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I.   INTRODUCTION 

Since the turn of the 20th 

century, the Earth’s average surface 

temperature has increased 

significantly. The speed at which this 

increase has taken place in the past 30 

to 40 years appears to be 

unprecedented in the past 20,000 years 

(Figure 1).2 Most scientists agree that 

global temperatures are set to rise 

further, at a scale and pace very much 

dependent on our ability to restrain 

greenhouse gas (GHG) emissions, the 

central cause of global warming 

(IPCC 2014). Although considerable 

uncertainty surrounds temperature 

projections, the scientific consensus 

predicts that without further action to 

tackle climate change, average 

temperatures could rise by 4C or more 

by the end of the century. Very 

substantial cuts to current emissions 

will be needed to limit warming to less 

than 2C. Will climate change have 

significant macroeconomic 

consequences, especially in low-

income countries that tend to be more 

exposed to the vagaries of the weather? 

And how can these countries cope with 

the rises in temperature they are set to 

experience over the coming decades?   

Pinning down the economic consequences of climate change is difficult. Temperature 

increases of the magnitude that could potentially occur over the next century—and many 

other aspects of climate change, such as rapid rise in sea levels, ocean acidification and the 

                                                 
2 Climate refers to a distribution of weather outcomes for a given location, while weather refers to a realization 

from that distribution. Climate change typically implies that the whole distribution of outcomes shifts, with a 

possible increase in the likelihood of extreme outcomes. As argued by Weitzman (2011), the fattening of the 

tails—the increase in the probability of potentially irreversible and catastrophic damages—justifies aggressive 

policy actions to stabilize greenhouse gas (GHG) concentrations in the atmosphere (“climate change 

mitigation”) and adjust to the changing climate (“adaptation”). 

(Degrees Celsius)

Sources: Intergovernmental Panel on Climate Change (IPCC) Coupled Model
Intercomparison Project Phase Five AR5 Atlas subset; Marcott and others (2013);
Matsuura and Willmott (2007); National Aeronautics and Space Administration

(NASA) Goddard Institute for Space Studies; Royal Netherlands Meteorological
Institute Climate Change Atlas; Shakun and others (2012); and IMF staff
calculations.
Note: In panel 2, the thin lines represent each of the 40 models in the IPCC WG1
AR5 Annex I Atlas, where a model with different parametrization is treated as a
separate model. The thick lines represent the multimodel mean. Representative
Concentration Pathways (RCP) are scenarios of greenhouse gas concentrations,
constructed by the IPCC. RCP 4.5 is an intermediate scenario, which assumes
increased attention to the environment, with emissions peaking around 2050 and
declining thereafter. RCP 8.5 is an unmitigated scenario in which emissions
continue to rise throughout the 21st century.
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like—sit well outside recent (and relevant) historical experience and could affect a large 

number of countries. Extrapolating from historically observed relationship between activity 

and weather patterns could also be problematic as populations adapt to persistent changes in 

climate. Yet, studying the macroeconomic effects of annual variation in weather patterns 

could produce useful insights.3 In an influential study, Dell, Jones, and Olken (2012) find that 

higher temperatures significantly reduce economic growth in low-income countries. Burke, 

Hsiang, and Miguel (2015a) provide evidence that productivity peaks at about 13C and 

declines strongly at higher temperatures. Since low-income countries are concentrated in 

geographic areas with hotter climates, the Burke, Hsiang, and Miguel (2015a) findings 

suggest that a rise in temperature would be particularly harmful for this set of economies.  

In this paper, we provide new evidence on the effects of weather shocks on economic 

activity, the persistence of these effects and the channels through which they operate. Using 

data from more than 180 economies over 1950–2015 and following the methodology 

pioneered by Dell, Jones, and Olken (2012) and Burke, Hsiang and Miguel (2015a), we 

exploit the annual variation in temperature and precipitation to estimate their causal effect on 

aggregate economic activity and output of various subsectors of the economy in the short and 

long run. We study how weather shocks affect the key elements of the aggregate production 

function, namely productivity, capital accumulation and labor supply, to trace the 

mechanisms through which weather fluctuations shape aggregate output. Finally, we 

incorporate the empirical estimates of economic loss from weather shocks and projected 

changes in temperature into a dynamic general equilibrium model to trace the potential long-

term effects of climate change for a typical low-income country. 

Our findings suggest that the macroeconomic effect of temperature shocks is uneven 

across and within countries. Confirming the global nonlinear relationship between annual 

temperature and growth uncovered by Burke, Hsiang, and Miguel (2015a) in our expanded 

data set, we find that rising temperatures lower per capita output in countries with relatively 

high annual average temperature, such as most low-income countries. In these economies, 

the adverse effect is long-lasting and operates through several channels, namely lower 

agricultural output, depressed labor productivity in sectors more exposed to the weather, 

reduced capital accumulation, and poorer human health. 

 

Model simulations suggest that the temperature increase projected by 2100 in a 

scenario of unmitigated climate change implies significant economic losses for most low-

income economies. Under the conservative assumption that weather shocks have permanent 

effects on the level, rather than the growth rate, of per capita output, model simulations 

suggest that the per capita GDP of a representative low-income country would be 9 percent 

                                                 
3 Dell, Jones, and Olken (2014); Heal and Park (2016); and Carleton and Hsiang (2016) provide surveys of the 

new climate literature, which explores the impact of weather fluctuations on a broad range of economic 

variables. Dell, Jones, and Olken (2014); Carleton and Hsiang (2016); Hsiang (2016); and Lemoine (2017) 

discuss the conditions under which empirical estimates of the effect of weather shocks based on historical data 

can shed light on the consequences of climate change. 
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lower in 2100 than it would have been in the absence of temperature increases, with the 

present value of output losses amounting to more than 100 percent of current GDP when 

discounted at the growth-adjusted rate of 1.4 percent.  

 

Our study contributes to several strands of literature. First, it reexamines the findings 

of Dell, Jones, and Olken (2012) and Burke, Hsiang, and Miguel (2015) with expanded 

geographic and temporal coverage, using a more flexible empirical specification, and several 

sources of weather data. We build on their analysis by examining the channels through which 

temperature variations affect economic outcomes, using sectoral data to identify productivity 

effects and infant mortality data to study health impacts. Second, we complement the 

literature on the effects of weather shocks that previously relied on experiments (see, for 

example, Seppänen, Fisk and Lei 2006, Niemelä et al. 2002 for the effects on productivity) or 

within-country studies (see, for example, Barreca 2012, Burgess et al. 2014 for the effect of 

weather on health outcomes, Schlenker and Roberts 2009, Burke and Emerick 2016, and 

Wang et al. 2017 for evidence on agricultural output, Deryugina and Hsiang 2014, and 

Somanathan et al. 2017 for evidence on productivity) and demonstrate that many of the 

effects uncovered for individual countries or in experimentally controlled settings exist 

across countries and are important for aggregate outcomes. Finally, we contribute to the large 

literature that uses models to analyze the effects of natural disasters and climate change on 

macroeconomic outcomes (Füssel 2010).4 Rather than an integrated assessment model 

(IAM), we use a dynamic general equilibrium model to simulate the potential long-run 

effects of climate change for a typical low-income country. Existing IAMs are typically not 

geographically granular enough, lumping together economies with different income levels 

and average temperatures. They also include various feedback loops between emissions, 

growth, and climate that are less relevant for low-income countries. The model we use 

overcomes these concerns and can be easily modified to analyze sectoral issues and structural 

economic transformation. 

 

The rest of the papers is organized as follows. To set the stage, section II presents 

some key stylized facts about historical patterns of temperature and precipitations as well as 

scientific projections of future changes. Section III describes the data and lays out the 

empirical strategy used to assess the macroeconomic effect of weather shocks. Section IV 

presents the main findings and several robustness checks of the empirical results, while 

Section V looks at the channels through which aggregate economic output is affected. 

Section VI discusses the potential long-run impacts of temperature increase. Section VII 

concludes summarizing the main findings and policy implications. 

                                                 
4 See also Anthoff and Tol (2010), Hope (2011), Nordhaus and Sztorc (2013) for descriptions of the three best-

known integrated assessment models. 
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II.   TEMPERATURE AND PRECIPITATION: HISTORICAL PATTERNS AND PROJECTIONS  

Global temperatures have 

increased by roughly 1C compared 

with the 1880–1910 average (Figure 

2).5 The rise started in earnest in the 

1970s, following a large increase in 

carbon dioxide (CO2) emissions.6  

The increase in average 

annual temperature has occurred in 

all regions, with the same 

accelerating trend starting in the 

1970s (Figure 3, panels 1, 3, and 5). 

The median temperature over the 

first 15 years of this century, 

compared with the first 15 years of 

the past century, was 1.4C higher in 

advanced economies, 1.3C higher in 

emerging market economies, and 

0.7C higher in low-income 

countries. Even though most of the 

warming happened in advanced 

economies, by 2015 the temperature 

in the median low-income country 

(25C) was more than twice that of 

the median advanced economy 

(11C). Trends in precipitation are 

generally less clear (Figure 3, panels 2, 4, and 6). Precipitation has increased somewhat in the 

northern hemisphere since the 1950s, and precipitation in the median low-income country 

has declined since the 1970s. 

                                                 
5 A description of the historical and forecast temperature and precipitation series used in the analysis is 

presented in Section III. Annex 1 lists all data sources, sample coverage and country groupings. 

6 The three most important GHGs, which are regulated under the Kyoto Protocol, are carbon dioxide (CO2), 

methane (CH4), and nitrous oxide (N2O). Among those, CO2 has so far been the largest contributor to global 

warming. Although natural factors explain some of the warming over the past century, according to the 

Intergovernmental Panel on Climate Change (IPCC) more than half of the temperature increase since 1950 can 

be attributed to human activity (IPCC 2014). Although CO2 emissions have grown rapidly since the 1950s 

across all income groups, along with rising incomes and populations, emissions from low-income countries are 

still a fraction of those in advanced and emerging market economies, in both aggregate and per capita terms. 
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 The Intergovernmental Panel 

on Climate Change (IPCC) constructed 

four possible scenarios, called 

Representative Concentration Pathways 

(RCP), using alternative GHG 

concentration assumptions to project 

likely ranges of temperatures over the 

21st century. The rest of the paper 

focuses on two of these scenarios: an 

intermediate path (RCP 4.5) and an 

unmitigated path (RCP 8.5), as shown 

in Figure 1, panel 2.7  

  Under the RCP 8.5 scenario of 

unmitigated climate change, the 

average global temperature by 2081–

2100 could rise by 3.7C (with a 

projected range of 2.6C–4.8C). 

Warming would occur all over the 

globe, with larger increases over the 

northern hemisphere, where some 

regions could experience temperatures 

almost 12C higher than in 2005 

(Figure 4). Between 2005 and 2100, the 

increase in temperature for the median 

advanced economy is projected to be 

4.4C, and 4.5C for the median 

emerging market economy and median 

low-income country.  

Temperature increases are 

projected to be smaller in absolute 

terms closer to the equator, but are very 

significant when set against the 

                                                 
7 The Paris Agreement aims to contain the rise in temperature to less than 2C (ideally to less than 1.5C) 

relative to the preindustrial average, which would require policy efforts beyond those assumed in the RCP 4.5 

scenario. In the RCP 4.5 scenario, there is increased attention to the environment. CO2 emissions peak around 

2050 and decline thereafter, with a resulting temperature increase of 1.8C by 2081–2100 relative to 1986–2005 
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historical year-to-year and intrayear variability in temperature observed in those locations. 

For example, the historically observed natural year-to-year temperature variability for 

countries located in the tropics is roughly 0.5C.  The projected increase in temperature for 

these countries between 2005 and 2100 under the extreme unmitigated climate change 

scenario is 4.1C—in other words, more than 8.5 times larger than the current natural 

variability, implying a totally new climatic regime (see also World Bank 2013). Change in 

                                                 
(a likely range of 1.1C to 2.6C and a greater than 50 percent chance of an increase exceeding 2C by 2100). In 

the RCP 8.5 scenario, CO2 emissions grow throughout the 21st century.  

12

10
8
6

4
2

1,500 +

1,000
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0
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Figure 4. Temperature and Precipitation Projections under the RCP 8.5 Scenario

1. Temperature Change between 2005 and 2100
(Degrees Celsius)

2. Precipitation Change between 2005 and 2100
(mm per year)

Sources: National Aeronautics and Space Administration (NASA) Earth Exchange Global Daily Downscaled Projections (NEX-GDDP); World Bank Group Cartography
Unit; and IMF staff calculations.
Note: The NEX-GDDP data set comprises downscaled climate scenarios for the globe that are derived from the General Circulation Model (GCM) runs conducted under
the Coupled Model Intercomparison Project Phase 5 (CMIP5) and for two Representative Concentration Pathways (RCP) greenhouse gas emissions scenarios (4.5 and
8.5). The CMIP5 GCM runs were developed for the Intergovernmental Panel on Climate Change Fifth Assessment Report. The data set includes downscaled projections
from the 21 models and scenarios for daily maximum temperature, minimum temperature, and precipitation for 1950–2100. The spatial resolution of the data set is
0.25 degrees (~25 km x 25 km). mm = millimeter.
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precipitation is projected to vary by region, with dry areas generally expected to become 

drier and wet regions expected to experience an increase in rainfall.  

III.   EMPIRICAL STRATEGY AND DATA 

In the absence of historical experience with climate change that may be relevant for 

countries today, we build on existing literature and identify how annual fluctuations in 

temperature and precipitation affect macroeconomic performance. Using the approach of 

Dell, Jones, and Olken (2012) and Burke, Hsiang, and Miguel (2015a), we use within-

country and across-country year-to-year fluctuations in temperature and precipitation to 

identify their causal effect on aggregate outcomes, both contemporaneously and over the 

medium term. We build on these studies by expanding the geographic and temporal coverage 

of the analysis to more than 180 economies during 1950–2015 (see Annex 1 for a list of 

countries and territories), examining the effects of weather shocks on a larger set of outcome 

variables, establishing the robustness of findings to different sources of weather data and 

alternative, more flexible empirical specifications.  

We use Jordà’s (2005) local projection method to trace out the impulse response 

function of real per capita GDP to a weather shock. This approach was advocated by Stock 

and Watson (2007), among others, as a flexible alternative that does not impose the dynamic 

restrictions embedded in vector autoregressions or autoregressive distributed lag 

specifications and is particularly suited to estimating nonlinearities in the dynamic response. 

We derive the impulse response by estimating a set of regressions: 

yi,t+h − yi,t–1 = β1
ℎ𝑐𝑖,𝑡 + β2

ℎ𝑐𝑖,𝑡
2  + γ1

ℎ𝑐𝑖,𝑡−1 + γ2
ℎ𝑐𝑖,𝑡−1

2  + ∑ δ1
ℎℎ−1

𝑗=1 𝑐𝑖,𝑡+ℎ−𝑗 + ∑ δ2
ℎℎ−1

𝑗=1 𝑐𝑖,𝑡+ℎ−𝑗
2

 

+ φ1
ℎΔyi,t–1 + µ𝑖

ℎ + θ𝑟,𝑡
ℎ  + ε𝑖,𝑡

ℎ ,                                   (1) 

in which i indexes countries, t indexes years, and h indexes the estimation horizon (from 

horizon 0, which captures the contemporaneous effect, up to horizon 7, which captures the 

effect 7 years after the shock). Regressions for each horizon are estimated separately. The 

dependent variable is the cumulative growth of the outcome of interest between horizons t − 

1 and t + h, measured as difference in the natural logarithms (yi,t). Following Burke, Hsiang, 

and Miguel (2015a), the estimated regression has a quadratic specification in the weather 

variables, ci,t , which comprise average annual temperature and precipitation. The regressions 

control for one lag of the dependent and weather variables and for forwards of the weather 

variables, as suggested by Teulings and Zubanov (2014). Country fixed effects (µ𝑖
ℎ) control 

for all time-invariant country differences, such as latitude and average growth rates, while 

time fixed effects interacted with region dummies (θ𝑟,𝑡
ℎ ) control for the common effect of all 

annual shocks across countries within a region.8 The analysis also explores an alternative 

                                                 
8 We use indicators for six regions as defined by the World Bank: East Asia and Pacific, Europe and Central 

Asia, Latin American and the Caribbean, Middle East and North Africa, North America, South Asia, and Sub-

Saharan Africa. 
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fixed-effects structure proposed by Burke, Hsiang, and Miguel (2015a), which includes time 

fixed effects (τ𝑖
ℎ) and country-specific linear and quadratic time trends (θ𝑖

ℎ𝑡 + θ𝑖
ℎ𝑡2) to 

account for within-country changes over time, such as demographic shifts, instead of the 

region-year fixed effects (θ𝑟,𝑡
ℎ ) of the baseline specification. Standard errors are clustered at 

the country level. 

To avoid bias associated with “bad controls” (or overcontrolling), the specification is 

purposefully parsimonious: many of the determinants of growth, typically included in 

standard growth regressions (for example, institutional quality, educational achievement, 

policies, and so forth), may themselves be shaped by weather shocks and are thus not part of 

the baseline estimation. Of course, to the extent that these are time-invariant and country-

specific, they are subsumed in the country fixed effects. 

Within this estimation framework, the effect of a weather shock, such as a 1C 

increase in temperature, on the level of output at horizon h can be obtained by differentiating 

equation (1) with respect to temperature: 

∂(𝑦𝑖,𝑡+ℎ −𝑦𝑖,𝑡−1 )

∂𝑇𝑖,𝑡
= β1

ℎ + 2β2
ℎ𝑇𝑖,𝑡  .                               (2) 

Evaluating equation (2) for each horizon separately and using the 2015 annual 

average temperature, 𝑇𝑖,2015, allows us to obtain the impulse response functions of per capita 

GDP to a temperature shock for each country. The marginal effect of an increase in 

precipitation is computed analogously. The threshold temperature at which the effect on the 

outcome variable switches from positive to negative, that is, the optimal level of temperature 

for per capita output, can be obtained by setting equation (2) to zero. 

As discussed below, we use this empirical framework to examine the effect of 

weather shocks on per capita GDP, as well as on sectoral output (crop production, 

agricultural value added, services value added, and industrial value added), and the key 

elements of the aggregate production function (investment as a proxy for capital stock, infant 

mortality and the human development index as a proxy for labor supply). We rely on an 

extended version of this empirical strategy to capture productivity effects using more 

disaggregated data on industry outcomes. 

Our primary data sources for the outcome variables are the IMF World Economic 

Outlook and the World Bank World Development Indicators databases, from which we 

construct our measures of per capita GDP, broad sectoral value added and index of 

agricultural production. We rely on the Groningen Growth and Development Centre 10-

sector database for more disaggregated data on sectoral real value added and employment in 

40 countries over the period 1950–2012 when analyzing productivity effects. 

Historical temperature and precipitation are from the University of East Anglia’s 

Climate Research Unit (CRU). We construct average annual temperature and precipitation by 

aggregating weather data at the grid-cell level, provided by CRU at 0.5 × 0.5-degree 

resolution, to the level of the country using the 1950 population in each cell as weights. This 

method allows us to account for differences in population density within countries and 
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captures the average weather experienced by a person in the country. Projections of 

temperature and precipitation are from the NASA Earth Exchange Global Daily Downscaled 

Projections dataset, which provides projections of the daily maximum and minimum 

temperature and total precipitation from 2005 and projections for 2015 – 2100 at the 0.25 x 

0.25 degree resolution from the 21 models of the Coupled Model Intercomparison Project 

Phase 5 for the RCP 4.5 and RCP 8.5 scenario. For each of these scenarios, we compute 

annual temperatures by (i) averaging the maximum and minimum daily temperatures for each 

model, (ii) averaging across the 21 models, and (iii) averaging across all days of the year. We 

construct projections for annual precipitation in a similar fashion, but take the sum of the 

daily precipitation forecast. Annex 1 lists all data sources used in the paper. 

IV.   RESULTS 

A.   Short-term Effect on Per Capita Output 

The results from estimating equation (1) are presented in Table 1. The main 

specification is given in column (5), while the other columns present results of robustness 

checks to using alternative sources of weather data; alternative population weights; and 

alternative samples, controls, and estimation approaches. Panel A contains the estimated 

coefficients for the weather variables at horizon 0 (that is, the contemporaneous effects of 

weather shocks). Panel B shows the effect of a 1C increase in temperature estimated, 

following equation (2), at the median 2015 temperature for advanced economies (median T = 

11C), emerging market economies (median T = 22C), and low-income countries (median T 

= 25C) on impact and after seven years. Similarly, Panel C shows the effect of a 100 

millimeter increase in precipitation estimated at the median 2015 precipitation for the three 

groups of economies on impact and after seven years. 

Across all specifications, we find that the estimated coefficient on temperature is 

positive and the coefficient on temperature squared is negative, confirming the nonlinear 

relationship between growth and temperature shocks uncovered by Burke, Hsiang, and 

Miguel (2015a). At low temperatures, an increase in temperature boosts growth, whereas at 

high temperatures, an increase in temperature hurts growth, with the threshold average 

annual temperature estimated to be about 13C –15C. These results suggest highly uneven 

effects of warming across the globe, depending on the initial climate of a particular location.  
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Because most advanced economies are 

situated in colder locations, with annual 

average temperatures close to the 13C –15C 

threshold, a marginal temperature increase 

does not materially affect their 

contemporaneous growth.9 Conversely, 

emerging market economies and particularly 

low-income countries tend to have much 

hotter climates, and a rise in temperature 

significantly lowers per capita GDP.  

 Figure 5 illustrates these findings, by 

overlaying the marginal effect of a 1C 

increase in temperature on contemporaneous 

per capita GDP by initial temperature, with 

the distribution of advanced, emerging market 

and low-income countries according to their 

average annual temperature. For the median 

emerging market economy, a 1C increase 

from a temperature of 22°C lowers growth in 

the same year by 0.9 percentage point. For the 

median low-income country, with temperature 

of 25C, the effect is even larger: growth falls 

by 1.2 percentage points. And even though 

countries projected to be significantly affected 

by an increase in temperature produced only 

about one-fifth of global GDP in 2016, they 

are home to close to 60 percent of current 

global population, as depicted in Figure 6, 

panel 2, which rescales countries in proportion 

to their population.    

                                                 
9 Even if the effects of an increase in temperature on overall GDP in these countries are estimated to be 

negligible, this may mask large losses and gains across sectors. Moreover, the analysis focuses on the 

macroeconomic effects of a limited set of weather characteristics, namely temperature and precipitation. The 

negative impact of other aspects of the climate, such as the rise of sea levels or the occurrence of extreme 

weather events, may be less unequal across broad income groups (see for example Box 3.1 of Chapter 3 of 

theOctober 2017 World Economic Outlook). The estimates also abstract from potential spillovers to advanced 

economies from famines, epidemics, social conflicts, and other difficult-to-predict effects of weather shocks in 

vulnerable economies. 
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There is also significant variation in the impact of temperature increase within 

countries. Figure 6, panel 1, shows the estimated impact of a 1C increase in temperature  

across all grids in the world, based on their average annual temperature in 2005. As indicated 

on the map, in a number of economies where the effect on aggregate growth may be 

statistically indistinguishable from zero, such as the United States, there are areas where a 

temperature rise would significantly lower output. 

Our analysis reveals no consistently significant relationship between precipitation and 

per capita GDP growth across the various specifications as indicated in Panel C in Table 1. 

The lack of robust relationship could reflect potentially larger measurement error in the 

Figure 6.  Effect of Temperature Increase on Real per Capita Output across the Globe
(Percent)

1. Effect of a 1°C Increase in Temperature on Real per Capita Output at the Grid Level

2. Effect of a 1°C Increase in Temperature on Real per Capita Output at the Country Level, with Countries Rescaled in Proportion to Their Population

0.80 to 1.63
0.43 to 0.80
0.33 to 0.43
–0.50 to –0.32
–0.97 to –0.50
–1.30 to –0.97
–1.68 to –1.30
Insignificant effect
No data

Sources: Natural Earth; ScapeToad; United Nations World Population Prospects Database: the 2015 Revision; World Bank Group Cartography Unit;
and IMF staff calculations.
Note: The maps depict the contemporaneous effect of a 1°C increase in temperature on per capita output computed as per equation (2). Panel 1 uses 2005 grid-
level temperature, while panel 2 uses the recent 10-year average country-level temperature together with estimated coefficients in Table 1, column (5). In the
cartogram in panel 2, each country is rescaled in proportion to its 2015 population. Gray areas indicate the estimated impact is not statistically significant.
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2.28
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precipitation variable as discussed in 

Auffhammer et al. (2011). The 

measurement error may be further 

amplified by temporal aggregation. For 

example, if the only channel through 

which precipitation affects aggregate 

outcomes is through its effect on 

agriculture, then only precipitation 

during crops’ growing period—poorly 

proxied by annual precipitation—may 

be relevant.  

B.   Medium-term Effect on Per 

Capita Output 

The empirical analysis suggests 

that the effects of temperature increase 

are long-lasting. Economic activity in 

countries with warmer climates does not 

recover quickly after a rise in 

temperature. The cumulative effects of a 

1C increase in temperature seven years 

after the shock is shown in the lower 

half of Panel B in Table 1. Even seven 

years after a weather shock, per capita 

output is 1 percent lower for the median 

emerging market economy and 1.5 

percent lower for the median low-

income country as depicted in Figure 7.  

The estimated persistence may 

reflect the relatively persistent nature of 

temperature shocks. Univariate time 

series regression analysis shows that 

temperature shocks decay slowly, especially in relatively hot locations, with a 1C degree 

increase in annual temperature leading to significantly higher temperatures in the subsequent 

years. A deepening in the shape of the estimated impulse response of output to a temperature 

shock hints at the possibility of a growth effect (and consequently much larger economic 

losses from higher temperatures). However, statistically, we are unable to reject the 
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hypothesis that the contemporaneous and medium-term effects of a temperature shock on per 

capita output are identical.10 

C.   Robustness 

To establish the robustness of these findings, we present results from estimating 

numerous alternative specifications in Table 1. In column (1), we replicate the specification 

of Burke, Hsiang, and Miguel (2015a), using our substantially larger sample (relative to their 

study, our paper expands the sample both geographically and temporally by about 25 

percent). In this specification, we include country-specific linear and quadratic time trends, 

we use University of Delaware (UDEL) weather data, and aggregate weather variables using 

the 1990 population weights. Column (2) uses the same empirical approach as in column (1) 

but an alternative source of weather data, CRU instead of UDEL, and obtains similar 

coefficients on the temperature and precipitation variables.  

The choice of population weights used to aggregate gridded weather data to the 

country level could play an important role since migration within and across country borders 

is one of the potential strategies for coping with adverse weather conditions. Since historical 

data show an increase in average annual temperatures starting in the 1970s (Figure 3), 

column (3) presents results with 1950 population weights to account for migration responses 

that could have already taken place. 

Column (4) and column (5) (main specification for the paper) present results for the 

baseline specification with region-year fixed effects, following Dell, Jones, and Olken 2012, 

using 2010 and 1950 population weights, respectively. Column (6) limits the sample to 

countries with at least 20 years of data. Column (7) controls separately for the occurrence of 

natural disasters since temperature and precipitation fluctuations might affect economic 

activity through their effect on the incidence of natural disasters. Controlling for natural 

disasters does not materially alter the estimated coefficients on temperature and precipitation. 

In columns (1)– (7), impulse responses were estimated using Jordà’s (2005) local projection 

method. Column (8), however, tests the robustness of the findings to using the 

autodistributed lag model with seven lags of the weather variables and their squared terms, as 

in Dell, Jones, and Olken (2012), who tested different models from no lags up to 10 lags and 

found that across different lag specifications results are broadly consistent in magnitude and 

statistical significance. 

V.   CHANNELS OF IMPACT 

The weather can influence economic activity through various channels. The most 

obvious one is agricultural output, given that temperature and precipitation are direct inputs 

in crop production. However, studies show evidence of broader impacts, including on labor 

                                                 
10 Dell, Jones, and Olken (2012) and Burke, Hsiang, and Miguel (2015a) argue in favor of a growth effect, 

although it is difficult to pin down the precise channel through which weather shocks persistently influence 

economic growth. 
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productivity, mortality, health, and conflict.11 The literature so far has often studied these 

effects within a specific country or through laboratory experiments. We examine whether 

these channels are also at work in a cross-country setting. 

Sectoral Output: Agriculture, Manufacturing, Services 

We begin by studying whether weather 

shocks influence only agricultural production 

or also affect other economic sectors, by 

estimating equation (1) but with real value 

added of agricultural, manufacturing, and 

services sectors, and crop production as our 

outcomes of interest. Regression results are 

presented in Table 2. Figure 8 depicts the 

impulse response function of the four 

outcomes considered at the temperatures 

prevailing in the median low-income country.  

We find that agricultural value added 

and crop production drop with higher 

temperature, recover somewhat in subsequent 

years, but generally remain depressed over the 

medium term—much as expected and as 

documented in a large body of work.12 

However, the analysis also confirms findings 

that manufacturing output is similarly hurt as 

temperatures rise in countries with hot 

climates, although the estimates are more 

imprecise (see also Dell, Jones, and Olken 

2012; Burke, Hsiang, and Miguel 2015a). Only 

services sector output appears to be sheltered 

from the weather.  

                                                 
11 See Dell, Jones, and Olken (2014); Heal and Park (2016); and Carleton and Hsiang (2016) for literature 

reviews. Weather shocks can also indirectly affect economic activity through their impacts on third markets. 

See Cashin, Mohaddes, and Raissi (2017) for an analysis of the international macroeconomic transmission of El 

Niño within a dynamic multicountry framework.  

12 See, among others, Barrios, Bazoumana, and Strobl (2008); Barrios, Bertinelli, and Strobl (2006, 2010); 

Schlenker and Lobell (2010); Feng, Krueger, and Oppenheimer (2010); Lobell, Schlenker, and Costa-Roberts 

(2011); and Lanzafame (2014) for evidence from emerging market and developing economies and Schlenker 

and Roberts (2009), Burke and Emerick (2016) and Wang et al. (2017) for evidence from the United States. 
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It is important to note that, unlike aggregate output, agricultural production is 

significantly affected by precipitation in addition to temperature shocks. Although the results 

suggest a concave relationship between agricultural output and precipitation, at the typical 

levels of precipitation of all three country groups, an increase in precipitation unambiguously 

improves agricultural productivity (Table 2, Panel C). The effects of precipitation are also 

short-lived; agricultural output seven years down the line is not affected by a precipitation 

shock today, which is different from the effect of temperature. 

To shed light on the reasons why weather shocks affect sectors besides agriculture in 

such a broad and long-lasting manner, we examine how key elements of the aggregate 

production function—productivity, and labor and capital inputs—respond to weather shocks. 

As in other studies, we aim to capture the net reduced-form effects of weather on various 

outcomes rather than uncover the potentially complex structural relationships that may exist 

between these variables. 

Productivity 

Evidence from surveys and other sources shows that exposure to heat above a certain 

point reduces people’s performance on both cognitive and physical tasks.13 We therefore 

examine whether higher temperatures in parts of the world that are hot decrease labor 

productivity. If productivity is a channel through which weather shocks affect aggregate 

GDP, the effect should be significantly larger for sectors in which workers are directly 

exposed to the weather. We explore this hypothesis using the Groningen Growth and 

Development Centre 10-sector database, which provides sectoral real value added and 

employment in 40 countries over the period 1950–2012. We follow Graff Zivin and Neidell 

(2014) and classify sectors into those that are “heat-exposed” and not14 to estimate the 

following specification: 

yi,s,t+h − yi,s,t−1 = β1
ℎ𝑐𝑖,𝑡 + β2

ℎ𝑐𝑖,𝑡
2  + γ1

ℎ𝑐𝑖,𝑡−1 + γ2
ℎ𝑐𝑖,𝑡−1

2  + ∑ δ1
ℎℎ−1

𝑗=1 𝑐𝑖,𝑡+ℎ−𝑗 + ∑ δ2
ℎℎ−1

𝑗=1 𝑐𝑖,𝑡+ℎ−𝑗
2  

+α1
ℎ𝑐𝑖,𝑡 × 𝐻𝑠 + α2

ℎ𝑐𝑖,𝑡
2 × 𝐻𝑠 + ω1

ℎ𝑐𝑖,𝑡−1 × 𝐻𝑠 + ω2
ℎ𝑐𝑖,𝑡−1

2 × 𝐻𝑠 + ∑ τ1
ℎℎ−1

𝑗=1 𝑐𝑖,𝑡+ℎ−𝑗 × 𝐻𝑠 

+∑ τ2
ℎℎ−1

𝑗=1 𝑐𝑖,𝑡+ℎ−𝑗
2 × 𝐻𝑠 + φ1

ℎΔyi,s,t−1 + µ𝑖,𝑠
ℎ  + θ𝑟,𝑡

ℎ  + ε𝑖,𝑠,𝑡
ℎ ,                   (3) 

                                                 
13 Seppänen, Fisk, and Faulkner (2003) report a productivity loss of about 2 percent for every 1°C increase in 

temperature above 25°C, based on a survey of laboratory experiments. See also Seppänen, Fisk, and Lei (2006) 

for a meta-analysis of the literature, Somanathan et al. (2017) for recent evidence on labor productivity from 

India, and Deryugina and Hsiang (2014) for evidence from the United States. Heat stress may also reduce 

cognitive function as captured in student performance (Wargocki and Wyon 2007; Graff Zivin, Hsiang and 

Neidell 2015; Garg, Jagnani, and Taraz 2017; Park 2017). 

14 According to Graff Zivin and Neidell (2014), who follow definitions from the National Institute for 

Occupational Safety and Health, heat-exposed industries include agriculture, forestry, fishing, and hunting; 

construction; mining; transportation; and utilities—as well as manufacturing in which facilities may not be 

climate-controlled in low-income countries and production processes often generate considerable heat.  
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in which yi,s,t is the log of real sectoral value 

added per worker, 𝐻𝑠 is an indicator for 

sectors that are “heat-exposed,” µ𝑖,𝑠
ℎ  are 

country-sector fixed effects, and θ𝑟,𝑡
ℎ  are 

region-year fixed effects. Standard errors 

are clustered at the country level.  

Specification (5) in Table 3 

summarizes the results of this estimation. 

Panel A contains the estimated coefficients 

on temperature and precipitation and their 

squared terms for non-heat-exposed sectors 

(β1
ℎ, β2

ℎ) and heat-exposed sectors (β1
ℎ +

α1
ℎ, β2

ℎ + α2
ℎ). Panels B and C present the 

estimated impacts of temperature and 

precipitation evaluated for the median 

advanced, emerging market and low-income 

country in the year of the shock, as well as 

seven years later. Panels 1 and 2 in Figure 9 

plot the impulse response function of real 

output per worker to a 1C increase in 

temperature for heat-exposed and non-heat-

exposed sectors evaluated at the average 

annual temperature of the median low-

income country.  

Our analysis suggests that at higher 

temperatures, an increase in temperature 

significantly lowers labor productivity in 

heat-exposed industries. Temperature 

increases, however, have no discernible 

effect on the productivity of workers in non-

heat-exposed sectors, even in countries with 

hot climates. Of course, productivity may 

decline if weather shocks provoke political 

instability, incite conflict, or undermine 

governing institutions in other ways, as 

discussed in numerous studies that document a strong link between weather shocks and these 

outcomes.15   

                                                 
15 Burke, Hsiang, and Miguel (2015b) review the literature that links climate to conflict. Forcible removal of 

rulers has also been linked to fluctuations in climate (Dell, Jones, and Olken 2012; Kim 2014; Burke and Leigh 

2010; Chaney 2013), and several historical cases of societal collapse have been compellingly attributed to 

climate change (Cullen et al. 2000; Haug et al. 2003; Buckley et al. 2010; Büntgen et al. 2011). 
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Capital Accumulation 

Temperature increases are largely supply-side shocks, but they could lead to 

persistent output losses and affect growth if they influence the rate of factor accumulation. 

Investment may fall in response to temperature shocks because there are fewer resources to 

invest, because the rate of return on capital is lower and/or because the temporary negative 

shock to income raises the cost of financing investment in an environment of imperfect 

capital markets (see, for example, Fankhauser and Tol 2005). When access to formal savings, 

credit, or insurance is limited, households may also sell productive assets to smooth 

consumption in response to weather shocks.  

Using national accounts data, we examine the response of the main components of 

aggregate demand—gross capital formation, consumption, exports, and imports—to weather 

shocks using the empirical framework given by equation (1). At the temperature of the 

median low-income country, all four components respond negatively to a 1C increase in 

temperature, although the uncertainty surrounding the estimated contemporaneous effects is 

large. However, in the medium term, the effect is most pronounced for investment (Table 3, 

column 1). Seven years after the shock, investment is estimated to be 6 percent lower than it 

would have been in the absence of the shock as depicted in Figure 9, panel 3. Imports, which 

are typically closely tied to investment, also exhibit a significant and long-lasting drop as 

temperature rises (Table 3, column 2 and Figure 9, panel 4).  

The negative effect of temperature shocks on aggregate investment is consistent with 

evidence from household-level studies, which find that weather shocks could slow or even 

reverse capital accumulation as households try to smooth consumption or perceive 

investment as too risky (Hallegatte et al. 2016). 

Labor Supply 

Finally, we examine whether labor supply may be affected by weather fluctuations, 

for example, through their effect on health. In the absence of comprehensive and comparable 

data on adult health outcomes, we focus on infant mortality as an imperfect proxy. 

Estimating equation (1) with infant mortality as dependent variable reveals that, in hot 

climates, higher temperatures may reduce (future) labor supply because of their influence on 

mortality rates (Table 3, column 3 and Figure 9, panel 5). A 1C increase in temperature 

raises infant mortality by 0.12 percentage point in the year of the shock. The effect grows 

through the estimation period as weather-related lower income (and potential food insecurity) 

reinforces the direct physiological impact of higher temperatures in hot climates.  

This cross-country panel evidence corroborates findings in numerous studies of links 

between weather and mortality, prenatal health, and other health outcomes in different 

countries. Deschênes (2012) and Guo et al. (2014) provide comprehensive reviews of the 

literature on the link between temperature and mortality and health from a large number of 
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countries.16 Graff Zivin and Neidell (2014), Deryugina and Hsiang (2014), Park (2017), and 

Somanathan et al. (2017) find a direct effect of higher temperature on labor supply and 

productivity. The adverse effects on the health and educational attainment of children could 

be one of the key reasons behind the long-lasting nature of weather’s consequences. Indeed, 

we find that higher temperatures also have a negative effect on a broader measure of human 

well-being, the Human Development Index, a weighted average of per capita income, 

educational achievement, and life expectancy as documented in Table 3, column 4 and 

Figure 9, panel 6. 

VI.   LONG-TERM EFFECTS OF TEMPERATURE INCREASE–A MODEL-BASED 

APPROACH  

Our empirical work assessed the macroeconomic effects of weather shocks in the 

short and medium term. We incorporate these estimates into a dynamic general equilibrium 

model to shed light on the potential long-term effects of temperature increases on GDP, 

investment, and public debt for a representative small open low-income economy. The model 

also highlights the role that structural transformation of low-income countries (that is, the 

transition from agriculture to a more services-based economy) could play in attenuating the 

impact of climate change.  

Our simulations are based on the Debt, Investment and Growth (DIG) model of 

Buffie et al. (2012), which captures various aspects pertinent to low-income countries—such 

as low public investment efficiency and high capital adjustment costs—and can be extended 

easily to incorporate the structural transformation process.17 These aspects of the DIG model 

make it preferable for studying the impact of climate change in low-income countries relative 

to the IAMs more commonly used to assess climate change effects.  

In the DIG model, firms combine labor, private capital, and infrastructure to produce 

output. Consumers supply labor and derive utility from consuming traded and nontraded 

goods, while the government collects revenue, redistributes income, and invests in 

infrastructure, which it funds through domestic and external borrowing, grants, and 

remittances. Based on the empirical results, we model changes in the exogenously given 

sector-specific total factor productivity levels as quadratic functions of temperature, while we 

calibrate all other parameters broadly as in Buffie et al. (2012). In particular, 𝑇𝐹𝑃𝑡+1 −

𝑇𝐹𝑃𝑡 = β1
1(𝑇𝑡+1 − 𝑇𝑡) + 2β2

1(𝑇𝑡+1 − 𝑇𝑡)𝑇𝑡 + 𝛥𝑇𝐹𝑃𝑡
∗, in which 𝛥𝑇𝐹𝑃𝑡

∗ is the total factor 

productivity growth rate that would prevail under no climate change, assumed to be 2.8 

percent based on the World Economic Outlook medium-term growth forecast for low-income 

countries. β1,1 and β1,2 are the estimated coefficients on the linear and squared temperature 

                                                 
16 See also Burgess et al. (2014) for evidence from India; Kudamatsu, Persson, and Strömberg (2012) for 

evidence from a subset of African countries; and Barreca (2012); Barreca et al. (2016); and Deschênes and 

Greenstone (2011) for evidence from the United States.  

17 For a detailed description of the model, see Buffie et al. (2012) and Annex 2.  
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terms in equation (1), as reported in 

column (5) of Table 1, rescaled to 

match the modeled decline of GDP 

when temperature increases by 1C, 

and Tt is the average annual 

temperature for the median low-

income country at time t, where the 

initial temperature is set at 25C.  

We examine the effects of 

climate change by simulating the 

macroeconomic response of output, the 

public-debt-to-GDP ratio, and private 

investment to the temperature 

increases projected under two of the 

scenarios prepared by the IPCC, as 

discussed in Section II. The 

simulations suggest that under both 

scenarios, the representative low-

income country will experience sizable 

economic losses relative to a baseline 

of no changes in temperature, with 

significant downside risks (Figure 10).  

In the milder scenario, the 

increase in temperature will lower 

output by 4 percent by 2100 and 

depress private investment by 5 

percent as firms respond to lower 

productivity from rising temperatures 

by cutting back capital spending. The 

relative decline in output implies an 

increase in the public-debt-to-GDP 

ratio of 2 percentage points by 2100. 

In the unmitigated climate change 

scenario, the macroeconomic effect 

would be much larger. Output would 

fall by close to 9 percent relative to no climate change, private investment would fall by 11 

percent, and the public-debt-to-GDP ratio would rise by 5 percentage points by 2100. These 
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results are broadly in line with other model-based estimates of the impact of climate change 

as discussed in Tol (2009).18  

There is great uncertainty surrounding these central projections because empirical 

estimates of the effect of temperature shocks are imprecise and temperature projections are 

uncertain. We combine these sources of uncertainty as follows. The upper-bound scenario is 

simulated assuming that the temperature increase is equal to the lowest 5th percentile for 

each RCP.19 To account for the uncertainty of estimated parameters, the TFP parameters are 

set to the conditional expected value for the upper 50 percent of the TFP distribution. The 

worst lower-bound scenario is simulated analogously. 

As a result of these uncertainties, wide confidence intervals surround our central 

projections. There is a 2.5 percent chance of output declining more than 8 percent below the 

trend in the milder scenario and more than 16 percent in the unmitigated climate change 

scenario. In line with lower output, public debt would increase significantly relative to output 

(about 10 percent of GDP in the worst-case scenario), and the private-investment-to-GDP 

ratio could plummet by as much as 20 percent below the trend. 

An alternative way to quantify climate change damage for a representative low-

income country is to compute the present value of the shortfall in economic output relative to 

the baseline of no climate change and to express this present value as a share of current 

output.20 Using a moderate growth-adjusted discount rate of 1.4 percent, the present value of 

output losses is large, at 48 percent and 100 percent of current output under the RCP 4.5 and 

RCP 8.5 scenarios, respectively. 

The above simulations assume a static economic structure. However, as discussed in 

Section V, rising temperatures affect some economic sectors more than others. For example, 

compared with agriculture, the services sector is relatively sheltered from the adverse effects 

of higher temperature. Hence, structural economic transformation from a mostly agrarian to a 

more services-based economy could lower the economic cost of climate change. We extend 

the baseline DIG model to include an exogenous process of reallocating labor from 

agriculture and manufacturing to services. The pace of structural transformation is assumed 

to be moderate and replicates past trends for low-income countries: in the absence of shocks, 

the employment share of the services sector rises by 2.5 percentage points a decade. 

Simulations in this extended model indicate that over the long term, for the median low-

                                                 
18 For a survey of estimates of climate change damage at the global level, see Tol (2014) and Nordhaus and 

Moffat (2017).  

19 Here, the 5–95 percent confidence intervals for the temperature increases are 1.2°C to 2.8°C and 2.8°C to 

5.1°C for RCP 4.5 and RCP 8.5, respectively. 

20 In line with Nordhaus (2016), the real interest rate is assumed to be 4.25 percent, giving a growth-adjusted 

discount rate of 1.4 percent. A more extreme discount rate of 0.1 percent, proposed by Stern (2007), would 

increase the present value of damage by an order of magnitude.  
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income country, structural transformation can reduce the cost of climate change by about 25 

and 30 percent in the RCP 4.5 and RCP 8.5 scenarios, respectively. 

The potential impact of climate change quantified in this section is subject to 

important caveats. First, extrapolating from the short- to medium-term causal effects of 

weather shocks estimated from historical data to the long-term impact of potential global 

warming may overstate the case if persistent changes in climate induce agents to adapt their 

economic activity to the new environment. Conversely, permanent changes in climate may 

have consequences that fluctuations in annual weather do not. Moreover, the model does not 

capture the effects of extreme weather events, which inflict long-lasting macroeconomic 

damage, and could increase in frequency, potentially amplifying the damage they cause. 

Certain expected or possible events (such as rising sea levels) have no historic precedents 

from which to draw inference but may have very significant economic consequences for 

many low-income countries, which are also not quantified in our simulations. Moreover, the 

long-term projections do not incorporate several of the channels through which temperature 

increases, and climate change in general, could affect economic activity, such as declining 

labor supply from higher mortality and migration.  

Even abstracting from these difficulties, considerable uncertainty exists about how to 

incorporate the empirical estimates of economic losses into the dynamic general equilibrium 

model. We have taken a very conservative approach and assume that weather shocks have a 

permanent effect on the level of output. However, several studies have argued that the 

empirical evidence is not inconsistent with a persistent effect on the growth rate of output 

(Dell, Jones, and Olken 2012; Burke, Hsiang, and Miguel 2015a). Permanent growth effects 

could arise if weather shocks scar productivity growth through their effects on institutions, 

innovation, or human capital accumulation. Since even a small growth effect would 

ultimately dwarf a level effect, the adverse consequence of temperature increases for the 

median low-income country would be many times larger if rising temperatures were 

incorporated into the model as affecting the growth path of output, as done by Burke, Hsiang 

and Miguel (2015a).  

VII.   SUMMARY AND POLICY IMPLICATIONS 

Coping with climate change is one of the fundamental challenges of the 21st century, 

and this challenge looms particularly large for low-income economies. We document the 

extraordinarily fast rise in temperature over the past century across advanced, emerging 

market, and low-income economies. Low-income countries, which tend to be in some of the 

hottest parts of the planet and are projected to experience sizable increases in temperature 

depending on our ability to contain future GHG emissions, have contributed very little to the 

atmospheric concentration of GHGs. 

The analysis suggests that rising temperatures have highly uneven macroeconomic 

effects, with the adverse consequences borne disproportionately by countries with hot 
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climates, such as most low-income countries. We find that a rise in temperature lowers per 

capita output in countries with high average temperatures, in both the short and medium 

term, through a wide array of channels. In areas with hot climates, higher temperatures 

reduce agricultural output, lower productivity of workers exposed to the heat, slow the rate of 

capital accumulation, and damage health. These findings reflect impacts of weather shocks 

on average country outcomes. But weather shocks could also have sizable unfavorable 

distributional consequences within a country. Poor households tend to be more vulnerable to 

weather fluctuations as a result of their heavy reliance on agricultural income, higher 

proportion of income devoted to food items, and limited access to savings and credit 

(Hallegatte et al. 2016; Hallegatte and Rozenberg 2017; IMF 2016b).  

The negative effects of projected climate change for low-income countries could be 

large. Focusing on one particular aspect of climate change—namely, projected rise in 

temperature—and under the conservative assumption that temperature increases affect the 

level, rather than growth path, of output, model simulations suggest that absent efforts to 

reduce global emissions, the output of a representative low-income country could be 9 

percent lower than without an increase in temperature. Moreover, the negative welfare 

consequences of changing climate conditions will likely exceed output losses. 

Uncomfortably high temperatures may spur investment as households adapt, but the increase 

in economic activity may not be welfare-enhancing. The significant uncertainty about the 

magnitude and effects of climate change—not only how much temperatures will rise but also 

how the environment will react—calls for careful consideration of the sizable downside risks 

that surround our projections. 

While our analysis emphasized the impact of global warming on low-income 

countries, it is important to note that all countries will increasingly feel direct negative effects 

from unmitigated climate change, through more frequent (and damaging) natural disasters, 

rising sea level, loss of biodiversity and many other difficult-to-quantify consequences. 

Warming will also begin to weigh on growth in many advanced economies, as their 

temperatures rise above optimal levels. By combining the estimated sensitivity of per capita 

output to temperature increase, baseline annual temperatures and projected temperature 

increase under the two RCP scenarios, Figure 11 depicts the potential cumulative impacts on 

2100 per capita GDP across the globe. This exercise confirms the highly uneven effects of 

warming across the glove, but also reveals that the projected increase in temperature, 

especially under the RCP 8.5 scenario, will push many advanced economies beyond the 

threshold temperature levels, thus triggering direct economic losses for these countries as 

well. And even in countries where the effect might be moderate or positive on average, 

climate change will create winners and losers at both the individual and sectoral levels. 

Moreover, the international spillovers from the most vulnerable countries, through depressed 

economic activity and potentially higher conflict and migration flows, could be considerable. 

Going forward, only a global effort to contain carbon emissions to levels consistent with an 

acceptable increase in temperature can limit the long-term risks of climate change (Farid et 

al. 2016; Hallegatte et al. 2016; IMF 2015; Stern 2015; IPCC 2014). 
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Figure 11.  The Long-Term Impact of Temperature Increase on Real per Capita Output across the Globe
(Percent)

1. RCP 4.5 Scenario

2. RCP 8.5 Scenario

Sources: National Aeronautics and Space Administration (NASA) Earth Exchange Global Daily Downscaled Projections (NEX-GDDP); World Bank Group Cartography
Unit; and IMF staff calculations.
Note: The maps depict the effect of the projected increase in temperature between 2005 and 2100 under RCP 4.5 and RCP 8.5 scenarios on real per capita output in
2100. Gray areas indicate the estimated impact is not statistically significant. RCP = Representative Concentration Pathways.
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ANNEX 1. DATA SOURCES AND COUNTRY GROUPINGS 
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ANNEX 2. MODEL-BASED ANALYSIS 

The model used to analyze the long-term impact of climate change is developed and 

presented in Buffie et al. (2012). It is commonly known as the Debt, Investment and Growth 

(DIG) model and has served as a workhorse in many IMF studies of low-income countries. 

The DIG is an optimizing intertemporal model with perfect foresight. It describes a two-

sector small open economy model with private and public capital, learning by doing, and 

endogenous fiscal policies. Public capital is productive and is used in the production function 

in both sectors. Government spending can raise output directly by augmenting the stock of 

public capital and can crowd in as well as crowd out private investment. 

Firms operate Cobb-Douglas technologies to combine labor, private capital, and public 

capital (infrastructure) into output in the traded and nontraded sectors. The evolution of total 

factor productivity (TFP) is exogenous in both sectors. Firms face separate prices for exports, 

and imports and are assumed to be profit maximizing. 

Consumers supply labor and derive utility from consuming the domestic traded good, the 

foreign traded good, and the domestic nontraded good. These goods are combined into a 

constant elasticity of substitution basket, and savers maximize the present value of their 

lifetime utility. The model breaks Ricardian equivalence by including both savers and hand-

to-mouth consumers. 

The government spends on transfers, debt service, and (partially inefficient) infrastructure 

investment. It collects revenue from the consumption value-added tax (VAT) and from user 

fees for infrastructure services. The deficit is financed through domestic borrowing, external 

concessional borrowing, or external commercial borrowing. Policymakers accept all 

concessional loans offered by official creditors. The borrowing and amortization schedule for 

these loans is fixed exogenously. Debt sustainability requires that the VAT and transfers 

eventually adjust to cover the entire deficit, given the exogenously determined upper limit on 

taxes and lower limit on transfers. The model incorporates shocks to the government external 

debt risk premium (or world interest rates). 

The majority of the model parameters are set to the same values as in Buffie et al. (2012), 

with few exceptions, mostly to reflect the decline in global interest rates, the projection of 

trend GDP growth in low-income countries, and the sample median of public-debt-to-GDP 

ratios. The parameters that differ from the ones in Buffie et al. (2012) are presented in Annex 

Table 2.1.  
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Simulating the Long-Term Impacts of Climate Change 

To trace the long-term impact of climate change, the model incorporates the estimated 

relationship between temperature and per capita output presented in Table 1, column (5). The 

effect is assumed to occur through temperature’s effect on TFP; therefore, the estimated 

parameters are rescaled so that the model matches the empirically estimated decline of GDP 

if temperature increases by 1°C. Estimates of the damage to GDP cannot be used directly 

since GDP is endogenous.  

The temperature during 2017–2100 is assumed to follow one of two alternative scenarios: 

Representative Concentration Pathway (RCP) 4.5 or RCP 8.5. The temperature increases 

during 2017–2100 are calculated for the median low-income country in the sample and are 

equal to 2.0°C and 3.9°C for RCP 4.5 and RCP 8.5, respectively. 

Modeling Structural Transformation 

Structural transformation is generated in the DIG model by introducing diverging trends in 

sectoral TFP growth, along the lines of Ngai and Pissarides (2007). In their model, faster 

productivity growth in the traded good sector goes along with a decline in the relative price 

of traded versus nontraded goods. Given complementarity in final demand, production in the 

former sector relative to the latter does not increase in the same proportion. The value share 

of the traded good sector eventually shrinks, even in the presence of international trade. 

While this approach relies on only one potential driver of structural transformation, it 

generates the desired increase in employment and nominal-value-added shares of the 

nontraded goods sector, which is mostly composed of services. The gap in sectoral TFP 

growth rates is set to replicate the average increase in the service share of value added in 

LIDCs in the period 1990–2015, which has risen at the rate of 2.5 percentage points a 

decade. Given this calibration, in the scenario without rising temperatures the employment 

share of nontraded goods increases from the baseline value of 42.27 to 65 percent over 90 

years. 
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