Counties with smelters or in Alaska, Hawaii, and Puerto Rico are removed. Lead concentration is 
the arithmetic mean of non-zero monitor readings within the county over the specified time frame (μg /m3). Lead density is 
the average estimated lead emissions divided by area within the county over the specified time frame (μg /m2). The mean 
and standard deviation of relevant lead measures (without transformations) are displayed as “Avglead” and “Sdlead.” 
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Table A4.6.  Effects of Early-Life Exposure to Ambient Lead Emissions Density on Adult 
Personality Traits: Linear Models 

 Agr Con Ext Neu Ope 

 (1) (2) (3) (4) (5) 

Lead concentration 
-0.034*** -0.009 0.027** 0.011 0.019* 

(0.011) (0.014) (0.012) (0.013) (0.012) 

Age 
0.027*** 0.027*** 0.008*** -0.025*** -0.012*** 

(0.001) (0.001) (0.001) (0.001) (0.001) 

Parent college 
-0.040*** -0.078*** 0.019*** -0.048*** 0.248*** 

(0.006) (0.007) (0.006) (0.007) (0.007) 

Median county income 
-0.250*** -0.162*** -0.038*** 0.211*** 0.055*** 

(0.009) (0.010) (0.010) (0.011) (0.009) 

Cohort 1969–1977 1969–1977 1969–1977 1969–1977 1969–1977 

Avglead 0.987 0.987 0.987 0.987 0.987 

Sdlead 0.538 0.538 0.538 0.538 0.538 

Observations 132,383 132,383 132,383 132,383 132,383 

R2 0.018 0.091 0.006 0.018 0.027 

Adjusted R2 0.016 0.089 0.004 0.016 0.025 

Note: *p < 0.1; **p < 0.05; ***p < 0.01. All regressions include county and five-year cohort fixed effects. Standard errors are 
clustered at the county level and presented in parentheses. Counties with smelters or in Alaska, Hawaii, and Puerto Rico are 
removed. Lead concentration is the arithmetic mean of non-zero monitor readings within the county over the first five years 
of life (μg/m3). The mean and standard deviation are displayed as “Avglead” and “Sdlead.” 
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Table A4.7.  Effects of Early-Life Exposure to Vehicular Lead Emissions Density on Adult 
Personality Traits: Linear Models 

 Agr Con Ext Neu Ope 

 (1) (2) (3) (4) (5) 

Lead concentration 
-0.021** 0.002 0.012 0.001 0.047*** 

(0.010) (0.008) (0.010) (0.009) (0.010) 

Age 
0.027*** 0.027*** 0.008*** -0.025*** -0.013*** 

(0.001) (0.001) (0.001) (0.001) (0.001) 

Parent college 
-0.040*** -0.078*** 0.020*** -0.048*** 0.248*** 

(0.006) (0.007) (0.006) (0.007) (0.007) 

Median county income 
-0.243*** -0.163*** -0.041*** 0.211*** 0.036*** 

(0.011) (0.011) (0.010) (0.012) (0.010) 

Cohort 1969–1977 1969–1977 1969–1977 1969–1977 1969–1977 

Avglead 1.459 1.459 1.459 1.459 1.459 

Sdlead 1.098 1.098 1.098 1.098 1.098 

Observations 132,383 132,383 132,383 132,383 132,383 

R2 0.018 0.091 0.006 0.018 0.027 

Adjusted R2 0.016 0.089 0.004 0.016 0.026 

Note: *p < 0.1; **p < 0.05; ***p < 0.01. All regressions include county and five-year cohort fixed effects. Standard errors are 
clustered at the county level and presented in parentheses. Counties with smelters or in Alaska, Hawaii, and Puerto Rico are 
removed. Lead density is the average estimated lead emissions divided by area within the county over the first five years of 
life (μg /m2). The mean and standard deviation are displayed as “Avglead” and “Sdlead.” 



Effects of Early-Childhood Exposure to Ambient Lead and Particulate Matter  26 

 


	WP 23-17.pdf
	WP 23-17.pdf
	About the Authors
	Acknowledgments
	About RFF
	Sharing Our Work
	Abstract
	Contents


	WP 23-17 Appendices
	WP 23-17

