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Motivation

I Africa is likely to experience warming in excess of 2
standard deviations (IPCC 2013; Niang et al., 2014)

I Heat stress affects productivity in agriculture (Schlenker et
al., 2006; Seo et al., 2009; Lobell et al., 2011, 2012) and perhaps
other sectors (Hsiang, 2010; Dell et al., 2012; Burke et al., 2015)

I Adaptation is a key component of the UN Framework
Convention on Climate Change agreements and
development assistance

I Worker response to temperature is poorly understood,
especially in Africa
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What do we do?

I Take individual panel Living Standards Measurement
Study microdata (55,277 person-years, ages 15–65) on
participation in 7 activities over previous 12 months

Agriculture Non-agriculture

Self- Self- Not
Wage employed Wage employed Migrate* School employed

*Temporary: away for at least 1 of previous 12 months

I for four East African countries: Malawi (2010, 2012),
Uganda (2009, 2010, 2011), Tanzania (2008, 2010, 2012),
Ethiopia (2011, 2013);
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What do we do?

I merge with temperature and rainfall taken from NASA’s
Modern-Era Retrospective Analysis for Research and
Applications (MERRA);

1. Take the mean of the monthly values over a 24-month
period leading to the interview month t

2. 24-month period allows for lagged effects on employment
outcomes

3. Derive z-scores to characterize deviations in climate relative
to all other consecutive 24-month periods between 2000 and
2014

I to see how temperature affects worker responses.

4 / 26



Why do we do it?

To anticipate where needs for climate adaptation resources will
likely be highest.

Do increasing temperatures lead to productivity shocks that

I provoke rural out-migration?(Barrios et al., 2006; Dillon et al.,
2011; Poelhekke, 2011; Marchiori et al., 2012; Henderson et al., 2017;
Gray and Mueller, 2012a,b; Gray and Bilsborrow, 2013; Hunter et al.,
2013; Mueller et al, 2014; Gray and Wise, 2016)

I cause a shift from agricultural to nonagricultural activity?
(Kochar, 1999; Mathenge and Tschirley, 2015; Colmer, 2016)

I cause a shift from self to wage employment? (Rose, 2001)

I cause rural unemployment?
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Theoretical Framework

I Workers allocate time h across K activities with income yk
to maximize utility from consumption c and leisure s.

I Return from each activity except leisure depends on
individual characteristics d and local climate z.

max
c,s

{
U(c, s) : c = π(h;d, z); s = h̄−

K∑
k=1

hk

}
,

where π denotes total income,

π(h;d, z) =

K∑
k=1

yk(hk;d, z).

marginal return to each activity equals marginal rate of
substitution of leisure for consumption.
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Implications of Theory

Result: Relative, not absolute, climate productivity impacts
determine time allocated to each activity.

Hours 
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z0 0 z 
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z 0 z0 

1 
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2 

Result: Only changes in overall non-employment rates indicate a
productivity impact.
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General Implications of Theory

Several reasons why monotonic productivity impact can produce
non-monotonic time response, even for warm countries

declines at the micro level are reflected in coarser macro-level data.
When production is integrated over large regions (for example, coun-
tries) or long units of time (for example, years), there is a broad
distribution of momentary temperatures to which individual compo-
nents of the economy (for example, crops or workers) are exposed. If
only the hottest locations or moments cause abrupt declines in output,
then when combined with many cooler and highly productive
moments they would sum to an aggregate level of output that only
declines modestly when aggregate average temperature increases.

To fix ideas, let function fi(T ) describe the productive contribution
of an individual productive unit in industry i (for example, a firm)
relative to instantaneous (for example, daily) temperature T (Fig. 1d).
For a given country, period, and industry, denote the fraction of unit-
hours spent below the critical temperature threshold as mi1 and the
fraction above as mi2 (Fig. 1e). The full distribution of unit-hours
across all temperatures is gi(T{T), centred at average temperature
T . Assume gi(.) is mean zero. If productivity loss within a single pro-
ductive unit-hour has limited impact on other units, as suggested by
earlier findings8,15, then aggregate production Y is the sum of output
across industries, each integrated over all productive unit-hours in the
country and period:

Y(T)~
X

i

Yi(T)~
X

i

ð?

{?

fi(T):gi(T{T)dT ð1Þ

As T rises and a country warms on average, mi2 increases gradually for
all productive units (Fig. 1e). This growing number of hours beyond
the temperature threshold imposes gradual but increasing losses on
total output Y(T):

Equation (1) predicts that Y(T) is a smooth concave function
(Fig. 1f) with a derivative that is the average derivative of fi(T )
weighted by the number of unit-hours in each industry at each daily
temperature. It also predicts that Y(T) peaks at a temperature lower
than the threshold value in fi(T ), if the slope of fi(T ) above the thresh-
old is steeper than minus the slope below the threshold, as suggested by
micro-scale evidence. These predictions differ fundamentally from
notions that macro responses should closely mirror highly non-linear
micro responses6,16. Importantly, while aggregate productivity losses
ought to occur contemporaneous with temperature changes, these
changes might also influence the long-run trajectory of an economy’s
output5,15. This could occur, for example, if temporary contempor-

aneous losses alter the rate of investment in new productive units,
thereby altering future production. See Supplementary Equations
1–14 for details.

We test these predictions using data on economic production17 for
166 countries over the period 1960–2010. In an ideal experiment, we
would compare two identical countries, warm the temperature of one
and compare its economic output to the other. In practice, we can
approximate this experiment by comparing a country to itself in years
when it is exposed to warmer- versus cooler-than-average tempera-
tures18 due to naturally occurring stochastic atmospheric changes.
Heuristically, an economy observed during a cool year is the ‘control’
for that same society observed during a warmer ‘treatment’ year. We
do not compare output across different countries because such com-
parisons are probably confounded, distinguishing our approach from
cross-sectional studies that attribute differences across countries to
their temperatures13.

We estimate how economic production changes relative to the pre-
vious year—that is, annual economic growth—to purge the data of
secular factors in each economy that evolve gradually5. We deconvolve
economic growth to account for: (1) all constant differences between
countries, for example, culture or history; (2) all common contempor-
aneous shocks, for example, global price changes or technological
innovations; (3) country-specific quadratic trends in growth rates,
which may arise, for example, from changing political institutions or
economic policies; and (4) the possibly non-linear effects of annual
average temperature and rainfall. This approach is more reliable than
only adjusting for observed variables because it accounts for unob-
served time-invariant and time-trending covariates, allows these cov-
ariates to influence different countries in different ways, and
outperforms alternative models along numerous dimensions15 (see
Supplementary Information). In essence, we analyse whether coun-
try-specific deviations from growth trends are non-linearly related to
country-specific deviations from temperature and precipitation
trends, after accounting for any shocks common to all countries.

We find country-level economic production is smooth, non-linear,
and concave in temperature (Fig. 2a), with a maximum at 13 uC, well
below the threshold values recovered in micro-level analyses and con-
sistent with predictions from equation (1). Cold-country productivity
increases as annual temperature increases, until the optimum.
Productivity declines gradually with further warming, and this decline
accelerates at higher temperatures (Extended Data Fig. 1a–g). This
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Figure 2 | Effect of annual average temperature on economic production.
a, Global non-linear relationship between annual average temperature and
change in log gross domestic product (GDP) per capita (thick black line,
relative to optimum) during 1960–2010 with 90% confidence interval (blue,
clustered by country, N 5 6,584). Model includes country fixed effects, flexible
trends, and precipitation controls (see Supplementary Methods). Vertical
lines indicate average temperature for selected countries, although averages

are not used in estimation. Histograms show global distribution of temperature
exposure (red), population (grey), and income (black). b, Comparing rich
(above median, red) and poor (below median, blue) countries. Blue shaded
region is 90% confidence interval for poor countries. Histograms show
distribution of country–year observations. c, Same as b but for early (1960–
1989) and late (1990–2010) subsamples (all countries). d, Same as b but for
agricultural income. e, Same as b but for non-agricultural income.
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Implications of Theory

Result: Changes in continuous hours can be transmitted to
discrete participation decisions (our data)
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Data: Descriptive Statistics

Urban Rural Total

Occupational participation rates
Agriculture

Wage labor 0.03 0.09 0.07
Self-employed 0.51 0.84 0.78

Non-agriculture
Wage labor 0.18 0.07 0.09
Self-employed 0.23 0.15 0.16

Migrate 0.12 0.11 0.11
School 0.18 0.13 0.14
Non-participant 0.14 0.06 0.07

Climate
Temperature z-score 0.52 0.35 0.39

(0.97) (0.99) (0.99)
Rainfall z-score -0.07 -0.15 -0.13

(0.88) (0.84) (0.85)
Other

Female 0.52 0.51 0.52
Large landowner 0.40 0.55 0.52

Observations 15,241 40,036 55,277
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Main Empirical Specification

Linear probability model for seven activities

Likt =

2∑
`=1

d`

[
2∑

m=1

[
βk`mzimt + βk`mm [zimt]

2
]

+ βk`12zi1tzi2t

]
+ γik + τk(t) + εikt,

for ` = {rural, urban}, m = {temperature, rain}.

I individual fixed effect
I quadratic time trend–robust to linear, linear country, linear

rural and urban, linear country rural and urban time trends
I standard errors clustered by baseline enumeration area
I use sampling and inverse probability weights accounting for

attrition–robust to exclusion of ipw (Fitzgerald et al., 1998)
I q-values for false discovery rates (Anderson, 2008)
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Main Results

Agriculture Non-agriculture

Self- Self-
Wage employed Wage employed Migrate School Not employed
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Main Results

High temperature decline in agricultural wage labor

Agricultural wage employment
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Main Results

High temperature decline in urban outmigration

Migration
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Main Results

High temperature decline in male urban outmigration

Migration by gender
M
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Main Results

Non-agriculture self-employed
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Main Results

Not Employed
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Why Urban Areas?

Agricultural self-employment as a “backstop” activity
(Theoretical Extension)
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Why Urban Areas?

Lower probability of engaging in agricultural self employment
backstop

Agricultural self employment
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Why Urban Areas?

Is there a barrier to entry to agricultural self-employment?

Cannot observe directly

Instead, divide sample engaging in an activity besides
agricultural self-employment into two groups:

I Have engaged in the other activity and ag self employment
in the same year (“access”)

I Have engaged in the other activity but not ag self
employment in the same year (“no access”)

If no barrier, probability of not employed should be same across
groups.
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Why Urban Areas?

Probability not employed
Access No Access
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Why non-agricultural self employment?

Only non-agricultural self employment reliant on agricultural inputs sees
participation decline with high temperatures
Participation in non-agricultural self employment, conditional on agricultural input intensity
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Conclusions

At high temperatures:

I Urban unemployment increases
I reduced migration
I nonagricultural self employment reliant on agricultural

inputs

I Rural unemployment unaffected
I nonagricultural self employment reliant on agricultural

inputs falls
I high levels of agricultural self-employment independent of

temperature
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Conclusions

Empirical results consistent with following narrative.

Agricultural self-employment is a backstop occupation. People
always work a little on family plot, regardless of temperature.
At high temperatures, however, agricultural productivity
declines, causing:

I reduced demand for agricultural wage labor and temporary
urban migrants (Potts 1995, 2013; Tacoli 2001)

I reduced demand for labor in sectors for which it is a
complement to agricultural inputs (e.g., food vendors)

I reduced employment in urban areas since relatively little
access to agricultural self-employment
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Policy Implications

As temperatures in East Africa increase with global climate
change, we may

I not see migration from rural to urban areas, but reduced
migration from urban to rural

I not see a shift from agricultural to non-agricultural
employment (i.e., complements)

I see increased unemployment and attendant social
disruption primarily in urban areas

May be greater need for adaptation in urban areas due to
agricultural linkages.
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