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The instrumental variables (IV) model is widely used in estimating returns to education. A key, untestable,
assumption for the validity of IV is the exclusion restriction. In this paper, I revisit the common schooling
instrument based on local college openings to evaluate its validity and estimate heterogeneity in treatment
effects. To do this, I use infant radiation exposure in the U.S. in the early 1960s as a measurable shifter that
affects the latent ability term, which is assumed to be independent of the IV. Under the IV assumptions,
introducing a control function for latent ability should have no effect on the estimated return to schooling.
I find that controlling for infancy radiation exposure does not significantly alter the IV estimates. Second,
the latent ability shifter can be used to identify heterogeneity in IV treatment effects. I show that the
estimated IV treatment effect of schooling on wages decreases sharply with infancy radiation exposure.
Keywords: instrumental variables, causal effects, environmental radiation, human capital, cognitive
development, education, measurement error
INTRODUCTION
From the late 1950s to the early 1960s, main nuclear powers in the world experienced institutional
changes in nuclear weapon testing. These changes led to substantial variation of environmental radiation
across both space and time. Using the institutional change as a natural experiment, recent studies have
demonstrated that prenatal exposure to environmental radiation during this period has significant impacts
on long-run and short-run demographic and human capital outcomes, including educational attainment,
school test scores, and sex ratio (Black et al. 2013, Chang 2017). In particular, Chang (2017) shows that for
the U.S. 1960s birth cohort, individuals who experienced extreme radiation during their second prenatal
quarters have approximately 0.9 less year of education compared with their counterparts. Environmental
radiation in this period therefore provides measurable proxies that attribute to the heterogeneous latent
abilities that can be used to evaluate the Instrumental Variable (IV) method regarding estimating the causal
relationship of education and earnings.
The correlation between education and earnings has been long recognized by social scientists. Return
to schooling is of interests to researchers mainly because of not only the emerging wage disparities among
high- and low-educated workers, but also the rapid growth of secondary and higher education systems in
developing countries. The cost of investment and its return in labor market performances are thus key issues
to policymakers and people who actively make education decisions. However, the causal effect of education
and wage cannot be trivially estimated because of the endogeneity problem. Unobservable factors such as
cognitive abilities can determine educational attainment and labor market outcomes at the same time. A
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straight OLS estimate would therefore lead to a biased estimated return to education given researchers fail
to control for the endogeneity. Rising literature in the past decades has suggested various econometric
models that aim to estimating the unbiased effect of education on wage, which are surveyed and
summarized in detail by Card (2001).
In this paper, I use the historical coincidence of nuclear testing policy changes and college openings to
evaluate the Instrumental Variable (IV) estimation for return to education regarding its robustness to the
exclusion restriction assumption. Return to education for population sample born in the United States
between 1960 and 1966 is estimated using a 2SLS model. I consider the local number of two-year and fouryear colleges when an individual was age 17, i.e. 1977-1983, as instruments for educational attainment.1
The local number of colleges provides exogenous variation of geographic access to college education from
the supply-side of the education market. Infancy radiation exposure experienced by the studied population
sample at their age of 0 month to 12 months, constructed by historical radiation data, is introduced to the
2SLS estimation process as a shifter to unobserved latent abilities, which is embedded in the structural error
term of the wage-education regression. When the exclusion restriction assumption is satisfied, controlling
for the latent ability shifter does not affect the correlation of the IV and the structural error term, and
therefore does not affect the resulting 2SLS estimate. It is therefore possible to assess the validity of an IV
regarding the exclusion restriction assumption by observing how the 2SLS estimate changes in response to
including ability shifters in the structural regression.
The Instrumental Variable (IV) method is a well-developed and widely used approach to estimate the
causal effect of education and solve endogeneity problems. Ideal candidates for instrumental variables
should be exogenous and have significant effects on education. They should also be variables of sources
that are correlated with educational attainment but uncorrelated with or independent to unobservable factors
that together with educational attainment determine the wage rate. The requirement is referred as exclusion
restriction in the literature. To meet these criteria, recent IV literature draws considerable attention to
supply-side shocks to the education market, such as legal minimum dropout age, compulsory education
policy changes, and physical proximity to schools.
One key challenge of the IV method is the fulfillment of exclusion restriction. Since exclusion
restriction cannot be directly tested, it relies on the model assumption and the knowledge of the data.
Investigation of the validity of the restriction and so as the validity of the instrumental variable has thus
become a main task of the IV literature. Stephens and Yang (2014) re-estimate the return to education using
instrumental variables proposed in the existing literature. They find that after controlling for region-specific
time trends and region-specific birth year effects, many previous significant IV estimates become
insignificant or of the opposite sign. These findings demonstrate the importance of validating the IV
approach by addressing unobserved heterogeneity when estimating the education-wage causality.
I include infancy radiation in selected postnatal quarters of each individual as additional control
covariates in the baseline 2SLS regression to test local college numbers' robustness to the exclusion
restriction assumption, and so the validity of local college numbers as instruments for educational
attainment. I find that although infancy radiation exposure is significantly associated with educational
attainment, controlling for infancy radiation exposure does not significantly alter the 2SLS estimate for
return to education. Regardless of the control for infancy radiation exposure, the 2SLS estimate for the
effect of an additional year of education is approximately 23 percentage points in the wage rate. The
magnitude is greater than the OLS estimate, which is 10.83 percentage points. The resistance of the 2SLS
estimate to the inclusion of infancy radiation exposure suggests that the distribution of the education
instrumented by local college numbers is uncorrelated with unobserved abilities, and thus provides no
evidence of violation to the exclusion restriction assumption.
Since both the effect of local college numbers on education and the effect of education on wage can
potentially vary with an individual's unobserved abilities, which can be captured by infancy radiation
exposure, I examine the heterogeneity in treatment effects. Infancy radiation exposure is interacted with the
key input variables in each stage of the 2SLS regression. The effect of two-year college numbers on
education is scaled down by infancy radiation exposure in the third postnatal quarter, but the estimated
return to education is not affected by the heterogeneous effect of two-year college numbers. The finding
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suggests that the validity of local college numbers as an IV for educational attainment is robust to alternative
functional forms allowing heterogeneous treatment effects on education. I also find that the 2SLS estimate
for the effect of education on wage decreases with infancy radiation exposure in the third postnatal quarter.
For individuals who experienced an average level of radiation, the estimated return to education decreases
from approximately 23 to approximately 15 percentage points. The distribution of the wage premium,
described by the local average treatment effect, in response to the instrumented schooling significantly
varies with infancy radiation exposure. It is therefore suggested that people's education decision in response
to school numbers is not sensitive to different abilities. When there is an exogenous increase in the college
education supply, people go to college nevertheless. However, return to education varies for people with
different abilities. Even educational attainment is increased exogenously, people with lower abilities have
smaller wage premium.
The paper proceeds as follows: In Section 2, I introduce the historical background of the IV (school
openings) and exogenous shifter to the latent ability (environmental radiation) together with a literature
review on the effect of early-life radiation exposure on health and human capital. Section 3 provides the
summary of datasets used in this paper. Section 4 discusses the empirical strategy and results of controlling
infancy radiation in a baseline IV model estimating returns to education. Section 5 extends the IV model
with alternative functional forms to accommodate heterogeneity in treatment effects in the two stages of
the 2SLS estimation. Section 6 concludes.
BACKGROUND
School Openings
The local number of colleges as the instrumental variable for schooling is originally proposed by Currie
and Moretti (2003) to estimate the effect of maternal education on children's birth outcomes. Combining
the school opening data from 1940 to 1990 with the Vital Statistics data from 1970 to 1999, they find that
higher maternal education not only improves infants' health at birth but also increases the probability of the
mother being married and the occurrence of other health behaviors.
The use of local school opening can be extended from the particular focus on the effect of women's
education to estimating the causal effect of education on wage. For the second half of the 20th century, the
United States experienced significant expansion of educational attainment. One driving factor of such
expansion is the increasing supply of schools. According to the U.S. Department of Education, the medium
years of education completed by an individual increased from 9.3 years in 1950 to 12.7 years in 1990;
during the same period, the number of higher education institutes in the country increased by 91 percent.2
The long-lasting and large-scale growth at the supply side of the education market is an ideal workhorse
for researchers who are interested in investigating return to education for any given cohort born in the
second half of the 20th century. The local number of schools can also be identified to different geographic
levels to work together with other merging datasets that contain desired characteristics of the studied
population sample. These features make school openings an ideal source of external supply-side variation
that works together with environmental radiation to test various assumptions imposed on the baseline IV
regression in this paper.
Nuclear Weapon Testing
People started practical use of nuclear weapon in 1945, since which nuclear tests were conducted until
the 1990s. From 1945 to 1992, the United States conducted a total of 1,054 nuclear tests in the homeland
or on overseas testing sites, according to official statistics. Most of these tests were conducted at the Nevada
Testing Site (NTS); the remainder took place at sites in the Pacific Ocean, the Atlantic Ocean, and other
locations in the United States. Radioactive fallouts generated by the nuclear explosions affected
environmental radiation in a wide range of areas.
On October 31, 1958, the U.S. President Dwight Eisenhower announced that the United States was
implementing a unilateral moratorium on nuclear weapon testing. The Soviet Union, the United Kingdom,
and France later joined in, and the moratorium became multilateral de facto. No known nuclear tests were
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conducted by these countries for almost three years after that. On August 31, 1961, Nikita Khrushchev, the
leader of the Soviet Union, announced that the country was abandoning the nuclear testing moratorium,
which brought the multilateral moratorium to an end. On September 1, 1961, the Soviet Union began a
nuclear weapon testing series that included the largest nuclear bomb (known as the ``Tsar Bomba") in
history. Two weeks later, the United States responded by resuming a series of nuclear tests at the NTS. In
October 1963, the United States, the Soviet Union, and the United Kingdom ratified the Partial Nuclear
Test Ban Treaty, which prohibited all forms of nuclear tests above ground, under water, and in space; after
that these countries' nuclear tests were all conducted underground.
Figure 1 presents a summary box plot for beta radiation in air samples collected from selected U.S.
cities between 1959 and 1966 (the radiation data is described in detail in the data section of this paper).
Radiation fluctuations in the air closely reflect the institutional phase-in and phase-out of nuclear testing
during this period. In 1959 and 1960, radiation detected across the United States was in very low doses and
had little variation. These observations are consistent with the fact that no nuclear weapon tests were
conducted during the moratorium period. A dramatic increase in both mean and variation of radiation
occurred in 1961. The mean and variation of radiation is significantly greater in 1961, 1962, and 1963 than
the rest of the period. It is noticeable that compared with radiation in 1962 and 1963, 1961 has a lower
average, a greater variance, and more outlier observations. This is coherent to the fact that the Soviet Union
and the United States broke the nuclear testing moratorium in late 1961, and there is, therefore, an even
greater outspread of radiation detection in 1961. The plot of original raw radiation data is provided in the
appendix.
FIGURE 1
GROSS BETA RADIATION IN AIR 1959-1966

Infancy Radiation Exposure
In the medical and biological literature, it is suggested that radiation exposure during infancy and
childhood has negative effects on health. The greatest practical concern comes from the justifiable use of
radiological imaging or diagnostic procedure (e.g., X-rays and CT scans) in pediatrics. Potential health
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effects of radiation exposure include tissue destruction, cell loss, cell transformation, and damage in
development (especially for early-life exposure). The epidemiological evidence has shown that even low
dose exposure to ionizing radiation leads to higher risk of cancer. In particular, exposure during childhood
leads to increased risk of leukemia, breast cancer, thyroid cancer, and mortality. The age dependence of the
effect, however, is complex and is likely to follow a non-linear trend in age.
Recent development of economic literature on early-life exposure has utilized prominent historical
nuclear events to examine the effect of prenatal radiation exposure on long-run and short-run human
outcomes (Almond 2009, Black et al. 2013, and Chang 2017). These studies have found consistent results
with medical and biological literature that during the middle part (especially the 8th to the 25th gestational
week) of pregnancy, introduction of radiation has negative ejects on babies in utero. Besides, the negative
effect is greater on males due to a gender-biased spontaneous abortion where male embryos are more likely
to be killed in response to external shocks. These papers, though focusing on prenatal exposure rather than
infancy or childhood exposure to radiation, have provided researchers with a well-established empirical
framework that can be directly extended to examining the effect of infancy, or postnatal, exposure to
radiation. Practically, an ideal natural experiment for testing prenatal radiation exposure can also serve as
a natural experiment to examine the effect of postnatal radiation exposure. Individuals with available
information of birth timing and birth locations can be linked to data with well-identified location and time
where radiation is recorded to construct an individual's postnatal radiation exposure profile. One key
difference between studying prenatal exposure and studying postnatal exposure is that the former assumes
that the mother lived in the same place during the pregnancy and the occurrence of birth, while the later
assumes that the baby lived in the same place during its infancy after birth.
THE DATA
The Radiation Data
I use the Radiological Health Data, published by the U.S. Department of Health, Education, and
Welfare, to present the historical record of environmental radiation in the United States during the 1960s.
The collection of environmental radiation data started in late 1959. Samples of air, water, and milk from
various locations across the county were collected, and the radioactiveness of these samples was measured
and recorded. I choose the data of radiation in the air sample to capture infants' spontaneous intake of
environmental radiation.
The program of Public Health Service Radiation Surveillance Network, which was established in 1956,
conducted the air sample collection. It operated with the Atomic Energy Commission to trace and monitor
environmental radiation caused by nuclear weapon tests in the country. The air sample was collected weekly
from local sampling stations in selected cities across the country and then sent to federal or local laboratories
to analyze the radioactiveness. The dose of radiation in the air sample was reported monthly. At the
beginning of the program, there were 44 sampling stations, with available radiation records in November
1959. The number of sampling stations varies but steadily grew overtime. In 1965, the number of sampling
stations reached 74 within the United States. Over the whole decade of the 1960s, most states (and D.C.)
had at least one and up to three sampling stations with available radiation records every month.
The summary statistics of radiation in the air sample between 1959 and 1966 are shown in Table 1. The
overall radiation in air was of a low level in 1959 and 1960. In 1961, the average and the variation of air
radiation went up significantly. The high level of radiation in air remained until 1963. Between 1961 and
1963, the average radiation ranges from 3.49 to 5.29, and the standard deviation of radiation ranges from
3.01 to 5.93. In 1964, the overall radiation in the air went down to a low level in both average and variation.
This pattern is coherent with the historical fact that the U.S. was following the nuclear weapon testing
moratorium announced in 1958, which was broken by the Soviet Union in September 1961. As the Partial
Ban Treaty went into effect in late 1963, radiation in air reported afterward became low.
In this paper, I consider radiation measured in the quarterly manner to present radiation in each postnatal
quarter of individuals in the population sample, so to reflect radiation exposure levels during different stages
of their infancy. In Table 2, I report the summary statistics of the average and the maximum radiation in
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each quarter that is used to construct postnatal radiation exposure levels.3 The summary statistics of the
average and the maximum radiation in the first quarters are thus not reported. It is shown that after the
conversion, there is still variation in the data to investigate the outcomes of people who experienced a
different level of radiation during their infancy.
TABLE 1
SUMMARY STATISTICS OF GROSS BETA RADIATION
Year
1959
1960
1961
1962
1963
1964
1965
1966

Observations
85
524
552
729
767
773
785
770

Mean
0.143
0.148
3.488
5.288
4.554
1.060
0.247
0.182

Radiation is measured in picoCuries per cubic meters.

Std. Dev.
0.060
0.092
5.930
3.953
3.026
0.947
0.321
0.205

Minimum
0.100
0.004
0.060
0.600
0.300
0.000
0.000
0.100

Maximum
0.490
1.120
43.900
54.000
18.000
18.700
7.300
2.630

TABLE 2
SUMMARY STATISTICS OF GROSS BETA RADIATION IN POSTNATAL QUARTERS
First Postnatal Quarter (R1)
N = 331
Quarterly Average
Quarterly Maximum
Second postnatal quarter
(R2)
N = 334
Quarterly Average
Quarterly Maximum
Third postnatal quarters
(R3)
N = 376
Quarterly Average
Quarterly Maximum

Mean

Std. Dev.

Minimum

Maximum

2.178
2.621

2.712
3.171

0.100
0.100

15.000
17.000

1.886
3.394

3.399
6.634

0.100
0.100

40.600
51.000

2.302
3.130

3.482
4.825

0.065
0.100

14.667
32.000

Radiation is measured in picoCuries per cubic meters

The School Opening Data
I choose college opening as the instrumental variable to capture the exogenous determinant to the
educational attainment of people born in the 1960s from the supply side of higher education. This IV is first
proposed by Currie and Moretti (2003). They use the variation of local college numbers and openings at
the college-entry age of women (17 years old) to study the effect of maternal education on birth outcomes
of babies born between 1970 and 1999. The college opening data is obtained from the Integrated
Postsecondary Education Data System (IPEDS) issued by the National Center for Education Statistic,
together with the Peterson's Guide to Four-year colleges (1999) and Barron's Profiles of American Colleges
(1996).4
Table 3 reports the summary statistics of college numbers in each Public Use Metropolitan Area
(PUMA, the smallest geographic identification unit for every interviewee in the ACS data, where
population samples born in the 1960s studied in this paper are extracted.) between 1977 and 1983, when
28

Journal of Strategic Innovation and Sustainability Vol. 16(2) 2021

people born between 1960 and 1966 turned age 17. In the table, the number of four-year colleges, the
number of two-year colleges, the number of four-year colleges per thousand people, and the number of twoyear colleges per thousand people are listed. During 1977 and 1983, each PUMA has an average of 5.05
four-year colleges (standard deviation 7.62) and an average of 3.68 two-year colleges (standard deviation
5.63). The average number of four-year colleges is 0.0075 (standard deviation 0.0064), and the average
number of two-year colleges is 0.0059 (standard deviation 0.0052).
TABLE 3
SUMMARY STATISTICS OF COLLEGE NUMBERS IN PUMA-LEVEL, 1977-1983
4-Year College (FYC)
2-Year College (TYC)
FYC per 1000 People
TYC per 1000 People

Observations
30954
30954
30687
30687

Mean
5.052
3.678
0.008
0.006

Std. Dev.
7.624
5.635
0.006
0.005

Minimum
0.000
0.000
0.000
0.000

Maximum
48.000
38.000
0.050
0.059

The 1960s Cohort Sample Data
I choose the 2005-2015 ACS (American Community Survey) data to present the national population
sample of the United States. The sample is constrained to people born in the first quarter between 1960 and
1966. The selection of the birth quarter is to accommodate the measurement error problem in the birth year,
which is described in detail in the next subsection. I further limited the sample to individuals born in the 50
states and D.C.
In the ACS data, individual level variables of birth state, birth quarter, and birth year are available.
These variables are used to link the population sample to the environmental radiation data to construct
measurements of radiation exposure during the cohort members' infancy. When utilizing the school opening
as an instrumental variable for education, the information of the place of residence when age 17 is required.
I used the PUMA of residence at the survey to proxy the PUMA of residence when the individual was age
17, so to link the population sample data to the school opening data to construct the number of colleges
when the individual was 17 years old. Educational attainment variables are constructed by the years of
education at the interview. In order to estimate the effect of instrumented education on wage income, I
adjusted the annual salary income by the 1988-based CPI. I calculate the individual hourly wage rate by
dividing the annual salary income by the self-reported hours of work in the year prior to the survey year.5
The summary statistics of years of education, hourly wage rates for the analyzed population sample are
reported by sex and race in Table 4.
TABLE 4
SUMMARY STATISTICS OF THE 1960-1966 COHORT POPULATION SAMPLE

Education (Years)
Age (Years)
White
Black
Other Races
Hourly Wage
Rate

Observations
340399
340399
340399
340399
340399
293101

Males
Mean
13.34
47.17
0.85
0.10
0.05
13.49

Std. Dev.
2.69
3.72
0.36
0.31
0.21
39.82

Observations
358865
358865
358865
358865
358865
281125

Females
Mean
13.58
47.15
0.84
0.12
0.05
10.10

Std. Dev.
2.56
3.74
0.37
0.32
0.21
31.41

Journal of Strategic Innovation and Sustainability Vol. 16(2) 2021

29

Selection of the Cohort Sample
In this paper, I choose the ACS sample individuals born in the first quarters (January-March) between
1960 and 1966. The selection of the birth year is due to the time window where environmental radiation
was substantially affected by nuclear testing in the early part of the 1960s; the selection of the birth quarter
is based on the nature of error-measured birth year in the public-use ACS data. In the ACS data, the year
of birth is a second-hand variable calculated from subtracting the survey year by the self-reported real age
at the interview. Therefore, people who were interviewed before their birthdays would report the real age
they had reached in the year prior to the survey year. In this case, the calculated birth year would be one
year ahead of the actually birth year. Because the birth year is critical in determining the level of infancy
radiation exposure, the misallocated birth year leads to misallocated infancy radiation exposure, and as a
result yields biased estimates for the effect of infancy radiation exposure. Intuitively, the earlier the birthday
is, the lass probable the birth year is miscalculated.
In my previous paper (Chang 2017), I address the issue of measurement error in the ACS data, and
provided with a formalized regression model to correct for the measurement error bias. Consider a data
generating process:
𝑌𝑌𝑡𝑡 = 𝛽𝛽𝑋𝑋𝑡𝑡 + 𝜖𝜖

(1)

𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = (1 − 𝑝𝑝)𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑋𝑋𝑡𝑡 , 𝑋𝑋𝑡𝑡−1 )𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(2)

𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 = (1 − 𝑝𝑝)𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡

(3)

There is a probability 𝑝𝑝 that 𝑌𝑌𝑡𝑡 is generated by 𝑋𝑋𝑡𝑡−1 instead of 𝑋𝑋𝑡𝑡 . However. Researchers cannot distinguish
whether each observation of 𝑌𝑌𝑡𝑡 is generated by 𝑋𝑋𝑡𝑡 or 𝑋𝑋𝑡𝑡−1 . The naive regression of 𝑌𝑌𝑡𝑡 on 𝑋𝑋𝑡𝑡 gives an estimate
𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 , while the true effect of 𝑋𝑋 on 𝑌𝑌 is 𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 . I showed that:
The estimated effect is a weighted combination of the probability of regressor misallocation 𝑝𝑝, the
covariance of 𝑋𝑋𝑡𝑡 and 𝑋𝑋𝑡𝑡−1 , and the true effect 𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 . In this model setting, since both 𝐶𝐶𝐶𝐶𝐶𝐶(𝑋𝑋𝑡𝑡 , 𝑋𝑋𝑡𝑡−1 ) and 𝑝𝑝
takes a value strictly within [0,1], 𝛽𝛽𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 cannot exceed 𝛽𝛽𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 , and is always downward biased.
The above equation provides a formalized relationship to assess the measurement error bias once 𝑝𝑝 and
𝐶𝐶𝐶𝐶𝐶𝐶(𝑋𝑋𝑡𝑡 , 𝑋𝑋𝑡𝑡−1 ) are known. In the context of this infancy radiation exposure research, since 𝑋𝑋𝑡𝑡 and 𝑋𝑋𝑡𝑡−1 are
quarterly environmental radiation observed one-year apart, the serial correlation is very week. Therefore,
the measurement error bias equation can be further degenerated to:

To recover the possible true effect of infancy radiation exposure, I make the further assumption that
both birthdays and interview days are uniformly distributed throughout the year, and thus have 𝑝𝑝 equals
0.125 if people are born in the first three months of the year.
ESTIMATING THE RETURN TO EDUCATION

The Model
To understand the validity of school openings as instrumental variables for education, I start with the
standard structure of regressions with two stages. Following the literature, the baseline IV model takes the
form as follows:
Baseline IV Model
𝑌𝑌𝑠𝑠𝑠𝑠,𝑖𝑖 = 𝛼𝛼1 + 𝛽𝛽𝑆𝑆1 𝑆𝑆𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝛿𝛿1 𝑋𝑋𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝐴𝐴𝑖𝑖 + 𝜂𝜂1𝑠𝑠𝑠𝑠,𝑖𝑖

𝑆𝑆𝑠𝑠𝑠𝑠,𝑖𝑖 = 𝑎𝑎1 + 𝑏𝑏𝐹𝐹1 𝐹𝐹𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑏𝑏𝑇𝑇1 𝑇𝑇𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑐𝑐1 𝑋𝑋𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑣𝑣1𝑠𝑠𝑠𝑠,𝑖𝑖
30

Journal of Strategic Innovation and Sustainability Vol. 16(2) 2021

(4)
(5)

In the above equations, 𝑌𝑌𝑠𝑠𝑠𝑠,𝑖𝑖 is the log hourly wage of individual 𝑖𝑖 born in state 𝑠𝑠 and year 𝑡𝑡, 𝑆𝑆 is years
of education of the individual. 𝑋𝑋 includes age, age square, race dummies, whether living in metropolitan
areas, state-level unemployment rate in the survey year, a linear time trend (2005-2015), and birth state
fixed effect. The unobservable ability 𝐴𝐴𝑖𝑖 and the residual 𝜂𝜂1𝑠𝑠𝑠𝑠,𝑖𝑖 together compose the structural error term
𝜖𝜖1𝑠𝑠𝑠𝑠,𝑖𝑖 = 𝐴𝐴𝑖𝑖 + 𝜂𝜂1𝑠𝑠𝑠𝑠,𝑖𝑖 . 𝐹𝐹 and 𝑇𝑇 compose the set of instrumental variables for schooling, presenting the number
of four-year colleges per thousand people and the number of two-year colleges per thousand people in the
year when an individual was 17 years old and in the residential Public Use Metropolitan Areas (PUMAs)
of the individual at the interview.6
To serve as valid instruments for educational attainment, the local college number should satisfy the
conditions suggested by the IV literature that (1) 𝐹𝐹 and 𝑇𝑇 have significant predictive power to education 𝑆𝑆,
and that (2) 𝐹𝐹 and 𝑇𝑇 are uncorrelated with the structural error term 𝜖𝜖1𝑠𝑠𝑠𝑠,𝑖𝑖 (e.g. 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝐹𝐹, 𝜖𝜖 ) = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑇𝑇, 𝜖𝜖 ) =
0). In the literature, the satisfaction of the second condition depends on the knowledge of the data and
reasonable assumptions. Technically, the exclusion restriction cannot be directly tested since 𝜖𝜖1𝑠𝑠𝑠𝑠,𝑖𝑖 is
unobservable. However, given the additional information of infancy radiation exposure, it is possible to test
the robustness of the assumption of exclusion restriction.
Given that 𝜖𝜖1𝑠𝑠𝑠𝑠,𝑖𝑖 can be expressed as 𝐴𝐴𝑖𝑖 + 𝜂𝜂1𝑠𝑠𝑠𝑠,𝑖𝑖 , where 𝐴𝐴𝑖𝑖 denotes an individual's ability to earn wage
income aside from the benefit from education. Consider infancy radiation exposure 𝑅𝑅 which is strong
enough to shift the ability so that 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝐴𝐴𝑖𝑖 , 𝑅𝑅) ≠ 0 and thus 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(𝜖𝜖, 𝑅𝑅) ≠ 0. If local college numbers satisfy
the exclusive restriction, additional information regarding 𝐴𝐴 does not affect the correlation of local college
numbers and the structural error term, since they are uncorrelated with 𝐴𝐴.
In this case, educational attainment instrumented by local college numbers should be as well
uncorrelated with 𝜖𝜖 in the second-stage wage equation, and generate consistent estimates for the return to
education. Including information of 𝑅𝑅 in the IV model would not alter the 2SLS estimate, since it does not
alter the fact that the instrumented schooling is uncorrelated with 𝜖𝜖. In contrast, if local college numbers
violate the exclusion restriction and are correlated with 𝐴𝐴 and thus 𝑆𝑆, it should be observed that the inclusion
of 𝑅𝑅 in the IV model alters the 2SLS estimates for the return to education. This is because the distribution
of the instrumented schooling is correlated with unobserved abilities, which can be partially proxied by 𝑅𝑅.
Therefore, the validity of local college numbers as instrumental variables to educational attainment can be
tested by including infancy radiation exposure in the IV estimation.
In baseline IV model the controlled covariates included in 𝑋𝑋 do not contain the individual's
heterogeneous latent characteristics. I consider alternative definitions of 𝑅𝑅 to present the state-quarter level
environmental radiation in the individual's first, second, and third post-natal quarters.7 With postnatal
radiation included additional controls variables, the two-stage regressions become IV Model (1):
IV Model (1)
𝑌𝑌𝑠𝑠𝑠𝑠,𝑖𝑖 = 𝛼𝛼2 + 𝛽𝛽𝑆𝑆2 𝑆𝑆𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝛽𝛽𝑅𝑅2 𝑅𝑅𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝛿𝛿2 𝑋𝑋𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝜖𝜖2𝑠𝑠𝑠𝑠,𝑖𝑖

𝑆𝑆𝑠𝑠𝑠𝑠,𝑖𝑖 = 𝑎𝑎1 + 𝑏𝑏𝐹𝐹2 𝐹𝐹𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑏𝑏𝑇𝑇2 𝑇𝑇𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑏𝑏𝑅𝑅2 𝑅𝑅𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑐𝑐12 𝑋𝑋𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑣𝑣2𝑠𝑠𝑠𝑠,𝑖𝑖

(6)
(7)

In the above model specification, I consider alternative definitions of infancy radiation exposure 𝑅𝑅:
radiation in the first postnatal quarter, radiation in the second post natal quarter, and radiation in the third
postnatal quarter. In the result tables, I refer them as 𝑅𝑅1 , 𝑅𝑅2 , and 𝑅𝑅3 , and the estimates are reported
respectively. I chose to include each of these 𝑅𝑅's and analyzed the models separately so to leave flexibility
of testing the effect of infancy radiation exposure on estimating the 2SLS model in more complicated
functional forms. Considering radiation in different postnatal quarters separately makes regression models
estimate and comparable with each other. Details of these models are provided in the next section.
The baseline IV model and IV Model (1) are estimated with the 2SLS method, and the results are
reported in the following subsection. Throughout the estimation, variance-covariance is clustered by stateyear groups. The sample includes people born in the first quarter of the year 1960 to 1966.8
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Results
Tables 5 and 6 report the first-stage estimates for the effect of local numbers of four- and two-year
colleges on years of education from the baseline IV model and IV Model (1). In the baseline IV model,
standard geographic and demographic covariates are controlled in the first stage, and the estimate is
reported in Column (1). In IV Model (1), infancy radiation exposure added as control covariates to present
unobserved latent abilities), and the estimates are reported from Columns (2) to (4) depending on the
definition of infancy radiation exposure considered. The effect of local numbers of four-year colleges per
thousand people is significantly positive on years of education, between 7.35 to 7.56 years. For the local
number of two-year colleges per thousand people, the effect is significantly negative years of education,
between minus 16.56 and minus 17.14 years. Throughout the columns, the magnitudes and directions of
the effect of local college numbers on educational attainment are persistent regardless of the inclusion of
infancy radiation exposure as additional control covariates.
TABLE 5
IV FIRST STAGE: EFFECTS OF COLLEGE NUMBERS AND RADIATION
(QUARTERLY AVERAGE) ON EDUCATION
(1)

F

7.5646∗∗∗

(1.4505)
-16.5648∗∗∗

T

(1.3374)

R1
R2

(2)

7.4278∗∗∗

(1.4931)
-17.1098∗∗∗
(1.3563)
0.0011
(0.0021)

R3
Age
Age Square
Black
Other Races
Metropolitan
Unemployed
N
R2
F-Statistics

(3)

7.3733∗∗∗

(1.4822)
-17.1331∗∗∗
(1.3471)
0.0021
(0.0021)

(4)

7.3502∗∗∗
(1.4764)
-17.1099∗∗∗
(1.3458)

-0.0355
(0.0340)
0.0001
(0.0004)
-0.9616∗∗∗

-0.0381
(0.0361)
0.0002
(0.0004)
-0.9660∗∗∗

-0.0417
(0.0354)
0.0002
(0.0004)
-0.9648∗∗∗

-0.0062∗∗∗
(0.0016)
-0.0194
(0.0360)
0.0000
(0.0004)
-0.9663∗∗∗

(0.0358)
0.8300∗∗∗

(0.0354)
0.8399∗∗∗

(0.0353)
0.8383∗∗∗

(0.0353)
0.8355∗∗∗

(0.0208)
-0.7340∗∗∗
(0.0218)
0.0027
(0.0029)
267184
0.0606
126.49

(0.0216)
-0.7219∗∗∗
(0.0218)
0.0026
(0.0030)
255697
0.0598
123.36

(0.0213)
-0.7231∗∗∗
(0.0217)
0.0025
(0.0030)
259371
0.0601
125.62

(0.0213)
-0.7247∗∗∗
(0.0217)
0.0022
(0.0030)
261204
0.0601
126.27

Standard errors in parentheses
* p < 0.05, ** p < 0.01, *** p < 0.001
IV first stage estimates for the effect of local college numbers on years of education with alternative inclusion of
infancy radiation exposure in the regression. F is the number of four-year colleges per thousand people in the PUMA
of residence. T is the number of two-year colleges per thousand people in the PUMA of residence. In Column (1),
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the regression of education on local college numbers does not include infancy radiation exposure. In Columns (2)
to (4), average Infancy radiation exposure in the three postnatal quarters R1, R2, and R3 used as shifters of unobserved
latent abilities, and are included as additional control variables separately. Age, age square, race, whether living in
metropolitan areas, the state-level unemployment, a linear trend of the survey year, the birth state fixed effect, and
the birth year fixed effect are included as controlled covariates. Standard errors are clustered by the birth state and
the birth year.

TABLE 6
IV FIRST STAGE: EFFECTS OF COLLEGE NUMBERS AND RADIATION
(QUARTERLY MAXIMUM) ON EDUCATION
F
T
R1

(1)

7.5646∗∗∗
(1.4505)
16.5648∗∗∗
(1.3374)

R2

(2)

7.4248∗∗∗
(1.4932)
-17.1150∗∗∗
(1.3565)
-0.0014
(0.0018)

R3
Age
Age Square
Black
Other Races
Metropolitan
Unemployed
N
R2
F-Statistics

(3)

7.3698∗∗∗
(1.4823)
-17.1369∗∗∗
(1.3473)
0.0013
(0.0011)

(4)

7.3536∗∗∗
(1.4763)
-17.1054∗∗∗
(1.3459)

-0.0355
(0.0340)
0.0001
(0.0004)
-0.9616∗∗∗

-0.0302
(0.0363)
0.0001
(0.0004)
-0.9660∗∗∗

-0.0417
(0.0355)
0.0002
(0.0004)
-0.9649∗∗∗

-0.0047∗∗∗
(0.0012)
-0.0182
(0.0361)
0.0000
(0.0004)
-0.9661∗∗∗

(0.0358)
0.8300∗∗∗

(0.0354)
0.8399∗∗∗

(0.0353)
0.8384∗∗∗

(0.0353)
0.8354∗∗∗

(0.0208)
-0.7340∗∗∗
(0.0218)
0.0027
(0.0029)
267184
0.0606
126.49

(0.0216)
-0.7220∗∗∗
(0.0218)
0.0024
(0.0030)
255697
0.0598
123.42

(0.0213)
-0.7230∗∗∗
(0.0217)
0.0025
(0.0030)
259371
0.0601
125.62

(0.0213)
-0.7244∗∗∗
(0.0217)
0.0021
(0.0030)
261204
0.0601
126.18

Standard errors in parentheses
* p < 0.05, ** p < 0.01, *** p < 0.001
IV first stage estimates for the effect of local college numbers on years of education with alternative inclusion of
infancy radiation exposure in the regression. F is the number of four-year colleges per thousand people in the PUMA
of residence. T is the number of two-year colleges per thousand people in the PUMA of residence. In Column (1),
the regression of education on local college numbers does not include infancy radiation exposure. In Columns (2)
to (4), maximum Infancy radiation exposure in the three postnatal quarters R1, R2, and R3 used as shifters of
unobserved latent abilities, and are included as additional control variables separately. Age, age square, race,
whether living in metropolitan areas, the state-level unemployment, a linear trend of the survey year, the birth state
fixed effect, and the birth year fixed effect are included as controlled covariates. Standard errors are clustered by
the birth state and the birth year.
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Only radiation in the third postnatal quarter has a significant effect on years of education. A unit
increase in the average radiation in the third postnatal quarter comes with a decrease in educational
attainment by 0.0062 years; a unit increase in the maximum radiation in the third postnatal quarter comes
with a decrease in educational attainment by 0.0047 years. The estimated effects of radiation in the third
postnatal quarter are robust to an alternative definition of quarterly-level radiation. For the cohort sample
studied in this paper, those born in the first quarters from 1960 to 1966, the mean and the standard deviation
of the quarterly average in their third postnatal quarter are 2.3 and 3.48 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 per cubic meters, and
the mean and the standard deviation of the quarterly maximum in their third postnatal quarter are 3.13 and
4.83 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 per cubic meters. Therefore, an individual who experienced an average level of radiation
in his/her third postnatal quarter has less educational attainment by 0.0062 × 2.3 = 0.0143 years or
0.0047 × 3.13 = 0.0147 years. For those who experienced radiation of one standard deviation beyond the
average, their educational attainment is decreased by 0.0062 × 5.78 = 0.0358 years or 0.0047 × 7.96 =
0.0374 years. Radiation in the first and the second postnatal quarters does not have significant effects on
educational attainment in the regression of education on local college numbers.
Table 7 provides a closer observation of whether infancy radiation exposure has additional explanatory
power to educational attainment in the regression of education on local college numbers. I calculate the
residuals of the regression of education on local college numbers (the first stage regression of the baseline
IV model) and regress the residuals on infancy radiation exposure. It is shown that only radiation in the
third postnatal quarter has significant negative effects on the education residuals. When including radiation
in all three postnatal quarters to the regression, radiation in the second postnatal quarter has a significant
positive effect on the education residuals, but the effect does not persist when including radiation in the
second postnatal quarter alone in the regression. The result suggests that infancy radiation exposure has
very little additional explanatory power to the distribution of educational attainment predicted by local
college numbers. Only radiation in the third postnatal quarter has a marginal attribute to the educational
attainment net of college numbers.9
TABLE 7
EFFECTS OF RADIATION ON EDUCATION NET OF COLLEGE NUMBERS

R1
R2
R3

PANEL A: POSTNATAL RADIATION MEASURED IN QUARTERLY AVERAGE
(1)
(2)
(3)
(4)
0.0014
-0.0016
(0.0018)
(0.0019)
0.0017
0.0151∗∗∗
(0.0014)

-0.0042∗∗∗

(0.0021)
-0.0096∗∗∗

328980
0.0000

322007
0.0002

(0.0012)

N
R2
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322007
0.0000

326751
0.0000
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(0.0015)

R1
R2
R3

PANEL B: POSTNATAL RADIATION MEASURED IN QUARTERLY MAXIMUM
(1)
(2)
(3)
(4)
-0.0012
0.0002
(0.0015)
(0.0016)
0.0011
0.0040∗∗∗
(0.0007)

-0.0034∗∗∗

(0.0008)
-0.0054∗∗∗

328980
0.0000

322007
0.0001

(0.0009)

N
R2

322007
0.0000

326751
0.0000

(0.0010)

Standard errors in parentheses
* p < 0.05, ** p < 0.01, *** p < 0.001
This table reports the OLS estimates for the residual of the first-stage education equation for the Baseline IV Model
on infancy radiation exposure.

In Table 8, I calculate and compare the effect of education on log wage income estimated with an OLS
regression and with the baseline IV model. The OLS estimate for the return to education is significantly
10.83 percentage points, and the 2SLS estimates are 23.17 percentage points. Standard F-statistics is
126.49, large enough to reject the hypothesis that local college numbers are weak instruments for
educational attainment.
TABLE 8
OLS AND IV SECOND STAGE: EFFECTS OF EDUCATION ON LOG WAGE

S

(1)
OLS
0.1083∗∗∗

(2)
2SLS
0.2317∗∗∗

69868
0.1978

267184
0.0427
190.251
126.490

(0.0008)

N
R2
Cragg-Donald F-Statistics
Kleibergen-Paap F-Statistics

(0.0185)

Standard errors in parentheses
* p < 0.05, ** p < 0.01, *** p < 0.001
This table reports the OLS estimates and the 2SLS estimates for the effects of education on log wage income.
Education is instrumented by local college numbers in the first stage of the 2SLS estimation. Age, age square, race,
whether living in metropolitan areas, the state-level unemployment, a linear trend of the survey year, the birth state
fixed effect, and the birth year fixed effect are included as controlled covariates. Standard errors are clustered by
the birth state and the birth year.

In Table 9, the 2SLS estimates for the return to education with infancy radiation exposure controlled in
the first stage, as presented by IV Model (1), are reported. Compared with the 2SLS estimates obtained
from the baseline IV model, the 2SLS estimates obtained from IV Model (1) shift up a bit to a value between
23.23 and 23.62 percentage points. These results suggest that the subpopulation who are mostly affected
by the local college numbers regarding their education outcomes is not significantly shifted in the
population distribution by infancy radiation exposure. It is worth noticing that the inclusion of radiation in
the third postnatal quarter (𝑅𝑅3 )in the first stage shifts the 2SLS estimates for the return to education the
most, from 23.17 percentage points to 23.6 percentage points. It is possible that the most instrumented
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𝐶𝐶𝐶𝐶

𝐶𝐶𝐶𝐶

group, after controlling for 𝑅𝑅3 , becomes those who could have benefited slightly more from education.
However, the overall distribution of exogenously determined educational attainment is not affected by the
inclusion of 𝑅𝑅's, suggesting that local college numbers are a valid instrument, robust to the assumption that
𝐶𝐶𝐶𝐶(𝐹𝐹, 𝜖𝜖) = 0 and 𝐶𝐶𝐶𝐶(𝑇𝑇, 𝜖𝜖) = 0.
TABLE 9
IV SECOND STAGE: EFFECTS OF EDUCATION ON LOG WAGE
CONTROLLING FOR RADIATION
Radiation Measured
in Quarterly Average
(1)
(2)
(3)
R1
R2
R3
0.2323∗∗∗ 0.2346∗∗∗ 0.2362∗∗∗

S

N
Cragg-Donald FStatistics
Kleibergen-Paap FStatistics

(0.0189)

(0.0187)

(0.0187)

255697
186.757

259371
189.886

123.362

125.616

Radiation Measured
in Quarterly Maximum
(4)
(5)
(6)
R1
R2
R3
0.2324∗∗∗ 0.2346∗∗∗ 0.2361∗∗∗
(0.0189)

(0.0187)

(0.0187)

255697
190.878

255697
186.808

259371
189.907

255697
190.850

126.270

123.421

125.625

126.179

Standard errors in parentheses
* p < 0.05, ** p < 0.01, *** p < 0.001
This table reports the 2SLS estimates for the effects of education on log wage income. The first stage of the 2SLS
estimation, infancy radiation exposure is included as an additional control variable. Alternative definition of
(quarterly average and quarterly maximum) radiation in each of the first three postnatal quarters are considered
respectively. For Columns (1) and (4), radiation in the first postnatal quarter is considered; for Columns (2) and (5),
radiation in the second postnatal quarter is considered; for Columns (3) and (6), radiation in the third postnatal
quarter is considered. Age, age square, race, whether living in metropolitan areas, the state-level unemployment, a
linear trend of the survey year, the birth state fixed effect, and the birth year fixed effect are included as controlled
covariates. Standard errors are clustered by the birth state and the birth year.

HETEROGENEITY IN TREATMENT EFFECTS
The Model
I further examine heterogeneity in treatment effects in the IV estimation for the return to education. A
classical setting of IV estimation assumes both uniform effects the instrument variable on schooling in the
first stage and uniform effects of the instrumented schooling on the wage in the second stage. With infancy
radiation exposure, I consider alternative functional forms in the two stages of the IV model to capture
potential heterogeneity in treatment effects that may change with individual's unobserved characteristics.
I begin with examining the heterogeneous treatment effect of local college numbers on educational
attainment. Given the local number of colleges to an individual, the educational outcomes can be sensitive
to his/her abilities, affected by radiation exposure during infancy, to gain education through school
openings. The effect of college numbers on education is therefore assumed to vary with the individual's
infancy radiation exposure. The assumption can be formalized by interacting infancy radiation exposure 𝑅𝑅
with the local college numbers 𝐹𝐹 and 𝑇𝑇 in IV Model (2):

IV Model (2)

𝑌𝑌𝑠𝑠𝑠𝑠,𝑖𝑖 = 𝛼𝛼3 + 𝛽𝛽𝑆𝑆3 𝑆𝑆𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝛽𝛽𝑅𝑅3 𝑅𝑅𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝛿𝛿3 𝑋𝑋𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝜖𝜖3𝑠𝑠𝑠𝑠,𝑖𝑖
36
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(8)

𝑆𝑆𝑠𝑠𝑠𝑠,𝑖𝑖 = 𝑎𝑎3 + 𝑏𝑏𝐹𝐹3 𝐹𝐹𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑏𝑏𝑇𝑇3 𝑇𝑇𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑏𝑏𝑅𝑅3 𝑅𝑅𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑏𝑏𝐹𝐹𝐹𝐹3 𝐹𝐹𝑠𝑠𝑠𝑠,𝑖𝑖 × 𝑅𝑅𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑏𝑏𝑇𝑇𝑇𝑇3 𝑇𝑇𝑠𝑠𝑠𝑠,𝑖𝑖 × 𝑅𝑅𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑐𝑐3 𝑋𝑋𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑣𝑣3𝑠𝑠𝑠𝑠,𝑖𝑖

(9)

Using this modified first-stage regression, it is testable whether individuals with different infancy
radiation exposure have different education outcomes in response to supply-side shocks of the college
education. Meanwhile, since 𝐹𝐹 and 𝑇𝑇 present the access to different level of post-secondary education, the
most-instrumented population should be different in 𝑅𝑅, which proxies their unobserved abilities. If infancy
radiation exposure is more relevant to the variation of abilities at the lower end of the ability distribution,
it should be observed that the interaction of radiation and two-year college numbers takes more effect than
does the interaction of radiation and four-year college numbers. It is noticeable that in estimating the effect
of instrumented schooling on wage, the instrumented 𝑆𝑆 accommodates the effect of 𝐹𝐹 and 𝑇𝑇 to vary with
𝑅𝑅. Here the schooling is predicted by the instrument 𝐹𝐹 and 𝑇𝑇 together with radiation 𝑅𝑅 and the interactions
𝐹𝐹𝐹𝐹 and 𝑇𝑇𝑇𝑇. Because 𝑅𝑅 is correlated with unobserved ability, and so are 𝐹𝐹𝐹𝐹 and 𝑇𝑇𝑇𝑇. They should not be
excluded from the second stage. Therefore, in the practical estimation process, the set of instrumental
variables, therefore, remains the original set of 𝐹𝐹 and 𝑇𝑇.
The purpose of the above modifications to the baseline IV model (IV Model (1) and IV Model (2)) are
meant to investigate the effect of infancy radiation exposure on the distribution of the educational
attainment instrumented by local college numbers. The IV literature suggests the 2SLS estimates from these
estimates should be interpreted as the local average treatment effect (LATE). In the context of this paper,
the estimates from IV Model (1) and IV Model (2) are the return to education for the subpopulation whose
marginal decision on education was affected by combinations of local college numbers and infancy
radiation exposure. Infancy radiation exposure, as an external source of heterogeneity in abilities, can also
be utilized to investigate the distribution of local average treatment effects for the subpopulation target by
the college number instrument.
An extension to examine the distribution of the local average treatment effect is to allow infancy
radiation exposure to take effect in the second-stage wage equation of the IV regression model. The
formalized model can be written as IV Model (3):
IV Model (3)
𝑌𝑌𝑠𝑠𝑠𝑠,𝑖𝑖 = 𝛼𝛼4 + 𝛽𝛽𝑆𝑆4 𝑆𝑆𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝛽𝛽𝑆𝑆𝑆𝑆4 𝑆𝑆𝑠𝑠𝑠𝑠,𝑖𝑖 × 𝑅𝑅𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝛿𝛿4 𝑋𝑋𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝜖𝜖3𝑠𝑠𝑠𝑠,𝑖𝑖

(10)

𝑆𝑆𝑠𝑠𝑠𝑠,𝑖𝑖 × 𝑅𝑅𝑠𝑠𝑠𝑠,𝑖𝑖 = 𝑎𝑎4𝑆𝑆𝑆𝑆 + 𝑏𝑏𝐹𝐹4𝑆𝑆𝑆𝑆 𝐹𝐹𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑏𝑏𝑇𝑇4𝑆𝑆𝑆𝑆 𝑇𝑇𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑐𝑐4𝑆𝑆𝑆𝑆 𝑋𝑋𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑣𝑣4𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆,𝑖𝑖

(12)

𝑆𝑆𝑠𝑠𝑠𝑠,𝑖𝑖 = 𝑎𝑎4𝑆𝑆 + 𝑏𝑏𝐹𝐹4𝑆𝑆 𝐹𝐹𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑏𝑏𝑇𝑇4𝑆𝑆 𝑇𝑇𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑐𝑐4𝑆𝑆 𝑋𝑋𝑠𝑠𝑠𝑠,𝑖𝑖 + 𝑣𝑣4𝑆𝑆𝑆𝑆𝑆𝑆,𝑖𝑖

(11)

In this model, I assume that the effect of education 𝑆𝑆 on wage 𝑌𝑌 varies with infancy radiation exposure
R. In this case, an additional exogenous variable 𝑆𝑆 × 𝑅𝑅 is included in the second stage regression to address
the assumption. Because the inclusion of infancy radiation in the first-stage education equation has little
effects on the 2SLS estimates, I choose to allow infancy radiation exposure 𝑅𝑅 to appear solely in the secondstage education-radiation interaction 𝑆𝑆 × 𝑅𝑅. Since we have two instrumental variables 𝐹𝐹 and 𝑇𝑇, and two
instrumented variables S and 𝑆𝑆 × 𝑅𝑅, the system is just identified.
The structure with two endogenous variables and two instrumental variables justifies the model
specification of IV Model (1) and IV Model (2) where radiation in each postnatal quarter is included in
separate analyses. This model specification strategy guarantees the conference and comparability
throughout IV Model (1) to IV Model (3). If radiation in multiple postnatal quarters is included in IV Model
(3), the model would not be estimable.
Results
Table 10 reports the first-stage results of Model (2), where the effect of college numbers is allowed to
vary with infancy radiation exposure. The effect of local four-year college numbers is not strongly affected
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by the inclusions of radiation 𝑅𝑅 and the interactions 𝐹𝐹 × 𝑅𝑅 and 𝑇𝑇 × 𝑅𝑅, ranging from 7.15 to 7.81. However,
the effect of local two-year college numbers is affected by the inclusion of radiation exposure in the third
postnatal quarter, dropping from about minus 17 years to about minus 19 years. A unit increase in the
average radiation in the third postnatal quarter comes to an increase in the marginal effect of local two-year
college number of education by 0.686 year; a unit increase in the maximum radiation in the third postnatal
quarter comes with an increase in the marginal effect of local two-year college number of education by
0.538 year. The effect of radiation and its interaction with college numbers only significant for radiation in
the third postnatal quarter and its interaction with local two-year college numbers. These results suggest
that the education decision for people going to four-year colleges is not significantly affected by the ability
shifter. The decision for people going to two-year colleges is more affected by the ability shifter. For people
with high radiation exposure in their third postnatal quarter, they obtain the education by either keeping
attending four-year colleges or increasing consumption of two-year colleges.
TABLE 10
IV FIRST STAGE: EFFECTS OF COLLEGE NUMBERS ON EDUCATION
VARYING WITH RADIATION
Radiation Measured
in Quarterly Average
(1)
(2)
(3)
7.6260∗∗∗
7.8104∗∗∗
7.7074∗∗∗

F

(1.7153)
-17.3728∗∗∗

T
R1
F × R1
T × R1
R2

(1.5405)
0.0010
(0.0038)
-0.0927
(0.2997)
0.1245
(0.3322)

F × R2
T × R2
R3

(1.6000)
-17.8357∗∗∗
(1.4660)

0.0016
(0.0033)
-0.1949
(0.2160)
0.3347
(0.2736)

F × R3
T × R3

N
R2
F-Statistics

(1.5315)

(1.7291)
-17.5864∗∗∗
(1.5555)
-0.0024
(0.0033)
-0.0047
(0.2546)
0.1849
(0.2812)

-0.0096∗∗∗
(0.0027)
-0.1140
(0.2144)
0.6863∗∗

(1.6024)
-17.4367∗∗∗
(1.4348)

0.0013
(0.0019)
-0.0591
(0.1158)
0.0784
(0.1407)

(0.2371)

255697
0.0598
88.49

259371
0.0601
107.79

Standard errors in parentheses
* p < 0.05, ** p < 0.01, *** p < 0.001
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(1.7037)
-19.0905∗∗∗

Radiation Measured
in Quarterly Maximum
(4)
(5)
(6)
7.4408∗∗∗
7.6082∗∗∗
7.1542∗∗∗

261204
0.0601
110.56

(1.7053)
-19.2017∗∗∗
(1.5394)

-0.0085∗∗∗
(0.0020)
0.0647
(0.1504)
0.5379∗∗∗
(0.1632)

255697
0.0598
88.81
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259371
0.0601
109.38

261204
0.0601
109.71

This table reports the IV first-stage estimates for the effect of local college numbers on years of education. Effects
of local colleges are allowed to vary with alternative definition of (quarterly average and quarterly maximum)
radiation in each of the first three postnatal quarters. F is the number of four-year colleges per thousand people in
the PUMA of residence. T is the number of two-year colleges per thousand people in the PUMA of residence. For
Columns (1) and (4), radiation in the first postnatal quarter is considered; for Columns (2) and (5), radiation in the
second postnatal quarter is considered; for Columns (3) and (6), radiation in the third postnatal quarter is considered.
Age, age square, race, whether living in metropolitan areas, the state-level unemployment, a linear trend of the
survey year, the birth state fixed effect, and the birth year fixed effect are included as controlled covariates. Standard
errors are clustered by the birth state and the birth year.

Table 11 shows the second-stage 2SLS estimates for Model (2), where the effect of IVs on education
varies with infancy radiation exposure in the first stage. The overall size of the local average treatment
effect is shifted down a bit to a size between 21.75 and 23.99 percentage points. The 2SLS estimates for
the return to education are only slighted affected by the college-radiation interaction in the first stage. The
marginal population with a slightly smaller return to education is mostly affected by the new set of
instruments that takes effects with unobserved abilities.
TABLE 11
IV SECOND STATE: EFFECTS OF EDUCATION ON LOG WAGE
VARYING WITH RADIATION

S

N
Cragg-Donald FStatistics
Kleibergen-Paap FStatistics

Radiation Measured
in Quarterly Average
(1)
(2)
(3)
R1
R2
R3
∗∗∗
∗∗∗
0.2175
0.2189
0.2277∗∗∗
(0.0226)

(0.0199)

(0.0207)

255697
125.408

259371
161.931

88.492

107.790

Radiation Measured
in Quarterly Maximum
(4)
(5)
(6)
R1
R2
R3
∗∗∗
∗∗∗
0.2202
0.2286
0.2399∗∗∗
(0.0228)

(0.0202)

(0.0210)

261204
155.606

255697
124.082

259371
159.077

261204
158.277

110.555

88.810

109.382

109.706

Standard errors in parentheses
* p < 0.05, ** p < 0.01, *** p < 0.001
This table reports the 2SLS estimates for the effect of education on log wage income. The first-stage effects of local
colleges vary with alternative definition of (quarterly average and quarterly maximum) radiation in each of the first
three postnatal quarters. For Columns (1) and (4), radiation in the first postnatal quarter is considered; for Columns
(2) and (5), radiation in the second postnatal quarter is considered; for Columns (3) and (6), radiation in the third
postnatal quarter is considered. Age, age square, race, whether living in metropolitan areas, the state-level
unemployment, a linear trend of the survey year, the birth state fixed effect, and the birth year fixed effect are
included as controlled covariates. Standard errors are clustered by the birth state and the birth year

Table 12 presents the results of the first-stage regression of IV Model (3), where the education-radiation
interaction is regressed on local college numbers. In IV Model (3), the effect of the two IV's (local numbers
of four- and two-year colleges) on the additional endogenous variable of 𝑆𝑆 × 𝑅𝑅 (so that the effect of
education can vary with infancy radiation exposure). The other first-stage regression of IV Model (3) is
identical to the first-stage regression of the baseline IV model, of which the results are reported in Column
(1) of Table 5. The local number of four- and two-year colleges do not have significant effects on 𝑆𝑆 × 𝑅𝑅1
and 𝑆𝑆 × 𝑅𝑅2 . In fact, standard F-statistics (smaller than 10) for testing weak instruments suggests that local
college numbers are not ideal IVs for the interaction of education and radiation in the first or the second
postnatal quarter. In contrast, for the interaction of education and the third postnatal quarter radiation
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𝑆𝑆 × 𝑅𝑅3 , the power of IV in the first stage is satisfying and make valid IVs for this additional endogenous
variable to be instrumented. It is thus suggested that researchers should focus on interpreting the secondstage 2SLS estimates with 𝑅𝑅3 considered.
TABLE 12
IV FIRST STAGE: EFFECTS OF COLLEGE NUMBERS ON EDUCATION-RADIATION
INTERACTIONS
Radiation Measured
in Quarterly Average
(1)
(2)
(3)
S × R1
S × R2
S × R3
1.1506
9.9037
81.5682∗∗∗

F
T

N
R2
F-Statistics

(11.3635)
-67.8348∗∗∗

(15.5208)
-24.4964

(15.4950)

(17.9761)

255697
0.0434
9.84

259371
0.1426
1.21

Radiation Measured
in Quarterly Maximum
(4)
(5)
(6)
S × R1
S × R2
S × R3
1.2560
56.7936
121.5286∗∗∗

(15.5208)
58.5673∗∗

(13.2155)
-67.5057∗∗∗

(32.2609)
-7.5743

(18.4300)

(38.5225)

255697
0.2152
18.59

259371
0.0417
6.86

261204
0.1512
1.58

(18.9516)

(22.0538)
90.0175∗∗∗
(27.1447)
255697
0.1754
20.92

Standard errors in parentheses
* p < 0.05, ** p < 0.01, *** p < 0.001
This table reports the IV first stage estimates for the effect of local college numbers on the interaction of education
years $S$ and infancy radiation exposure R. The interaction of S and R serve as an additional endogenous variable
in the IV regression to allow the effect of education on wage to vary with infancy radiation exposure in the second
stage. F is the number of four-year colleges per thousand people in the PUMA of residence. T is the number of twoyear colleges per thousand people in the PUMA of residence. Infancy radiation exposure in the three postnatal
quarters R1, R2, and R3 are used as shifters of unobserved latent abilities. Alternative definitions of Rs as the average
and the maximum radiation in each of the individual's postnatal quarters are considered separately. Age, age square,
race, whether living in metropolitan areas, the state-level unemployment, a linear trend of the survey year, the birth
state fixed effect, and the birth year fixed effect are included as controlled covariates. Standard errors are clustered
by the birth state and the birth year.

Table 13 reports the second-stage 2SLS estimates for Model (3), where the effect of instrumented
education varies with infancy radiation exposure in the second stage. Based in the findings reported in Table
12, it is suggested a focus on Column (3) and Column (6), where the inclusion of 𝑆𝑆 × 𝑅𝑅3 remains college
numbers valid IV's. The results reported in Column (1), (2), (4) and (5) are estimates from weakly identified
instruments (Cragg-Donald F-statistics and Kleibergen-Paap F-Statistics are smaller than 2), and thus
provide no information. The effect of the instrumented educational attainment decreases with infancy
radiation exposure in the third postnatal quarter. For an individual with zero radiation exposure in his/her
third postnatal quarter, the effect of an additional year of education on log wage income is about 24 (23.99
or 23.66 depending on the definition of the quarterly radiation level) percentage points. For an individual
with a mean level of the average radiation exposure in his/her third postnatal quarter, the return to education
goes from 23.99 percentage points to 23.99 − 4.03 × 2.3 = 14.72 percentage points. For an individual
with a mean level of the maximum radiation exposure in his/her third postnatal quarter, the return to
education goes from 23.66 percentage points to 23.66 − 2.68 × 3.1 = 15.35 percentage points. The
positive return to education is completely gone for people having an average radiation of 5.95 unit (the
maximum is 14.67) in his/her third postnatal quarter. The 2SLS estimates for the effect of education 𝑆𝑆 on
log wage income and the 2SLS estimates for the effect of the education-radiation interaction 𝑆𝑆 × 𝑅𝑅 together
suggest a distribution of return to education for people whose college are instrumented by local college
numbers and infancy radiation exposure takes different levels.
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TABLE 13
IV SECOND STAGE: EFFECTS OF EDUCATION AND EDUCATION-RADIATION
INTERACTIONS ON LOG WAGE

S
S × R1
S × R2

Radiation Measured
in Quarterly Average
(1)
(2)
(3)
-0.2375
-9.3376
0.2399∗∗∗

(0.2379)
0.1550∗
(0.0733)

S × R3
N
Cragg-Donald FStatistics
Kleibergen-Paap FStatistics

(278.1116)

6.7942
(196.8760)

(0.0435)

Radiation Measured
in Quarterly Maximum
(4)
(5)
(6)
-0.2399
0.4128∗
0.2366∗∗∗

(0.2792)
0.1564
(0.0864)

-0.0403∗∗∗
(0.0071)

(0.1964)
-0.0808
(0.0554)

(0.0419)

-0.0268∗∗∗
(0.0045)

255697
1.598

259371
1.598

261204
19.411

255697
1.598

259371
1.597

261204
20.669

1.685

1.685

18.312

1.685

1.086

20.502

Standard errors in parentheses
* p < 0.05, ** p < 0.01, *** p < 0.001
This table reports the 2SLS estimates for the effect of education on the log wage income. The effect of education
on wage is allowed to vary with infancy radiation exposure, and therefore the interaction of education and radiation
is set as an additional endogenous variable in the first stage. Education ($S$) and the education-radiation interaction
(S × R) are together instrumented by the local number of colleges. Infancy radiation exposure in the three postnatal
quarters R1, R2, and R3 are used as shifters of unobserved latent abilities. Alternative definitions of $R's$ as the
average and the maximum radiation in each of the individual's postnatal quarters are considered separately. For
Columns (1) and (4), radiation in the first postnatal quarter is considered; for Columns (2) and (5), radiation in the
second postnatal quarter is considered; for Columns (3) and (6), radiation in the third postnatal quarter is considered.
Age, age square, race, whether living in metropolitan areas, the state-level unemployment, a linear trend of the
survey year, the birth state fixed effect, and the birth year fixed effect are included as controlled covariates. Standard
errors are clustered by the birth state and the birth year.
Age, age square, race, whether living in metropolitan areas, the state-level unemployment, a linear trend of the
survey year, the birth state fixed effect, and the birth year fixed effect are included as controlled covariates. Standard
errors are clustered by the birth state and the birth year.

Figure 2 and Figure 3 provide visualization of the diminishing marginal return to education with the
increase on infancy radiation in the third postnatal quarter. The 2SLS estimates for the effect of education
on wage turn from positive to zero for individuals experiencing an approximate level of radiation of one
standard deviation beyond the mean of the quarterly radiation in the third postnatal quarter. This pattern is
persistent when the quarterly radiation in the third postnatal quarter is defined as the quarterly average or
the quarterly maximum.
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FIGURE 2
2SLS ESTIMATES FOR EFFECTS OF EDUCATION ON LOG WAGE WITH RADIATION IN
QUARTERLY AVERAGE

FIGURE 3
2SLS ESTIMATES FOR EFFECTS OF EDUCATION ON LOG WAGE WITH RADIATION IN
QUARTERLY MAXIMUM
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CONCLUSIONS
There are three main findings regarding estimating the effect of education on wage using school
openings as the instrumental variable and infancy radiation exposure as a shifter to unobserved
heterogeneity.
First, the standard IV estimation is robust to the inclusion of infancy radiation exposure. In the
regression of education on local numbers of four/two-year colleges, the openings of four-year colleges have
a positive effect on educational attainment, and the openings of two-year colleges have negative effects.
The inclusion of radiation in the three postnatal quarters to the education equation contributes to very little
additional explanatory power. Only radiation in the third postnatal quarter has statistical significance. The
inclusion of infancy radiation exposure in the as additional control covariates in the IV first -stage regression
does not alter the 2SLS IV estimates.
Second, the infancy radiation exposure affects the educational attainment through altering the effect of
two-year college numbers. Considering a non-linear effect of infancy radiation exposure in the IV firststage regression, radiation interacts with the number of four/two-year colleges. It is shown that the effect
of four-year college openings on educational attainment does not change with radiation in the three
postnatal quarters. The effect of two-year college openings on education becomes less negative for
individuals with stronger radiation in their third postnatal quarter. The finding suggests that the inclusion
of radiation in the third postnatal quarter takes effects by making educational attainment less sensitive to
two-year college openings, but does not alter the 2SLS IV estimates
Third, the effect of educational attainment on wage decreases with a stronger infancy radiation
exposure. The number of endogenous regressors becomes two: educational and the education-radiation
interaction. The instrumental variable set remains the number of four- and two-year colleges. When
considering the interaction of education with radiation in the first or the second postnatal quarter, the IV
model is weakly identified (low Cragg-Donald F-statistics). Both the number of four-year colleges and the
number of two-year colleges have the significant positive effect on the interaction of educational attainment
and radiation in the third postnatal quarter. The 2SLS estimates for the effect of education and radiationeducation interactions show that the return to education decreases with infancy radiation exposure, and can
go from positive to negative for individuals with extreme radiation in their third postnatal quarters.
It is suggested that the 2SLS IV estimation is robust to modifications to the baseline model by allowing
linear and non-linear effects of infancy radiation exposure in the first stage. There is no significant evidence
that the college number IV violate the exclusion restriction assumption. Educational attainment is not
sensitive to infancy radiation exposure given the control for local school openings. However, the effect of
educational attainment on wage is sensitive to infancy radiation exposure in the third postnatal quarter.
There are heterogeneous IV treatment effects on wage for people with different abilities.
ENDNOTES
1.
2.
3.

4.
5.

6.

Currie and Moretti (2003) propose four-year and two-year college openings as IVs for maternal education to
estimate its effect on newborn birth outcomes.
120 Years of American Education: A Statistical Portrait (1999).
Radiation in the first quarter is not used to construct infancy radiation exposure due to the selection of
analyzed population sample (see detail in Section 3.3 and 3.4). The summary statistics of the average and the
maximum radiation in the first quarters are thus not reported.
The detailed description of the school opening data is available in the appendix of Currie and Mariotte (2003).
In the 2005-2015 ACS data, the variable of usual hours worked per week is available. However, the detailed
“weeks worked last year” is only available in the 2005-2007 interview. In the 2008-2015 ACS data, the
information of weeks worked last year is only available in intervals. I use the mid-value of the reported
interval to proxy the number of working hours for the 2008-2015 sample. For the 2005-2007 sample, detailed
numbers of working hours are used to calculate the hourly wage rate.
In the Currie and Moretti (2003) paper, the number of colleges are identified to the county level. In this paper,
I merged the number of colleges to the PUMA-level, since it is the smallest geographic identifier for all
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7.

8.
9.

respondents in the ACS sample.
In the ACS data, the most precise information of the birth timing is the individual's quarter of birth. The
postnatal radiation to an individual is thus defined as radiation levels in the consecutive quarters following
the individual's birth quarter. Details in the data construction are provided in the data section.
The detail description of the sample selection is provided in the data section.
An alternative approach to test the additional explaining power of infancy radiation exposure to schooling is
to calculate the partial R-square from the inclusion of infancy radiation exposure to the regression of
education on local college numbers. The partial R-squares are reported in the Appendix Tables.
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