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Climate change may negatively impact education among children
via exposure to extreme temperature and precipitation conditions.
We link census data from 29 countries across the global tropics to
high-resolution gridded climate data to understand how climatic
conditions experienced in utero and during early childhood affect
educational attainment at ages 12 to 16. We show that exposure
to higher-than-average temperatures during the prenatal and
early-life period is associated with fewer years of schooling in
Southeast Asia. In this region, a child who experiences tempera-
tures 2 SDs above average is predicted to attain 1.5 fewer years of
schooling than one who experiences average temperatures. In
addition, early-life rainfall is positively correlated with attainment
in West and Central Africa as well as Southeast Asia, and
negatively correlated with attainment in Central America and
the Caribbean. While we expected that children from the most
educated households would be buffered from these effects, we
discover that they tend to experience the greatest educational
penalties when exposed to hotter early-life conditions and, in
some regions, to drier conditions. For example, among the most
educated households in West and Central Africa, predicted
schooling is 1.8 years lower for children who experience early-
life rainfall 2 SDs below average versus 2 SDs above average,
while the difference is just 0.8 years for children from the least
educated households. These results suggest that development and
educational gains in the tropics could be undermined by climate
change, even for better-off households.
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The historical and predicted effects of climate change include
higher temperatures, more severe droughts and floods, and a

greater frequency and intensity of extreme weather events such as
hurricanes and heat waves (1–3). Exposure to adverse climatic
conditions may constrain the ability of households to improve
living standards via multiple channels, including through its effects
on income, food security, and health (4–6). Indeed, the In-
tergovernmental Panel on Climate Change Fifth Assessment Re-
port predicts with high confidence that climate change will
jeopardize human health, food security, and livelihoods, particu-
larly among the world’s poor (7). Climate-induced health and in-
come shocks could in turn negatively affect educational outcomes
if, for example, children experience poorer health and nutrition in
early life, thereby impairing cognitive and physical development; if
households are unable to pay school fees; or if children must
participate in income generation activities during school ages.
Formal education contributes to poverty reduction and eco-

nomic development by fostering skills, intellectual ability, and
employment opportunities. In addition, education can help re-
duce vulnerability to climate change and natural disasters by
expanding the adaptive capacity of populations (8–13). However,
a lack of access to education has long been a challenge in many
low- and middle-income countries. In response, in 2000, the
United Nations aimed one of its eight millennium development
goals (MDGs) at attaining universal primary school education by
2015. The United Nations achieved substantial success over the

course of implementing the MDGs; however, 57 million primary
school-aged children worldwide remained out of school in 2015
(14). Further, children from the poorest households were five
times less likely to complete primary school than those from the
wealthiest households, and rural children were twice as likely to
remain out of school as urban children (14). In 2016, the United
Nations released a set of more ambitious sustainable develop-
ment goals (SDGs), one of which aims to achieve universal pri-
mary and secondary attainment by 2030 (15).
If climate change undermines educational attainment, this

may have a compounding effect on underdevelopment that over
time magnifies the direct impacts of climate change. However,
research on the relationship between climatic conditions and
schooling outcomes remains limited. In this paper, we investigate
how exposure to precipitation and temperature anomalies in
early life is associated with educational attainment among chil-
dren in 29 countries throughout the global tropics.
We focus on climatic conditions in utero and during early

childhood, given the strong evidence that exposure to adverse
environmental, political, and socioeconomic conditions during this
period negatively impacts long-term human capital outcomes in-
cluding educational attainment and earnings (16–22). We con-
centrate on the tropics because of the region’s high levels of
biophysical and social vulnerability to climate change. The tropics
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are home to more than two-thirds of the world’s poor, and adults
in the region have an average of 2.5 fewer years of education than
those in other regions (23). Biophysically, low-latitude regions are
historically among the hottest, and further warming is predicted to
threaten agricultural production and human health earlier in the
tropics than in other parts of the world (24–26).
An emerging literature examines the relationship between

climatic conditions experienced in utero and during early life and
educational and cognitive outcomes in later childhood and
adulthood. The studies, which primarily focus on single-country
cases, have generally found that exposure to adverse climatic
conditions leads to long-term negative human capital outcomes.
One set of studies centers on the amount of rainfall experi-

enced in utero and during the first few years of life. In Burkina
Faso, Vietnam, and Zimbabwe, exposure to negative rainfall
shocks during this period is associated with adverse outcomes
including poorer cognitive ability, lower school enrollment, re-
duced grade completion, and increased child labor (21, 27, 28).
In India, drought exposure in utero through age 4 is negatively
associated with having ever enrolled in school (29) and, in
Indonesia, greater rainfall during the year of birth is positively
associated with women’s educational attainment in adulthood
(30). In Malawi, in utero exposure to drought is associated with
delayed school entry among male children (31). Further, in rural
Ethiopia, greater rainfall during the main agricultural season in
early childhood is positively associated with having completed at
least 1 y of schooling as well as with attending school at the time
of the survey (32).
Other studies have focused on high-rainfall shocks. In Ecua-

dor, children exposed to El Niño floods in utero, particularly
during the first trimester, scored lower on cognitive tests 5 to 7 y
later (33). Similarly, in Mexico, children who experienced El
Niño flooding during the first 2 y of life exhibited poorer lan-
guage development and working memory when tested at ages 2
through 6.* Further, in 16 countries across Latin America, in
utero exposure to natural disasters including floods and tropical
cyclones was found to lead to an average of 0.3 fewer years of
education (34). Taken together, these studies suggest that
greater rainfall in early life generally has a positive effect on
schooling, and that experiencing precipitation extremes (droughts,
hurricanes, and floods) in utero and during the first few years of
life negatively affects educational outcomes years, and even de-
cades, in the future.
A smaller set of studies has examined how exposure to adverse

temperatures in utero and during early life affects educational
outcomes. In rural Ethiopia, experiencing milder temperatures
(cooler springs and summers as well as warmer winters) during
early childhood is positively associated with having completed at
least 1 y of schooling (32). A study of six countries in sub-Saharan
Africa found that exposure to high temperatures around the time
of conception was positively associated with educational attain-
ment and literacy (35). The authors argue that high temperatures
lead to early fetal loss, which selects for the survival of healthier
fetuses. In contrast, multiple studies have found that exposure to
hot temperatures in utero correlates with preterm birth and lower
birthweight (36–40), which are known to negatively impact future
human capital outcomes, including education (41, 42).
Many of the above studies conclude that climatic effects on

agricultural production and income likely mediate the relation-
ship between early-life climate and educational, cognitive, and
labor outcomes. Pregnant mothers, infants, and young children
exposed to unfavorable climatic conditions are more likely to
experience poor health and food insecurity during critical

periods of fetal and child development. Another pathway be-
tween climate and education is through direct heat exposure.
Extreme heat in utero can impact fetal development, leading to
adverse birth outcomes including low birthweight and preterm
birth (36, 40), which are associated with impaired physical and
cognitive development (41). A third potential pathway is through
infectious diseases. Climatic conditions play an important role in
the transmission of vector-borne and waterborne diseases such as
malaria and cholera (5, 43), and exposure to diseases in utero and
during early life have been found to negatively impact cognitive
development and educational outcomes (44, 45). Lastly, prenatal
exposure to stress caused by natural disasters has been shown to
impact children’s cognitive ability, particularly among poor
households (46). Taken together, these studies support arguments
that the physical, cognitive, and socioemotional effects of shocks
in early childhood act as key determinants of future life outcomes
(16) and that undernutrition and poor health in early life nega-
tively impact cognitive function, educational attainment, and
school performance over the long term (17, 18, 20, 21).
We build on this emerging literature in several ways. First,

most prior studies on climate and education have examined
single-country cases, which offer valuable insights but are not
generalizable beyond the country of interest. We expand the scope
to countries across the global tropics to understand this relationship
more broadly and determine how it varies over space as well as
between populations. Second, while most prior studies have fo-
cused solely on rainfall, we examine temperature as well. Changes
in both temperature and precipitation due to climate change are
expected to affect agricultural productivity as well as human health
(5, 47, 48), and therefore examining rainfall alone does not provide
a comprehensive picture of climate change’s impacts. Third, we
examine how impacts vary by household head education. Formal
education has been found to foster greater adaptive capacity to
climate change, as education better equips households to perceive
and respond to risks, decreases poverty, and expands access to
resources and information (8–12). We examine whether and to
what extent household head education mitigates the impact of
adverse precipitation and temperature conditions on child school-
ing outcomes. We predict that household head education will have
a protective effect, buffering children from the most educated
households from the negative effects of adverse climatic conditions.

Results
Our analysis examines the relationships between temperature
and precipitation anomalies experienced during early life
(the year before birth through age 5) and educational attainment
among children aged 12 to 16 in 29 countries throughout the
global tropics (see Fig. 1 for a map of the study provinces). There
is substantial variation in annual temperature and precipitation
both within and between the five study regions (see SI Appendix,
Table S2 for a description of historical climate data for the re-
gions during the period 1949 to 2012 as well as early-life climate
anomalies experienced by sample children). East and Southern
Africa (ESA) are relatively cool and dry due to their high-
altitude areas, while West and Central Africa (WCA) are hot,
with precipitation conditions varying from monsoonal to desert.
Central America and the Caribbean (CAC) tend to be warm and
wet and are subject to seasonal hurricanes, while climatic con-
ditions in South America (SAM) vary greatly, from cold and dry
in the Andean highlands to hot and wet in the Amazon. South-
east Asia (SEA) is primarily hot and humid with ample rainfall.
We estimate a set of ordinary least squares (OLS) models

predicting years of educational attainment based on early-life
climate anomalies. The models are stratified by the five world
regions mentioned above. Fig. 2 displays predicted years of
schooling based on early-life temperature z score. The z score is
an indicator of how different the temperature was in a child’s
province of birth across his or her early life compared with all

*Aguilar A, Vicarelli M (2012) El Niño and Mexican children: Medium term effects of
early-life weather shocks on cognitive and health outcomes (Harvard University, Cam-
bridge, MA).
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equivalent periods between 1949 and 2012. A z score of 2
therefore represents an early-life temperature 2 SDs hotter than
the average 7-y period in that province. For each region, the
graph on the left presents results for the full sample, while the
graph on the right presents results stratified by the household
head’s educational attainment.
We find that hotter-than-normal temperatures in early child-

hood are negatively associated with educational attainment in
SEA, and that cooler temperatures are associated with the
highest educational attainment in ESA. In SEA, a child who
experiences early-life temperatures 2 SDs above average is pre-
dicted to attain 1.5 fewer years of schooling than one who ex-
periences average temperatures and, in ESA, a z score of −2
compared with 0 increases predicted education by 2.6 y.
We next examine predicted years of schooling stratified by

educational attainment of the household head. Contrary to our

expectations, we find that children from households in which the
head has at least a secondary school education are most nega-
tively impacted by high temperatures, and this relationship is
strongest in SEA and WCA, the two hottest regions. In SEA,
among children from households in which the head has a sec-
ondary or greater education, those who experience early-life
temperatures 2 SDs above the mean are predicted to attain 2.9
fewer years of schooling than those who experience temperatures
2 SDs below the mean. In contrast, for children from households
in which the head has less than a primary education, the dif-
ference is 0.7 y. In WCA, the decline in predicted education
among children from households in which the head has a sec-
ondary or greater education is 1.6 y, while those from the least
educated households experience small benefits from tempera-
tures that are both cooler and warmer than average.

Study provinces
Equator
Tropics 

Fig. 1. Map of study provinces.

Fig. 2. Predicted years of schooling among children aged 12 to 16 based on early-life temperature z score, including cluster-robust 95% confidence intervals.
Note: Models also include controls for the child’s age, sex, and relationship to household head, province fixed effects, country-specific linear time trends, and
two-way clustering at the birth province and country–birth year levels.
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Similar findings emerge in ESA and CAC, as children from the
most educated households experience lower predicted education
with hotter temperatures, while children from the least educated
households appear to benefit from both cooler and warmer
temperatures. In ESA, predicted education among children from
the most educated households is 1.1 y lower for those who ex-
perienced conditions 2 SDs above average compared with those
who experienced conditions 2 SDs below average. In contrast,
among those from the least educated households, predicted
education is 2.6 y higher for those who experienced temperatures
2 SDs below average compared with average temperatures, and
1 y higher for those who experienced temperatures 2 SDs above
average compared with average temperatures. Lastly, in SAM,
children from households in which the head has at least a pri-
mary school education have fewer predicted years of schooling
with hotter temperatures, while those from the least educated
households appear to benefit from hotter-than-average temper-
atures during early childhood.
Fig. 3 displays predicted years of schooling based on early-life

rainfall z score. Low rainfall is negatively associated with edu-
cational attainment in WCA, and this relationship is strongest
among children from households in which the head has at least a
primary school education. In WCA, predicted schooling is 1.8 y
lower for children who experience early-life rainfall 2 SDs below
average versus 2 SDs above average among the most educated
households, 1.4 y lower for children from households in which
the head has a primary education, and 0.8 y lower for children
from the least educated households. In SEA, children from
households in which the head has at least a primary school ed-
ucation experience educational benefits from greater early-life
rainfall, while there is little effect among children from the least
educated households. Lastly, early-life rainfall is negatively cor-
related with educational attainment in CAC among children

from the least educated households. A child who experiences
rainfall 2 SDs above average is predicted to attain 0.7 fewer years
of schooling than one who experiences average rainfall in
households in which the head has less than a primary education,
while the decrease is just 0.2 y among children from households
in which the head has at least a secondary education.
Finally, we also examine the effects of childhood climate

anomalies stratified by household location (rural/urban) and
occupation of the head (agricultural/nonagricultural) at the time
of census (SI Appendix, Fig. S4, Table S9 and Fig. S5, Table S10,
respectively). These results should be interpreted with caution,
because for some households these values will have changed
since the time of climate exposure and thus they are potentially
endogenous to climate. However, it is worth noting that, consistent
with the stratification by education of the household head above,
these results reveal surprising forms of vulnerability. Urban
households appear to be most vulnerable to climate anomalies in
WCA, CAC, SAM, and SEA, possibly reflecting their differential
exposure to food prices, infectious diseases, and/or urban heat
islands. Indeed, a study in CAC found that high heat was associ-
ated with greater losses in nonagricultural production than in
agriculture, likely stemming from reduced productivity of workers
given heat stress (49). In WCA and CAC, high rainfall negatively
impacts agricultural households more so than nonagricultural
households, which may be due to impacts of hurricanes or flooding
on agricultural production and/or exposure to tropical diseases.
Taken together, these results suggest that development and edu-
cational gains in the tropics are fragile and could be undermined
by climate change, even for better-off households.

Discussion and Conclusions
In this paper, we reveal that climatic conditions experienced in
utero and during early childhood are associated with educational

Fig. 3. Predicted years of schooling among children aged 12 to 16 based on early-life rainfall z score, including cluster-robust 95% confidence intervals. Note:
Models also include controls for the child’s age, sex, and relationship to household head, province fixed effects, country-specific linear time trends, and two-
way clustering at the birth province and country–birth year levels.
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attainment in later childhood and adolescence. Exposure to
higher-than-average temperatures during the prenatal and early-life
period is correlated with fewer years of schooling in Southeast Asia,
a historically hot and humid region. A combination of high heat and
humidity is known to be particularly dangerous to human health
(50, 51). Indeed, supplementary analyses (SI Appendix, Fig. S13
and Table S18) indicate that high heat only has a negative re-
lationship with educational attainment in provinces that are his-
torically warm and wet. In addition, we found that early-life
rainfall is positively associated with attainment in West and Cen-
tral Africa as well as Southeast Asia (the hottest regions), and
negatively associated with attainment in Central America and the
Caribbean (a region that is prone to hurricanes).
Our work expands upon prior research which has found that

both rainfall and temperature conditions experienced in utero
and during early life have important implications for long-term
educational outcomes (21, 27–30, 32–34). While much of the
prior work focuses solely on rainfall, we discovered that temper-
ature plays a large role in shaping educational attainment. A few
potential mechanisms may be driving the link between heat and
educational attainment. Extreme heat affects agricultural pro-
duction (47, 48), infectious disease transmission (5, 43), and fetal
development (36, 40). Exposure to excessive heat during the pre-
natal and early-life period may therefore impact child health and
nutrition, hindering physical and cognitive development, and in
turn negatively affecting educational outcomes in later childhood.
Given evidence that education decreases vulnerability to cli-

mate change (8–13) and that greater education in low- and
middle-income countries is associated with higher incomes (52),
we expected that children from the most educated households
would be least affected by climatic conditions. However, we
found evidence of the contrary, as children from households in
which the head has at least a secondary education tend to ex-
perience the greatest educational penalties when exposed to
early-life temperatures that are substantially hotter than normal.
Among children who experienced early-life temperatures that
were typical of long-term averages, we see a clear educational
gradient, with a child’s predicted attainment increasing with
household head education. At hot temperatures, however, we
see a convergence in educational attainment—children from
households in which the head has at least a secondary education
experience sharp declines, while those from households in which
the head has less than a primary school education are less af-
fected, or in some cases even benefit.
Children from the least educated households have a lower

schooling trajectory to begin with, and likely face many additional
barriers to attending school (e.g., poverty, lack of access to nearby
schools, child labor). In addition, adverse temperatures may lead
to increased food prices, which could benefit agricultural house-
holds and therefore lead to higher attainment among rural chil-
dren, though the evidence on this is mixed (53). Our findings
suggest that children from the most educated households have the
most to lose in a warming world as their advantages are eroded.
These findings correspond to studies of economic losses due to
natural disasters, which find that wealthier households lose more
in assets and income than the poorest households because they
had more to begin with (54). Similarly, this study echoes Scheidel
(55), who argues that wars and state failure can act as “the great
leveler.” According to Scheidel, the wealthiest in society have the
most to lose during periods of violence or political unrest, which
diminishes their advantages vis-à-vis more socioeconomically dis-
advantaged individuals and in turn decreases social inequality.
With regard to rainfall, in West and Central Africa, children

from households in which the head has at least a secondary
school education tend to suffer most from abnormally dry con-
ditions. Similar to temperature, we believe that the barriers to
school attendance among children from the least educated
households outweigh the health benefits of additional rainfall in

early life. In contrast, in Central America and the Caribbean,
children from households in which the head has less than a
primary education are most negatively impacted by higher-than-
average early-life rainfall. This region is prone to hurricanes,
which cause flooding, landslides, infrastructure damage, and crop
loss, and tend to most severely affect socioeconomically disadvan-
taged households in terms of the percentage of assets and income
lost (54). Indeed, a supplementary analysis (SI Appendix, Fig. S12)
indicates higher-than-typical early-life rainfall is negatively corre-
lated with educational attainment only among children from the
least educated households living within hurricane-prone countries.
As the effects of climate change intensify, children in the

tropics will face additional barriers to education. Achieving the
SDG of universal primary and secondary school completion will
necessitate the effective development and implementation of
policies that reduce vulnerability to extreme temperature and
precipitation, particularly during prenatal and early-childhood
periods. Ensuring food security and income stability in the face
of adverse climatic conditions (for example, through the expansion
of crop insurance or social protection programs), as well as lim-
iting heat exposure among pregnant women, will be critical. Ad-
ditional research is needed to better understand the mechanisms
underlying the relationship between climate and educational at-
tainment in different regions to design effective policies that in-
crease access to education in a warmer, more variable world.

Methods
For our analysis, we link social data from multiple censuses from the In-
tegrated Public Use Microdata Series, International (IPUMS-I) (56) to tem-
perature and precipitation from the Climatic Research Unit Time-Series (CRU
TS, v. 4.00) through the University of East Anglia (57). Our final sample is
composed of data from 85 censuses conducted between 1969 and 2012 in
countries across sub-Saharan Africa, Latin America and the Caribbean, and
Southeast Asia (see SI Appendix, Table S1 for a list of countries and survey
years). For our analysis, we restrict the sample to children born in 1950 or
later who were aged 12 to 16 y at the time of the census. Using the CRU
data, we then construct a set of climate variables at the province–year scale,
which we link to individuals using their birthplace province.

We measure two attributes of climate change in the analysis: temperature
and precipitation anomalies during early life, defined as the year before birth
until age 5. Our measures aremean annual temperature (°C) and total annual
rainfall (mm) over this period, which we transform into z scores relative to all
other 7-y periods of the same duration from 1949 to 2012 for that province.
Our outcome variable is the highest grade/level of formal schooling com-
pleted, measured in years. We estimate a set of OLS models stratified by
world region (East and Southern Africa, West and Central Africa, Central
America and the Caribbean, South America, and Southeast Asia). [The range
of predicted values of education in our main specification is −1.77 to 11.16 y.
Only 0.3% of predicted values fall outside the realistic range (fewer than 0 y
of education).] Control variables include the child’s age, sex, relationship to
the household head (child of head or other), and household head’s educa-
tion (below primary completed, primary completed, or secondary or more
completed). To test whether household head education mitigates the effects
of climatic conditions on children’s educational outcomes, we estimate an
additional set of models in which household head education is interacted
with the climate variables (see SI Appendix, Table S5 for results).

We also include province fixed effects and country-specific linear time
trends, and we use two-way clustering: We cluster at the province level to
account for nonindependence among individuals living in the same province
and also at the country–birth year level to account for nonindependence
among individuals born in the same country in the same year. In addition,
we use sampling weights to account for the number of individuals repre-
sented by each observation in the dataset. The analytic sample contains
13,831,770 observations, while the weighted data, which account for the
IPUMS sampling weights, are representative of ∼246 million individuals.

We performed a number of sensitivity analyses and estimated a set of
supplementary models to further examine the linkages between climatic
conditions and education. We describe our methods in greater detail and
present additional results in SI Appendix.

Data Availability. The census data that support the findings of this study are
available from IPUMS-I, version 6.5 (56) (https://www.ipums.org/doi/D020.
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V6.5.shtml). The climate data that support the findings of this study are
available from the gridded CRU TS (57) (doi.org/10.5285/58A8802721C94-
C66AE45C3BAA4D814D0).

ACKNOWLEDGMENTS. An earlier version of the paper was presented at the
2017 Annual Meeting of the Population Association of America, where we
received invaluable feedback from Raya Muttarak. We also thank Valerie
Mueller for her helpful input. We wish to acknowledge the statistical offices
that provided the underlying data making this research possible: National
Institute of Statistics, Bolivia; Central Statistics Office, Botswana; Institute of
Geography and Statistics, Brazil; National Institute of Statistics, Cambodia;
Central Bureau of Census and Population Studies, Cameroon; National
Administrative Department of Statistics, Colombia; National Institute of
Statistics and Censuses, Costa Rica; National Statistics Office, Dominican
Republic; National Institute of Statistics and Censuses, Ecuador; Department

of Statistics and Censuses, El Salvador; Ghana Statistical Services, Ghana;
National Statistics Directorate, Guinea; Institute of Statistics and Informatics,
Haiti; BPS Statistics Indonesia, Indonesia; Statistical Institute, Jamaica;
National Bureau of Statistics, Kenya; National Statistical Office, Malawi;
National Directorate of Statistics and Informatics, Mali; National Institute of
Information Development, Nicaragua; Census and Statistics Directorate,
Panama; General Directorate of Statistics, Surveys, and Censuses, Paraguay;
National Institute of Statistics and Informatics, Peru; National Agency of
Statistics and Demography, Senegal; Bureau of Statistics, Tanzania; National
Statistical Office, Thailand; Central Statistical Office, Trinidad and Tobago;
Bureau of Statistics, Uganda; National Institute of Statistics, Venezuela; and
Central Statistics Office, Zambia. This work was supported by the National
Socio-Environmental Synthesis Center (SESYC) under funding received from
the National Science Foundation (Grant DBI-1052875).

1. Coumou D, Robinson A, Rahmstorf S (2013) Global increase in record-breaking
monthly-mean temperatures. Clim Change 118:771–782.

2. Coumou D, Rahmstorf S (2012) A decade of weather extremes. Nat Clim Chang 2:
491–496.

3. Holland G, Bruyère CL (2014) Recent intense hurricane response to global climate
change. Clim Dyn 42:617–627.

4. Arnell NW, et al. (2016) The impacts of climate change across the globe: A multi-
sectoral assessment. Clim Change 134:457–474.

5. Smith KR, et al. (2014) Human health: Impacts, adaptation, and co-benefits. Climate
Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral
Aspects. Contribution of Working Group II to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, eds Field CB, et al. (Cambridge Univ
Press, Cambridge, UK), pp 709–754.

6. Porter JR, et al. (2014) Food security and food production systems. Climate Change
2014: Impacts, Adaptation, and Vulnerability. Part A: Global and Sectoral Aspects.
Contribution of Working Group II to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, eds Field CB, et al. (Cambridge Univ
Press, Cambridge, UK), pp 485–533.

7. Field CB, et al. (2014) Technical summary. Climate Change 2014: Impacts, Adaptation,
and Vulnerability. Part A: Global and Sectoral Aspects. Contribution of Working
Group II to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change, eds Field CB, et al. (Cambridge Univ Press, Cambridge, UK), pp 35–94.

8. Lutz W, Muttarak R, Striessnig E (2014) Universal education is key to enhanced climate
adaptation. Science 346:1061–1062.

9. Muttarak R, Lutz W (2014) Is education a key to reducing vulnerability to natural
disasters and hence unavoidable climate change? Ecol Soc 19:42.

10. Frankenberg E, Sikoki B, Sumantri C, Suriastini W, Thomas D (2013) Education, vul-
nerability, and resilience after a natural disaster. Ecol Soc 18(2):16.

11. Lutz W, Muttarak R (2017) Forecasting societies’ adaptive capacities through a de-
mographic metabolism model. Nat Clim Chang 7:177–184.

12. Striessnig E, Lutz W, Patt AG (2013) Effects of educational attainment on climate risk
vulnerability. Ecol Soc 18(1):16.

13. Wamsler C, Brink E, Rantala O (2012) Climate change, adaptation, and formal edu-
cation: The role of schooling for increasing societies’ adaptive capacities in El Salvador
and Brazil. Ecol Soc 17:2.

14. United Nations (2015) The millennium development goals report 2015 (United Na-
tions, New York).

15. United Nations (2016) GOAL 4: Ensure inclusive and equitable quality education and pro-
mote lifelong learning opportunities for all. Available at https://sustainabledevelopment.
un.org/sdg4. Accessed February 16, 2016.

16. Alderman H (2011) No Small Matter: The Impact of Poverty, Shocks, and Human
Capital Investments in Early Childhood Development (World Bank, Washington, DC).

17. Dewey KG, Begum K (2011) Long-term consequences of stunting in early life. Matern
Child Nutr 7:5–18.

18. Glewwe P, Jacoby HG, King EM (2001) Early childhood nutrition and academic
achievement: A longitudinal analysis. J Public Econ 81:345–368.

19. Akresh R (2016) Climate change, conflict, and children. Future Child 26:51–71.
20. Currie J, Vogl T (2013) Early-life health and adult circumstance in developing coun-

tries. Annu Rev Econ 5:1–36.
21. Alderman H, Hoddinott J, Kinsey B (2006) Long term consequences of early childhood

malnutrition. Oxf Econ Pap 58:450–474.
22. Isen A, Rossin-Slater M, Walker R (2017) Relationship between season of birth, tem-

perature exposure, and later life wellbeing. Proc Natl Acad Sci USA 114:13447–13452.
23. Edelman A, et al. (2014) State of the Tropics 2014 report (James Cook University,

Cairns, Australia).
24. Mora C, et al. (2013) The projected timing of climate departure from recent vari-

ability. Nature 502:183–187.
25. Wang X, et al. (2014) A two-fold increase of carbon cycle sensitivity to tropical

temperature variations. Nature 506:212–215.
26. Harrington LJ, et al. (2016) Poorest countries experience earlier anthropogenic

emergence of daily temperature extremes. Environ Res Lett 11:055007.
27. Akresh R, Bagby E, de Walque D, Kazianga H (2012) Child Labor, Schooling, and Child

Ability (World Bank, Washington, DC).
28. Thai TQ, Falaris EM (2014) Child schooling, child health, and rainfall shocks: Evidence

from rural Vietnam. J Dev Stud 50:1025–1037.

29. Shah M, Steinberg BM (2017) Drought of opportunities: Contemporaneous and long-
term impacts of rainfall shocks on human capital. J Polit Econ 125:527–561.

30. Maccini S, Yang D (2009) Under the weather: Health, schooling, and economic con-
sequences of early-life rainfall. Am Econ Rev 99:1006–1026.

31. Abiona O (2017) Adverse effects of early life extreme precipitation shocks on short-
term health and adulthood welfare outcomes. Rev Dev Econ 21:1229–1254.

32. Randell H, Gray C (2016) Climate variability and educational attainment: Evidence
from rural Ethiopia. Glob Environ Change 41:111–123.

33. Rosales-Rueda M (2018) The impact of early life shocks on human capital formation:
Evidence from El Niño floods in Ecuador. J Health Econ 62:13–44.

34. Caruso GD (2017) The legacy of natural disasters: The intergenerational impact of 100
years of disasters in Latin America. J Dev Econ 127:209–233.

35. Wilde J, Apouey BH, Jung T (2017) The effect of ambient temperature shocks during
conception and early pregnancy on later life outcomes. Eur Econ Rev 97:87–107.

36. Grace K, Davenport F, Hanson H, Funk C, Shukla S (2015) Linking climate change and
health outcomes: Examining the relationship between temperature, precipitation
and birth weight in Africa. Glob Environ Change 35:125–137.

37. Deschênes O, Greenstone M, Guryan J (2009) Climate change and birth weight. Am
Econ Rev 99:211–217.

38. Molina O, Saldarriaga V (2017) The perils of climate change: In utero exposure to
temperature variability and birth outcomes in the Andean region. Econ Hum Biol 24:
111–124.

39. Andalón M, Azevedo JP, Rodríguez-Castelán C, Sanfelice V, Valderrama-González D
(2016) Weather shocks and health at birth in Colombia. World Dev 82:69–82.

40. Carolan-Olah M, Frankowska D (2014) High environmental temperature and preterm
birth: A review of the evidence. Midwifery 30:50–59.

41. Graff Zivin J, Shrader J (2016) Temperature extremes, health, and human capital.
Future Child 26:31–50.

42. Behrman JR, Rosenzweig MR (2004) Returns to birthweight. Rev Econ Stat 86:
586–601.

43. Yamana TK, Bomblies A, Eltahir EAB (2016) Climate change unlikely to increase ma-
laria burden in West Africa. Nat Clim Chang 6:1009–1013.

44. Barreca AI (2010) The long-term economic impact of in utero and postnatal exposure
to malaria. J Hum Resour 45:865–892.

45. Pinkerton R, et al. (2016) Early childhood diarrhea predicts cognitive delays in later
childhood independently of malnutrition. Am J Trop Med Hyg 95:1004–1010.

46. Torche F (2018) Prenatal exposure to an acute stressor and children’s cognitive out-
comes. Demography 55:1611–1639.

47. Challinor A, Watson J, Lobell D (2014) A meta-analysis of crop yield under climate
change and adaptation. Clim Change 4:287–291.

48. Tubiello FN, Soussana J-F, Howden SM (2007) Crop and pasture response to climate
change. Proc Natl Acad Sci USA 104:19686–19690.

49. Hsiang SM (2010) Temperatures and cyclones strongly associated with economic
production in the Caribbean and Central America. Proc Natl Acad Sci USA 107:
15367–15372.

50. Sherwood SC, Huber M (2010) An adaptability limit to climate change due to heat
stress. Proc Natl Acad Sci USA 107:9552–9555.

51. Sherwood SC (2018) How important is humidity in heat stress? J Geophys Res Atmos
123:11808–11810.

52. Peet ED, Fink G, Fawzi W (2015) Returns to education in developing countries: Evi-
dence from the living standards and measurement study surveys. Econ Educ Rev 49:
69–90.

53. Hertel TW, Burke MB, Lobell DB (2010) The poverty implications of climate-induced
crop yield changes by 2030. Glob Environ Change 20:577–585.

54. Morris SS, et al. (2002) Hurricane Mitch and the livelihoods of the rural poor in
Honduras. World Dev 30:49–60.

55. Scheidel W (2017) The Great Leveler: Violence and the History of Inequality from the
Stone Age (Princeton Univ Press, Princeton, NJ).

56. Minnesota Population Center (2017) Integrated Public Use Microdata Series, In-
ternational, Version 6.5 (dataset). Available at https://www.ipums.org/doi/D020.V6.5.
shtml. Accessed March 19, 2019.

57. Harris I, Jones PD, Osborn TJ, Lister DH (2014) Updated high-resolution grids of
monthly climatic observations—The CRU TS3.10 dataset. Int J Climatol 34:623–642.

Randell and Gray PNAS | April 30, 2019 | vol. 116 | no. 18 | 8845

EN
V
IR
O
N
M
EN

TA
L

SC
IE
N
CE

S
SU

ST
A
IN
A
BI
LI
TY

SC
IE
N
CE

https://www.ipums.org/doi/D020.V6.5.shtml
http://doi.org/10.5285/58A8802721C94C66AE45C3BAA4D814D0
http://doi.org/10.5285/58A8802721C94C66AE45C3BAA4D814D0
https://sustainabledevelopment.un.org/sdg4
https://sustainabledevelopment.un.org/sdg4
https://www.ipums.org/doi/D020.V6.5.shtml
https://www.ipums.org/doi/D020.V6.5.shtml

