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Abstract

We study the long-term impact of climate change on economic activity across coun-
tries, using a stochastic growth model where productivity is affected by deviations of
temperature and precipitation from their long-term moving average historical norms.
Using a panel data set of 174 countries over the years 1960 to 2014, we find that per-
capita real output growth is adversely affected by persistent changes in the temperature
above or below its historical norm, but we do not obtain any statistically significant
effects for changes in precipitation. We also show that the marginal effects of tem-
perature shocks vary across climates and income groups. Our counterfactual analysis
suggests that a persistent increase in average global temperature by 0.04°C per year,
in the absence of mitigation policies, reduces world real GDP per capita by more than
7 percent by 2100. On the other hand, abiding by the Paris Agreement goals, thereby
limiting the temperature increase to 0.01°C per annum, reduces the loss substantially
to about 1 percent. These effects vary significantly across countries depending on the
pace of temperature increases and variability of climate conditions. The estimated
losses would increase to 13 percent globally if country-specific variability of climate
conditions were to rise commensurate with annual temperature increases of 0.04°C.
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1 Introduction

Global temperatures have increased significantly in the past half century and extreme weather
events, such as cold snaps and heat waves, droughts and floods, as well as natural disasters,
are becoming more frequent and severe; see IPCC (2021). These changes in the distribution
of weather patterns (i.e., climate change') are not only affecting low-income countries and
emerging markets, but also advanced economies—in September 2017 while Los Angeles expe-
rienced the largest fire in its history, Hurricanes Harvey and Irma caused major destruction
in Texas and Florida, respectively. A persistent rise in temperatures, changes in precipitation
patterns and /or more volatile weather events can have long-term macroeconomic effects by
adversely affecting labour productivity, slowing investment and damaging human health.

This paper investigates the long-term macroeconomic effects of weather patterns trans-
formed by climate change across 174 countries over the period 1960 to 2014. While weather
could affect the level of output across climates, for example, by changing agricultural yields,
climate change, by shifting the long-term average and variability of weather, could impact
an economy’s ability to grow in the long-term, through reduced investment and lower labour
productivity. We focus on both of these issues and develop a theoretical growth model that
links deviations of temperature and precipitation (weather) from their long-term moving-
average historical norms (climate) to per capita real output growth (Appendix A.1).

In our empirical application, we allow for dynamics and feedback effects in the inter-
connections of climatic and macroeconomic variables, distinguish between level and growth
effects—including for long-term—, consider asymmetric weather effects, and test for differ-
ential impact of weather shocks across climates. Also, by using deviations of temperature
and precipitation from their respective historical norms, while allowing for nonlinearity” and
an implicit model for adaptation, we avoid the econometric pitfalls associated with the use
of trended variables, such as temperature, in output growth equations. As it is well known,
and is also documented in our paper, temperature has been trending upward strongly in
almost all countries in the world, and its use as a regressor in growth regressions can lead
to spurious results. A detailed analysis of how trends in temperature can lead to spurious
trends in output growth in regressions used in the literature is provided in Appendix A.2.

The literature which attempts to quantify the effects of weather and/or climate on eco-
nomic performance (agricultural production, labour productivity, commodity prices, health,

conflict, and economic growth) is growing fast—see Stern (2007), IPCC (2014), Hsiang

'Weather refers to atmospheric conditions over short periods of time (e.g., temperature and precipitation).
Climate refers to the long-term average and variability of weather. Climate change is a shift "in the state of
the climate that can be identified (e.g., via statistical tests) by changes in the mean and/or the variability
of its properties, and that persists for an extended period, typically decades or longer” (IPCC (2014)).

2Non-linearity arises because growth is only affected when temperature (or precipitation) goes above or
below a time-varying and country-specific historical threshold (i.e., the norm). It is due to this feature that
future growth is affected not only by warming (or cooling if that was the case) but also by its variability.



(2016), Cashin et al. (2017), Letta and Tol (2019) and the recent surveys by Tol (2009),
Dell et al. (2014), and Tol (2018). There are a number of grounds on which the econometric
evidence of climate impacts on the economy may be questioned. Firstly, the earlier litera-
ture which relied on the cross-sectional approach (e.g., Sachs and Warner 1997, Gallup et al.
1999, and Nordhaus 2006) was hindered by the temporal invariance of climate over the stud-
ied time-frames and by important omitted variables that affect economic performance (e.g.,
institutions). The more recent literature uses panel data models to estimate the economic
effects of weather shocks. See, for example, Burke et al. (2015), Dell et al. 2009, Dell et al.
(2012), Dell et al. (2014), and Hsiang (2016). There is, however, some disagreement in the
literature as to whether temperature affects the level of economic output or its growth. See
Schlenker and Auffhammer (2018) and Newell et al. (2021) for a discussion.

Secondly, econometric specifications of the weather—-macroeconomic relation are often
written in terms of GDP per capita growth and the level of temperature, 7T};, and in some
cases also T7%;® see, for instance, Dell et al. (2012), Burke et al. (2015), and Kalkuhl and
Wenz (2020). But if 7} is trended, which is the case in almost all countries in the world
(see Appendix A.3), its inclusion in the regression will introduce a linear trend in per capita
output growth which is spurious and is not supported by the data (see Table A.1), and can in
turn lead to biased estimates. The prevalence of this issue in the econometric specifications
used in the literature is demonstrated in Appendix A.2. Indeed, Mendelsohn (2016) and Tol
(2021) argue that researchers should focus on the deviation of T} from its long-term average
to estimate unbiased weather effects in panel data studies. As well, this transformation would
allow for an implicit model of adaptation. Also, current panel models do not explicitly model
climate variability in the estimation of long-term damage functions.

Thirdly, the fixed effects (FE) estimators used in panel-data studies assume that climate
variables are strictly exogenous. At the heart of the Dynamic Integrated model of Cli-
mate and the Economy (DICE) model of Nordhaus is the need to account for bi-directional
feedback effects between growth and climate change (see Nordhaus 1992). In his work, Nord-
haus accounts for the fact that faster economic activity increases the stock of greenhouse gas
(GHG) emissions and thereby the average temperature (possibly with a long lag). At the
same time, rising average temperature could reduce real economic activity. Consequently,
when estimating the impact of temperature on economic growth, 7T;; may not be considered
as strictly exogenous, but merely weakly exogenous/predetermined to income growth; in
other words economic growth in the past might have feedback effects on future temperature.
While it is well known that the FE estimator suffers from small-7" bias in dynamic panels
(see Nickell 1981) with N (the cross-section dimension) larger than 7" (the time series di-
mension), Chudik et al. 2018 show that this bias exists regardless of whether the lags of the

31t is argued that this quadratic specification would account for the global nonlinear relationship between
temperature and growth; i.e., a common temperature threshold.



dependent variable are included or not, so long as one or more regressors are not strictly
exogenous. In such cases, inference based on the standard FE estimator will be invalid and
can result in large size distortions unless N/T — 0, as N, T — oo jointly.

We contribute to the literature along the following dimensions. Firstly, we explicitly
model and test for level or growth effects of weather shocks and estimate the long-term
macroeconomic impact of persistent increases in temperature. Secondly, we use the half-
panel Jackknife FE (HPJ-FE) estimator proposed in Chudik et al. (2018) to deal with the
possible bias and size distortion of the commonly-used FE estimator (given that T;; is weakly
exogenous). When the time dimension of the panel is moderate relative to N, the HPJ-FE
estimator effectively corrects the Nickel-type bias if regressors are weakly exogenous, and is
robust to possible feedback effects from aggregate economic activity to the climate variables.
Thirdly, we test the predictions of our theoretical growth model using cross-country data on
per-capita GDP growth and deviations of temperature and precipitation from their moving
average historical norms over the past fifty-five years (1960-2014). Our focus on "deviations"
is a departure from the literature, as changes in the distribution of weather patterns (not only
averages of temperature and precipitation but also their variability) are modeled explicitly;
an implicit model of adaptation is introduced; and the econometric pitfalls of including
trended variables (that is, Tj;) in growth regressions are avoided (see Appendix A.2 for
details). Moreover, rather than assuming a common climate threshold across countries, we
allow for country-specific and time-varying climate thresholds and also test for asymmetric
effects.” Finally, we estimate the differential impact of weather shocks across climates (e.g.,
hot and cold) and income groups (rich and poor) using a heterogenous panel data model.

Our results suggest that a series of positive (or negative) weather shocks has a long-term
negative effect on per capita GDP growth. Since we are measuring an integral of marginal
weather effects in our regressions, we can cautiously link them to climate change. Specifically,
we show that if temperature rises (falls) above (below) its historical norm by 0.01°C annually
for a long period of time, income growth will be lower by 0.0543 percentage points per year.
We could not detect any significant evidence of an asymmetric long-term growth impact from
persistent positive and negative deviations of temperature from its norms. Furthermore, we
show that our empirical findings pertain to poor or rich, and hot or cold countries alike
(albeit to varying degrees) as economic growth is affected not only by persistent increases

in temperatures (and the pace with which they are rising) but also by the degree of climate

4 Assuming common climate thresholds, as is done in the literature, leads to important oddities in indi-
vidual country estimates. For example, Burke et al. (2015) estimate that per capita GDP will be 63, 210,
247, 419, 516, 1413 percent larger in Germany, Sweden, Canada, Russia, Finland, and Mongolia as a result
of climate change by 2100. Similarly, it is estimated that many countries (including Brazil, India, and most
African and South East Asian countries) will experience per capita GDP losses of more than 80 percent
which is hard to imagine barring climate disasters (which cannot be modeled within a stochastic growth
framework as we document in Appendix A.1). See https://web.stanford.edu/~ mburke/climate/map.php for
the mentioned individual country results.



variability.” One of the reasons that cold countries are also affected by climate change is
the faster pace with which temperatures are rising in these regions than in hot countries.
Suppose that the pace of temperature increases was the same across hot and cold climates,
then our heterogenous panel estimations would suggest a smaller, but still negative, marginal
weather effect in cold countries. Most papers in the literature find that temperature increases
have had uneven macroeconomic effects, with adverse consequences only in countries with
hot climates or low-income countries; see, for instance, Sachs and Warner (1997), Jones
and Olken (2010), Dell et al. (2012), International Monetary Fund (2017), and Mejia et al.
(2018). We estimate that the marginal effects of weather shocks are larger in low-income
countries because they have lower capacity to deal with the consequences of climate change.
However, this does not mean that rich nations are immune from the effects of climate change.

To contribute to climate change policy discussions, we perform a number of counter-
factual exercises where we investigate the cumulative income effects of annual increases in
temperatures over the period 2015-2100 (when compared to a baseline scenario under which
temperature in each country increases according to its historical trend of 1960-2014). We
show that an increase in average global temperature of 0.04°C per year—corresponding to
the Representative Concentration Pathway (RCP) 8.5 scenario (see Figure 1), which assumes
higher greenhouse gas emissions in the absence of mitigation policies—reduces world’s real
GDP per capita by 7.22 percent by 2100. The estimated losses under the RCP 8.5 scenario
would almost double (to 13.11 percent globally by 2100) if country-specific variability of
climate conditions were to rise commensurate to temperature increases (see Figure 2 and
Table 7). Limiting the increase to 0.01°C per annum, which corresponds to the December
2015 Paris Agreement objective, reduces the output loss substantially to 1.07 percent.’

To put our results into perspective, Figure 2 compares our economic loss estimates with
those from select papers in the literature. Our counterfactual estimates are relatively large.
They suggest that all countries would experience a fall in GDP per capita by 2100 in the
absence of climate change policies (i.e., under a high-emission scenario or RCP 8.5). However,
the size of these income effects varies across countries and regions depending on the pace
with which temperatures increase over the century and the historical variability of climate
conditions in each country and their evolution going forward (see Figures 3, 6 and 7); for

instance, for the U.S. the losses are relatively large at 10.52 percent under the RCP 8.5

For example, while the level of temperature in Canada is low, the country is warming up twice as fast as
rest of the world and therefore is being affected by climate change (including from damages to its physical
infrastructure, coastal and northern communities, human health and wellness, ecosystems and fisheries).

6The Paris Agreement, reached within the United Nations Framework Convention on Climate Change
(UNFCCC), aims to keep the increase in the global average temperature to below 2 degrees Celsius above
pre-industrial levels over the 21st century. The average global temperature is already 1°C above the pre-
industrial levels. For most countries, the Nationally Determined Contributions pledged under the Paris
Agreement are deemed insufficient to meet either the 1.5°C or the 2°C target, and, judging by current
policies, unlikely to be met in the first place.



Figure 1: Global Temperature Projections (Deviations from 1984-2014)
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Source: Intergovernmental Panel on Climate Change (IPCC) Coupled Model Intercomparison Project Phase
Five AR5 Atlas Subset.

Notes: The thin lines represent each of the 40 models in the IPCC WG1 AR5 Annex I Atlas. The thick lines
represent the multimodel mean. Representative Concentration Pathways (RCP) are scenarios of greenhouse
gas concentrations, constructed by the IPCC. RCP 2.6 corresponds to the Paris Agreement which aims to
hold the increase in the global average temperature to below 2 degrees Celsius above pre-industrial levels.
RCP 8.5 is an unmitigated scenario in which emissions continue to rise throughout the 21st century.

scenario in year 2100 (reflecting a sharp increase in its average temperatures), but would
be limited to 1.88 percent under the Paris Agreement objective. Moreover, the speed with
which the historical norms change (20-, 30-, or 40-year moving averages)—that is how fast
countries adapt to global warming or new climate conditions— affects the size of income
losses.” Overall, while adaptation to climate change can reduce these negative long-run
growth effects, it is highly unlikely to offset them entirely.

The rest of the paper is organized as follows. Section 2 discusses the long-run macroeco-
nomic effects of weather patterns transformed by climate change. Counterfactuals in Section
3 investigate the cumulative income effects of annual increases in temperatures under an
unmitigated path as well as the Paris Agreement objective up to the year 2100. Section 4
concludes. The paper also contains four appendices. Appendix A.1 develops a multi-country
stochastic growth model with weather and climate effects. Appendix A.2 discusses a number
of key growth regressions used in macroeconomy-climate research, and how they relate to
our approach. Appendix A.3 provides detailed evidence on the historical patterns of climate

change across 174 countries. Finally, Appendix A.4 provides additional empirical results.

T Another way to assess adaptation is to test how the elasticity of per capita GDP to climate variables
evolve over time.



Figure 2: GDP Impact of Increases in Temperature
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Notes: Projected GDP impact is for some future year, typically 2100. The shaded area represents the GDP
per capita losses from our counterfactual exercise in Section 3 with the upper bound based on m = 20 and
the lower bound based on m = 40 (with increased climate variability). See Tables 6 and 7 for details.

Figure 3: GDP Per Capita Losses from Increases in Temperature: Cold vs. Hot
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2 Empirical Results

In the empirical application, we use annual population-weighted climate data and real GDP
per capita. For the climate variables we consider temperature (measured in degrees Celsius,
°C) and precipitation (measured in meters). We construct population-weighted climate data
for each country and year between 1900 and 2014 using the terrestrial air temperature and
precipitation observations from Matsuura and Willmott (2015) (containing 0.5 degree gridded
monthly time series), and the gridded population of the world collection from CIESIN (2016),
for which we use the population density in 2010. We obtain the real GDP per capita data
between 1960 and 2014 from the World Development Indicators database of the World Bank.
Combining the GDP per capita and the climate data, we end up with an unbalanced panel,
which is very rich both in terms of the time dimension (7°), with maximum 7" = 55 and

average T' =~ 39, and the cross-sectional dimension (/V), containing 174 countries.

2.1 Long-Term Impact of Climate Change on Economic Growth

Considering strong evidence of an upward trend in temperatures worldwide (see Appendix
A.3), and guided by the theoretical growth model with weather and climate variables in

Appendix A.1, we base our empirical analysis on the following panel ARDL model:
p p
Ay =a;+ Y 0Dy + Y BpARyy_o(m) + 4, (1)
=1 £=0

where y;; is the log of real GDP per capita of country ¢ in year t, a; is the country-specific fixed
effect, %i(m) = [Ty (m)", Ty (m)~, By (m)", Py (m) ™)', Ty (m) = (527) [Tie = Ty (m)]
and Py (m) = (m%rl) [P — Pf_y(m)] are measures of temperature and precipitation rela-
tive to their historical norms per annum, 7;; and P, are the population-weighted average
temperature and precipitation of country i in year ¢, and T;,_,(m) = =% " T;, , and
P (m) = % > ey Piiy are the time-varying historical norms of temperature and precip-
itation over the preceding m years in each ¢. Climate norms are typically computed using
30-year moving averages (see, for instance, Arguez et al. 2012 and Vose et al. 2014), but to
check the robustness of our results, we also consider historical norms computed using moving
averages with m = 20 and 40. With T}, (m) and P, () separated into positive and negative
values, we account for the potential asymmetrical effects of climate change on growth around
the threshold. The (average) long-run effects, 6, are calculated from the OLS estimates of
the short-run coefficients in equation (1): @ = ¢~ ' >0 3,, where g =1 — >0 ¢,

The reasons for using ARDL growth regressions in deviations form (i.e., temperature
and precipitation relative to their long-term moving average historical norms), rather than

in levels and/or squares of climate variables, are discussed in some detail in Appendix A.2,



where it is shown that including T} and T will introduce trends in Ay;;, which is not present
in the data. As documented in Table A.1, we find that at the 5% significance level, output
growth is upward trended in only 21 countries out of 174 under consideration, and in fact
9 (174 x 0.05) of the 21 countries with statistically significant trend coefficients could have
arisen by pure chance given the large number of multiple tests being carried out.

Other important econometric considerations behind the use of ARDL regressions are set
out in Pesaran and Smith (1995), Pesaran (1997), and Pesaran and Shin (1999) who show
that the traditional ARDL approach can be used for long-run analysis; it is valid regardless of
whether the underlying variables are I (0) or I (1); and it is robust to omitted variables bias
and bi-directional feedback effects between economic growth and its determinants. These
features of the panel ARDL approach are clearly appealing in our empirical application.
For validity of this technique, however, the dynamic specification of the model needs to
be augmented with a sufficient number of lagged effects so that regressors become weakly
exogenous. Specifically, Chudik et al. (2016), show that sufficiently long lags are necessary
for the consistency of the panel ARDL approach.® Since we are interested in studying the
growth effects of climate change (a long-term phenomenon), the lag order should be long
enough, and as such we set p = 4 for all the variables/countries. Using the same lag order
across all the variables and countries help reduce the possible adverse effects of data mining
that could accompany the use of country and variable specific lag order selection procedures
such as Akaike or Schwarz criteria. Note also that our primary focus here is on the long-run
estimates rather than the specific dynamics that might be relevant for a particular country.

Table 1 presents the estimation results for two specifications of the panel ARDL regression
in (1) and different adaptation speeds (m = 20,30 and 40). We report the fixed effects (FE)
estimates of the long-run impact of changes in temperature and precipitation variables on
GDP per capita growth (6), and the estimated coefficients of the error correction term (5)
in columns (a). When the cross-sectional dimension of the panel is larger than the time
dimension (in our panel, N = 174 and the average T' ~ 38, see Table 1), the standard FE
estimator suffers from small-T" bias regardless of whether the lags of the dependent variable
are included or not, so long as one or more of the regressors are not strictly exogenous (see
Chudik et al. 2018). Since the lagged values of growth and temperature/precipitation can be
correlated with the lagged values of the error term e;;, the regressors (climate variables) are
weakly exogenous, and hence, inference based on the standard FE estimator is invalid and
can result in large size distortions. To deal with these issues, we use the half-panel Jackknife
FE (HPJ-FE) estimator of Chudik et al. (2018) and report the results in columns (b) of
Table 1 alongside the estimated coefficients of the error correction term (gAzﬁ) The jackknife
bias correction requires N, T" — oo, but it allows T' to rise at a much slower rate than N.

Specification 1 of Table 1 for m = 30 reports the baseline results. The FE and HPJ-FE

8See also Chudik et al. (2013) and Chudik et al. (2017).
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estimated coefficients of the precipitation variables, EA Po(myt and 5A Pl are not statisti-

m)” )
cally significant. However, long-run economic growth is adversely affected when temperature
deviates from its time-varying historical norm persistently, as 0 ATy (my+ and @Aﬂt(m)— are both
statistically significant. The HPJ-FE estimates suggest that a 0.01°C annual increase in the

temperature above its historical norm reduces real GDP per capita growth by 0.0577 per-

2
m—+1

temperature below its historical norm reduces real GDP per capita growth by 0.0505 percent-

age points per year—calculated as —0.783 x (miﬂ) As expected, the FE estimates (which

are widely used in the literature) are smaller than their HPJ-FE counterparts in absolute

centage points per year—calculated as —0.894 x ( )— and a 0.01°C annual decrease in the

values.” Therefore, bias correction is important, including for the counterfactual exercises in
Section 3; otherwise the cumulative effects of climate change could be underestimated.

Since the baseline estimates of deviations of precipitation variables from their historical
norms (both above and below) are not statistically significant for m = 30, we re-estimate
equation (1) without them; setting X, (m) = [Ty (m)", Ty (m)”]’ in specification 2. The
results show that persistent deviations of temperature above or below its historical norm,
Ty (m)* or Ty (m)~, have negative effects on long-run economic growth. Specifically, the
HPJ-FE estimates suggest that a persistent 0.01°C increase in the temperature above its
historical norm reduces real GDP per capita growth by 0.0586 percentage points per annum in
the long run (being statistically significant at the 1% level)—calculated as —0.908 x (m%rl)—
and a 0.01°C annual decrease in the temperature below its historical norm reduces real GDP
per capita growth by 0.0520 percentage points per year (being statistically significant at
the 5% level)—calculated as —0.806 x (mLJrl) To make sure that our results are robust
to the choice of historical norms, Table 2 also reports the estimation results with climate
norms constructed as moving averages of the past 20 (m = 20) and 40 (m = 40) years,
respectively. As in the case with m = 30, we note that the estimated coefficients of the
precipitation variables, 5A Po(m)+ and gA B.(m)—» are not statistically significant (specification
1). However, the estimated coefficients of the deviations of temperature from its historical
norm are statistically significant in both specifications. The speed of adjustment to long-run
equilibrium (5) is quick in both specifications and for different values of m. However, this
does not mean that the effects of changes in T} (m)™ and T}, (m)~ are short lived.

As discussed above, estimates of the coefficients of T, (m)" and T}, (m)~ are very similar
in magnitude. There is, therefore, little evidence of asymmetry in the long-run relation-
ship between output growth and positive or negative deviations of temperature from its
historical norm (or the country-specific threshold). This lack of asymmetry suggests that a

simpler specification might be preferred and we therefore re-estimate equation (1) by replac-

9Since the half-panel jackknife procedure splits the data set into two halves, for countries with an odd
number of time observations, we drop the first observation. Thus, the number of observations in Columns
(a) and (b) are somewhat different.
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~ ~ ~ ~ !/
ing X;(m) = [Ty (m)", Ty (m)™, Py (m)", Py (m) ™) with Xe(m) = ( Tie (m)|, |Pie (m) ) :
The FE and HPJ-FE results are reported in Table 2. Like our earlier results, permanent

)

deviations of precipitation from their historical norms do not affect long-term growth, but
permanent deviations of temperature from their time-varying historical norms have a nega-
Ty (m)‘ being

similar to those reported for T} (m)* and T}, (m)~ in Table 1. Focusing on Specification 2

tive effect on long-run GDP growth, with the magnitudes of the coefficient of

with Z;;(m) = ’ [ (m)| and the HPJ-FE estimates (our preferred model and estimator), we

observe that 0 AlF(m)| is robust to alternative ways of measuring 77", ;(m).

To put our results into perspective, note that models that relate temperature to GDP
levels yield income loss estimates that are relatively small—consistent with damage functions
embedded in major integrated assessment models (IAMs). Specifically, most such models
find that when a poor (hot) country gets 1°C warmer, the level of its GDP per capita
falls by 1-3 percent; (ii) when a rich (temperate) country gets 1°C warmer, there is little
impact on its economic activity. The IAMs have been extensively used in the past few
decades to investigate the welfare effects of temperature increases by relying on aggregation
of sector-specific effects, see Tol (2014); they have also been used as tools for policy analyses
(including by the Obama administration, see Obama (2017), and at international forums).
More recent studies, that relate temperature to GDP growth (possibly nonlinearly), arguably
show that a shift to a higher (but nonincreasing) temperature level reduces per capita output
growth substantially (with compounding effects over time). For example, Burke et al. (2015)
consider a panel specification that includes quadratic climate variables in regressions and
detect: (i) non-linearity in the relationship with a universal optimal temperature level of
13°C; (ii) differential impact on hot versus cold countries with opposite sign; and (iii) weak
lagged effects—their higher lag order (between 1 and 5) estimates reported in Supplementary
Table S2, show that only 3 out of 18 estimates are statistically significant. However, our
results show that an increase in temperature above its historical norm for an extended
period of time is associated with lower economic growth in the long run—suggesting that a
temporary temperature shock will only have short-term growth effects but climate change—
by shifting the long-term average and variability of weather—could impact an economy’s
ability to grow in the long-term. Moreover, the marginal impact of weather shocks are
estimated to be larger than most papers in the literature and vary across hot and cold
climates. Therefore, our findings call for a more forceful policy response to climate change.

If the world economy were adapting to climate change, ceteris paribus, should we not
expect the impact of temperature increases to be shrinking over time? To investigate this

hypothesis, we re-estimate our preferred model (with m = 30 and Z;(m) =

Tt (m) ’) over
different time windows using real GDP per capita growth as the dependent variable. We start

with the full sample, 1960-2014, and then drop a year at a time (with the last estimation
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being carried out for the sub-sample 1983—2014). The results are plotted in Figure 4, showing

that the estimated coefficients on A |T;;_, (m)‘ are becoming larger (in absolute value) over

time. Do these results cast doubt on the efficacy of adaptation efforts over the last five
decades? Ceteris paribus, while it is expected that adaptation weakens the relationship
between temperature and economic growth over time, we cannot conclude that the world
economy has not been adapting to climate change based on Figure 4. First, adaptation
efforts might be concentrated in certain countries (typically advanced economies) and certain
sectors. Second, it may be the case that adaptation is not keeping pace with the climate
change; i.e., global temperatures have increased at an unprecedented pace over the past
40 years. Third, the effects of adaptation might have been offset by structural changes to
the economy (that is a shift of value added to sectors that are more exposed to climate
change). Fourth, if firms underestimate the likelihood or severity of future weather events,
they may not adapt sufficiently; i.e. adaptation technologies are readily available but the
take-up so far has been limited by firms. In a survey of private sector organizations across
multiple industries within the Organization for Economic Cooperation and Development
(OECD) countries, Agrawala et al. (2011) find that only few firms have taken sufficient
steps to assess and manage the risks from climate change. Fifth, according to Deryugina
and Hsiang (2014) firms tend to under-invest in adaptation owing to its high cost.'" Overall,
the evidence appears to suggest that (at least for now) adaptation has so far had limited
impact in dampening the negative effects of climate change globally. But it is possible that
with greater public awareness and government efforts, we will be seeing a much faster rate
of adaptation in the future. Our analysis is counterfactual given the current state of the
world, and outcomes could, and hopefully will, deviate from our counterfactual with better

and more forceful environmental polices (both mitigation and adaptation).

2.2 Weather Effects Across Climates and Income Groups

The literature provides evidence for uneven effects of temperature shocks, with worse ad-
verse consequences in economies with hot climates and/or in low-income countries; see, for
instance, Sachs and Warner (1997), Jones and Olken (2010), Dell et al. (2012), Burke et al.
(2015) and Mejia et al. (2018). In other words, when a rich (temperate) country gets warmer,
there will be little impact on its economic activity. There are intuitive reasons and anec-
dotal evidence for this, including adaptation that has taken place particularly in advanced
economies; they are more urbanized and much of the economic activity takes place indoors.
For instance, Singapore has attempted to insulate its economy from the heat by extensively
engaging in economic activity in places with air conditioning. Therefore, if individuals are

aware of how extreme heat affects their economic performance, they can invest in self protec-

100ther reasons for underinvestment include knowledge spillovers and networks externalities.
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Figure 4: Rolling Estimates of the Long-Run Effects of Temperature Increases
on per capita Real GDP Growth
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Notes: Figure shows the long-run effects (and their 95% standard error bands) of temperature increases
on per capita real GDP growth over different time windows, using the ARDL specification in 1. We start
the estimation with the full sample (1960-2014) and then drop one year at a time, ending with the final
estimates based on the 1983-2014 sub-sample.

tion to reduce their exposure to such risks.'' Mendelsohn (2016) also argues that economic
effects of weather shocks are likely to be very different in cold versus hot climates.

Given our heterogenous sample of 174 countries and motivated by above studies, an
immediate question is whether the estimated adverse long-run growth effects of weather
shocks in Specifications 1 and 2 of Table 2 are driven by poor countries. We, therefore,
follow Dell et al. (2012) and Burke et al. (2015) and augment Specification 2 with an
interactive term, AX;;_,(m) %I (country ¢ is poor), to capture any possible differential effects

of temperature changes from the moving-average norm for the rich and poor countries:

p p p

Ay = a; + Z ©oAY; 0+ Z BlgAii,t—é(m) + Z CyA%; ;—¢(m) x I (country i is poor) + &,
=1 =0 =0

(2)

where, as in Burke et al. (2015), we define country i as poor (rich) if its purchasing-

power-parity-adjusted (PPP) GDP per capita was below (above) the global median in 1980.

Moreover, to investigate whether temperature increases affect hotter countries more than

HFor a survey of the literature on heat and productivity, see Heal and Park (2016).
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colder ones, we estimated the following panel data model

p p p
Ayy = ai—i-z QOgAyi,t—E‘i’Z ﬁ;Af&i,t_g(mH—Z &A%, o(m)XI (country i is hot)+e, (3)

where a country is defined as cold (hot) if its historical average temperature is below (above)
the global median. The results from estimating specifications (2) and (3) are reported
in Table 3 where the estimated coefficients of the interactive terms are not statistically

significant—hence, we cannot reject the hypothesis that there are no differential effects of

climate change on poor versus rich nations or hot versus cold countries.

Table 3: Long-Run Effects of Climate Change on per Capita Real GDP Growth
of Poor and Hot Countries, 1960-2014 (Using Absolute Value of Deviations of
Climate Variables from their Historical Norm)

Specification 3 Specification 4
m = 30 (a) FE (b) HPJ-FE (a) FE  (b) HPJ-FE
§A|T”(m)| -0.551%%* -0.836** -0.754%F*%  _1.029%**
(0.235) (0.368) (0.200) (0.287)
9A|Tit(m)|><]l( i is poor) -0.156 -0.137
(0.396) (0.586)
9A|Tit(m)|><]l( i is hot) - - 0.496 0.562
(0.420 (0.656)
2) 0.661%** 0.596%** 0.672%%* 0.0605%**
(0.0499) (0.0469) (0.0469) (0.0488)
N 165 165 174 174
max T’ 50 50 50 50
avgT 38.76 38.76 38.36 38.36
min T 8 8 2 2
N xT 6431 6396 6714 6674

Notes: See notes to Table 2. Specifications 3 and 4 interact the temperature variables with dummies for poor and hot countries,
respectively (see equations 2 and 3). The standard errors are estimated by the estimator proposed in Proposition 4 of Chudik
et al. (2018). Asterisks indicate statistical significance at the 1% (***), 5% (**), and 10% (*) levels.

The statistical insignificance of estimated coefficients of the interactive terms in Table 3
may be due to lack of statistical power. In what follows, we attempt to explore the hetero-
geneity issue further by relying on the half-panel Jackknife Mean Group (MG) estimator in

the context of the following heterogenous panel data model:

2
Ay = a; + WilDAGy -1 + ©;AYir—¢ + Z BiA
(=0

Tiv—s (m)’ + Eit- (4)

Unlike pooled estimation techniques such as FE where only intercept heterogeneity is taken

into account, the above specification allows for the marginal effects of weather shocks to vary
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across countries or sub-group of countries. Under this more general specification, country-
specific marginal effects can be estimated by running least squares regressions for each coun-
try ¢ separately, and then considering averages or medians of the estimated coefficients across
countries or regions, for example cold versus hot climates, or rich versus poor countries. Pe-
saran and Smith (1995) show that simple averages of the estimated coefficients (known as
mean group, MG, estimates) result in consistent estimates of the underlying population
means of the parameters when the time-series dimension of the data is sufficiently large.
Whilst it is not possible to be sure about when 7' is sufficiently large, Monte Carlo evidence
suggests that reliable estimates can be obtained with 7" > 30 and N > 20, when output
growth is not very persistent, which is the case in our applications. We, therefore, select
countries for which we have at least 30 years of observations for GDP growth, resulting in
a sample of 130 countries. To explore heterogeneous responses across regions, we define a
country as cold if its historical average temperature is among the bottom third of the tem-
perature distribution. Other countries fall into temperate or hot climates. Poor and rich
countries are selected based on International Monetary Fund’s classifications. The results
from estimating equation (4) with and without lagged world output growth, Ag,; 1, are
reported in Table 4. The inclusion of Ay, ;1 serves two purposes: (1) it accounts for unob-
served global factors, and (2) it renders the errors of the regressions across countries weakly
(rather than strongly) correlated.

Key findings are as follows: First, the HPJMG estimation results for the sample of all
130 countries are similar (in sign and statistical significance) to those reported in Table 2.
Specifically, persistent temperature deviations from their historical norms (owing to climate
change) are estimated to have a negative effect on long-run per capita GDP growth (especially
when Ay, ;1 is included as an additional regressor). Second, there is some evidence that
negative growth effects of weather shocks are less severe in cold climates. However, the

impact of persistent changes in |7} (m)’ on GDP growth in cold climates is still negative,

statistically significant, and increasing with m (namely depends on how fast adaptation is
taking place). Third, while poor countries are found to be disproportionately affected by
weather shocks, rich countries are by no means immune to climate change. Note that lagged
world output growth, Ay, 1, plays a crucial role in accounting for global output trends
that likely interact with global climate conditions. The weather effects are generally weaker

when Ay, ;1 is excluded from regressions.

3 Counterfactual Analysis

We perform a number of counterfactual exercises to measure the cumulative output per capita
effects of persistent increases in annual temperatures above their norms (or thresholds) over
the period 2015-2100. We carry out this analysis using the HPJ-FE estimates based on the
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Table 4: Mean Group Estimates of the Long-Run Effects of Climate Change on
per Capita Real GDP Growth, 1960-2014

Excluding Agw,t—1 Including Agy,—1
Historical Norm: m =20 m = 30 m = 40 m = 20 m = 30 m = 40
(a) All 130 Countries
9. - _ * _ _ _ skokk Wk Hok
9A|T“(m)| 0.447 0.487 0.521 0.706 0.918 1.051

(0.2336)  (0.3669)  (0.4734) (0.2375)  (0.3934)  (0.5188)

N xT 6,198 6,198 6,198 6,020 6,020 6,020

(b) Cold (T; < 33th Percentile)

ONERES 0.227%%  -0.230%  -0.198 -0.238%%  -0.342%%  -0.457**
(0.1012)  (0.1279)  (0.1752) (0.1054)  (0.1509)  (0.1695)

N xT 2,090 2,090 2,090 1,964 1,964 1,964

(c) Temperate or Hot (T; > 33th Percentile)

O ATy (m)| -0.665%** _0.780%**  _0.613 -0.842%F% ] 180%FF  _1.212%*
(0.1934)  (0.3025)  (0.4308) (0.2224)  (0.3713)  (0.5039)
NxT 4,108 4,108 4,108 3,990 3,990 3,990

(d) Poor (Low-Income Developing Countries)

O ATy (m)| -0.603%*  _0.759%  -0.855%  -1.020%%* -1.463%F* _1.703%**
(0.2702)  (0.4059)  (0.4880) (0.2619)  (0.4289)  (0.5473)

N xT 3,140 3,140 3,140 3,048 3,048 3,048

(e) Rich (Advanced Economies and G20 Emerging Markets)

O[Ty (m)| 0.586% K _0.849% KK 1 04TFFE  _0.5RTFRX _1.003%FFF  _1.280%**
(0.1951)  (0.2721)  (0.3734) (0.2091)  (0.3099)  (0.3922)

N xT 1794 1794 1794 1734 1734 1734

Notes: Specification 1 is given by Ay = a; + @;Ay; -0 + ZZO BieA

Tip (m)’ + €it,, where y;; is the log of real GDP

per capita of country i in year ¢, Ty (m) = <mi+1) [Ti - Ti*t71(m)] is a measure of temperature relative to its historical

norm per annum, Ty is the population-weighted average temperature of country 4 in year ¢, and T;,_;(m) = % S Tii—e

is the time-varying historical norm of temperature over the preceding m years in each ¢. Specification 2 is given by Ay;; =
_ PF

a; + Wi AGw,t—1 + 0; Ay 0+ 2, L BiA

the other variables are as before. The models are estimated using the half-panel Jackknife mean-group estimator. Asterisks

indicate statistical significance at the 1% (***), 5% (**), and 10% (*) levels.

’f}t,g (m)‘ + €it, where gy is the log of world’s real GDP per capita in year ¢t and
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ARDL specification given by (1), which we write equivalently as
¢ (L) Ayir = a; + B(L)Axy(m) + e,

where z;;(m) = Ty, — T;;_,(m)|, ¢ (L) = 1— S okt B(L) =5, B, L}, and L is the lag
operator. Pre-multiplying both sides of the above equation by the inverse of ¢ (L) yields

Ay = a; + (L) Az + 9(L)ey, (5)

where @; = p(1) " a;, 9(L) = 9o+ h L+ 9L+ ... and (L) = p(L)'B(L) = ¢y + ¥, L +
Yo L2+ ... for j =0,1,2,....17

The counterfactual effects of climate change can now be derived by comparing the output
trajectory of country ¢ over the period 7'+ 1 to T'+ h under the no change scenario denoted
by bOTi and a%, with an alternative expected trajectory having the counterfactual values of blTi
and U%’l" Denoting the values of x;; for t =T + 1,7 + 2,...,T + h under these two scenarios

0 _ §,0 0 0 1 _ f1 1 1
by X0y rin = {2000 Wriar o 2} and Xy p = {@ir Thrge o Tigg, ), the
counterfactual output change can be written as

Eiren =B (Yirsn |For X rprren) — B (Wirin |Firs X1 ) »

where Fir = (Yir, Yir—1, YiT—2, -} TiTs TiT—1, TiT—2, -..). Cumulating both sides of (5) from

t =T+ 1 toT + h and taking conditional expectations under the two scenarios we have

h
§iran = Z Vhj (%{Tﬂ' - m?,T—&-j) ) (6)
j=1

The impact of climate change clearly depends on the magnitude of xi{T i x?’T e

We consider the output effects of country-specific average annual increases in tempera-
tures over the period 2015-2100 as predicted under RCP 2.6 and RCP 8.5 scenarios, and
compare them with a baseline scenario under which temperature in each country increases
according to its historical trend of 1960-2014.'* However, owing to the non-linear nature
of our output-growth specification, changes in trend temperature do not translate on a one-
to-one basis to absolute changes in temperature. In line with (A.34), future temperature

changes over the counterfactual horizon, T'+ j, 7 = 1,2, .... can be represented by

Tiryj = api+bpij (T + j) +vpipyy, for j=1,2,.., (7)

12We are suppressing the dependence of z;; on m to simplify the exposition.
13 A similar analysis can also be carried out in terms of changes in precipitation. For brevity and given the
empirical results in Section 2, we focus on the counterfactual effects of changes in temperature only.
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where we allow for the trend change in the temperature to vary over time. The above
equation reduces to (A.34) if we set by;; = bp; for all j. Suppose also that, as before, the
historical norm variable associated with T; 7 j, namely T}z, ; ,(m), is constructed using the
past m years. Then it is easy to show that

. m—+1 _ .
Tz‘j+j - Ti,Tﬂ'_l(m) = (—> bTi,j + (UTZ’,T—i—j - UTi,T—l—j—l,m) , J=1,2,..,h, (8)

2
— 1M : *
where Op;rij_1m = m~ 'Y | Upir+j—s. The realised values of ‘TLTH — Ti,TJrj_l(m)} de-
pend on the probability distribution of weather shocks, vr; 74, as well as the trend change
in temperature, given by bp; ;. As a first order approximation, and in order to obtain ana-
lytic expressions, we assume that temperature shocks, vr; 745, over j = 1,2, ..., are serially
uncorrelated, Gaussian random variables with zero means and variances, o%,. Under these

assumptions and using the results in Lemma 3.1 of Dhyne et al. (2011), we have

* e i,j — U i il i
K ‘E,T—&-j - Ti,TJrjél(m)‘ = M1y [‘I) (L> - <$>] +2wri¢ ( a ]) = gTz‘(m7bTi,j;<7T7;)

Wi Wi Wi
(9)

where ®(.) and ¢(.) are the cumulative and density distribution functions of a standard

Normal variate, respectively, and

m+1 1
Hrij = (T) sz',j; and w%i = O-%i (1 + E) ]

It is clear from the above expressions that the responses of our climate variables to a postu-
lated rise in temperature most crucially depend on the volatility of temperature around its
trend, o7;, which differs markedly across countries.'

For the baseline scenario, we set m = 30 and consider the following counterfactual
country-specific changes in the trend temperature over the period 7'+ 7, for j =1,2,...., H,

as compared to the historical trend rise in temperature (namely b5, ):
bri; = Tirs; — Tirsjo1 = by + jd;, for all j =1,2..., H, (10)

where d; is the average incremental change in the trend rise in temperature for country <.
We set d; to ensure that the average rise in temperature over the counterfactual period in

country i is equal to the hypothesised value of b}, and note that

NSy - Trin — Tir
Ti = Z Tij — H Z (E,T-‘y—j - E,T-ﬁ-j_l) = T7 (11)
j=1 ’

Jj=1

MEor estimates of op; across countries see Table A.7.
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where T; r g denotes the level of temperature at the end of the counterfactual period. Av-

eraging (10) over j we have
H+1

In our empirical application we set T; 7+ g = 1; 2099 and T} 741 = T} 2015, with implied H = 85.

di:

For T; 5099, for i« = 1,2,..., N, we consider two sets of values based on IPCC’s projections
under the RCP 2.6 and RCP 8.5 scenarios (see Table A.7). In effect, this specification
assumes that over the counterfactual period temperature in country i increases by jd; per
annum over the period 7'+ 1 to T'+ j, relative to its historical trend value of b%,.

We also assume that the postulated trend rise in temperature, specified in (10), does not
affect the volatility of temperature shocks, and set ok, to its pre-counterfactual value of o9, .
This is a conservative assumption and most likely will result in an under-estimation of the
adverse effects of temperature increases, since one would expect rising temperature to be
associated with an increase in volatility."” With these considerations in mind, and using (6),

the mean counterfactual impact of the temperature change on output is given by

A (di) = B (Yirwn |Fir) _E(y?,T+h|F ir)
h
= > Wy lgri(m, by, + jdi, 09;) — gri(m, b, 0%,)] (13)

Jj=1

where we base the estimates of b3, and 0%, on the pre-counterfactual period 1960-2014 (see

Table A.7), and use
KT NlT‘ j
Z? 0 Z7
o ()] e () o
0
Hrq
gTz(m bTZ’UTz luTz |:q) ( & )

0 0
Ky K
2w 15
%z ( wT'L ):| " ¢ (w%z) ’ ( )
m+1 m+1
/’LTZ,] ( 2 > T'L,j /J“Tz - ( 2 ) sz? (16)

and wh; = o9, (1+ i)1/2. To obtain {{D]} , we use the HPJ-FE estimates of {ﬁﬁ}?zo and
{gpl}l , from the ARDL equation with ‘th 7 1(m)! as the climate variable. These esti-

g%‘z (ma b%’i,ja 0(7)% :uTz,] [q) (

(S

mates and their standard errors are reported in Table 5. Flgure plots the estimates of ¢,

= 3.1943 years.
We report the real GDP per capita losses from global Warrmng under the RCP 2.6 and

for j =0,1,2,...,20, for which the estimated mean lag is =2

RCP 8.5 scenarios, compared to the reference case, in country heat maps and for the year

2100 only, but make all of the 174 country-specific estimates over various horizons (by year

15 Moreover, accounting for international spillover effects of climate change, individual countries’ long-term
growth effects could be larger.
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Table 5: Effects of Climate Change on per Capita Real GDP Growth, 1960-2014

By -0.0038* ©p  0.2643%%* No. of Countries (N) 174
(0.0021) (0.0500) max T 50
B, -0.0056% B, 0.0785%F* avgT 38.36
(0.0029) (0.0266) min T 2
By -0.0084%F* By 0.0547%* No. of Obs. (N xT) 6,674
(0.0031) (0.0216)
By -0.0090%** 3, -0.0016
(0.0026) (0.0327)
B, -0.0060%**
(0.0021)

Notes: Estimates are based on Ay;; = a; + Z;}:l Ay g + Z?:o ﬁleq:m,g(m) + €i,where y;; is the log
of real GDP per capita of country 4 in year ¢, x;(m) = } it — T3y _1(m)|, Tyt is the population-weighted
average temperature of country 7 in year ¢, and T, ;(m) is the historical temperature norm of country i
(based on moving averages of the past 30 years). The coefficients are estimated by the half-panel jackknife
FE (HPJ-FE) procedure and the standard errors are based on the estimator proposed in Proposition 4 of

Chudik et al. (2018). Asterisks indicate statistical significance at 1% (***), 5% (**), and 10% (*) levels.

Figure 5: {1;} for j =0,1,2,...,20

T T T
0 5 10 15 20
Years

_ y ; +—— 95% Confidence Interval
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Table 6: Percent Loss in GDP per capita by 2030, 2050, and 2100 under the
RCP 2.6 and RCP 8.5 Scenarios

Year 2030 (h = 16) Year 2050 (h = 36) Year 2100 (h = 86)

m=20 m=30 m=40 m=20 m=30 m =40 m=20 m=30 m=40
World
RCP 2.6 -0.01 -0.01 -0.02 0.06 0.11 0.16 0.58 1.07 1.57
RCP 8.5 0.40 0.80 1.25 1.39 2.51 3.67 4.44 7.22 9.96
China
RCP 2.6 -0.22 -0.45 -0.71 -0.38 -0.80 -1.31 0.24 0.45 0.67
RCP 8.5 0.31 0.58 0.87 0.90 1.62 2.30 2.67 4.35 5.93

European Union

RCP 2.6 -0.04 -0.08 -0.13 -0.06 -0.13 -0.22 0.05 0.09 0.13
RCP 8.5 0.24 0.50 0.80 0.79 1.53 2.35 2.67 4.66 6.69
India

RCP 2.6 0.12 0.26 0.42 0.41 0.81 1.27 1.44 2.57 3.69
RCP 8.5 0.60 1.16 1.78 2.13 3.62 5.08 6.37 9.90 13.39
Russia

RCP 2.6 -0.07 -0.14 -0.23 -0.16 -0.34 -0.56 -0.33 -0.71 -1.19
RCP 8.5 0.51 1.03 1.63 1.62 3.08 4.61 5.28 8.93 12.46

United States
RCP 2.6 0.10 0.20 0.33 0.29 0.60 0.96 0.98 1.88 2.84
RCP 8.5 0.60 1.20 1.86 2.13 3.77 5.39 6.66 10.52 14.32

Notes: We consider persistent increases in temperatures based on the RCP 2.6 and RCP 8.5 scenarios. Num-
bers are PPP GDP weighted averages of Ay, (d;), see equation (13), with h = 16, 36, and 86 (corresponding
to the year 2030, 2050, and 2100, respectively) and m = 20, 30, and 40.

2030, 2050, and 2100) available in Table A.7. Figure 6 shows that in the absence of climate
change policies (under the RCP 8.5 Scenario with m = 30), the percent losses in per-capita
incomes by 2100 are sizable, regardless of whether a country is rich or poor, and hot or cold.
Nonetheless, the losses vary significantly across countries depending on the country-specific
projected paths of temperatures. Figure 7 shows that if we managed to limit the increase in
average global temperatures to 0.01°C per annum (the RCP 2.6 scenario), in line with the
Paris Agreement objective, we would be able to substantially reduce these losses.

Table 6 reports the real GDP per capita losses for China, the European Union, India,
Russia, and the United States, over various time horizons. As in Figure 6, income effects
are substantially larger under an unmitigated path (i.e., RCP 8.5). Nonetheless, under both
scenarios, the cross-country heterogeneity is significant. Focusing on the RCP 8.5 scenario
(with m = 30) we observe that the losses vary between 0.50 and 1.20 percent, 1.53 and 3.77
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Figure 6: Percent Loss in GDP per capita by 2100 in the Absence of Climate
Change Policies (RCP 8.5 Scenario)

Notes: The heat map shows A;p, (d;), see equation (13), in year 2100 with m = 30, based on the RCP 8.5
scenario.

Figure 7: Percent Loss in GDP per capita by 2100 Abiding by the Paris Agree-
ment Objective (RCP 2.6 Scenario)
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Notes: The heat map shows A;p, (d;), see equation (13), in year 2100 with m = 30, based on the RCP 2.6
scenario.
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percent, and 4.35 and 10.52 percent in 2030, 2050 and 2100, respectively; with a relatively
large impact estimated for the United States in 2100 (reflecting IPCC’s projections of a sharp
increase in the country’s average temperature in the absence of mitigation efforts).

Averaging the losses across countries, using PPP-GDP weights, we report the global
income effects of climate change under the RCP 2.6 and RCP 8.5 scenarios in Table 6.
Under the Paris agreement objective, and assuming m = 30, our results indicate that the
world could actually benefit from mitigation policies in year 2030 (compared to a reference
case in which temperatures increase according to their historical trends of 1960-2014), while
limiting the economic losses of climate change to 0.11 and 1.07 percent over the next 36 and 86
years, respectively. However, a persistent above-norm increase in average global temperature
by 0.04°C per year (based on RCP 8.5) leads to substantial output losses, reducing real per
capita output by 0.80, 2.51 and 7.22 percent in 2030, 2050 and 2100, respectively. Overall
these economic effects are somewhat larger than those obtained in existing studies in the
literature and what is generally discussed in policy circles (see Figure 2).

Can adaptation help offset these negative income effects? Repeating the counterfactual
exercise for different values of m highlights the role of adaptation. The shorter the m, the
faster agents treat higher temperatures as the new norm. Table 6 shows the effects of global
warming over time for various values of m. The results indicate that per-capita output
losses are lower for m = 20 but significantly higher if it takes longer to adapt to climate
change (m = 40). Overall, we argue that while climate change adaptation could reduce
these negative economic effects, it is highly unlikely to offset them entirely. More forceful

mitigation policies are needed to limit the damage from climate change.

Table 7: Percent Loss in GDP per capita by 2030, 2050, and 2100 under the
RCP 8.5 Scenario: the Role of Climate Variability

Year 2030 Year 2050 Year 2100

(h = 16) (h = 36) (h = 86)
World 2.02 5.18 13.11
China 0.78 1.99 5.02
European Union 1.45 3.71 9.37
India 2.62 6.70 16.92
Russia 2.00 5.13 12.94
United States 2.66 6.81 17.19

Notes: We consider persistent increases in temperatures based on the RCP 8.5 scenario but set of, =
(NlTi,,j/N(%q:) 0%,. Numbers are PPP GDP weighted averages of Ay, (d;), with h = 16, 36, and 86 (corre-
sponding to the year 2030, 2050, and 2100, respectively) and m = 30.

We showed that economic growth is affected not only by higher temperatures but also

by the degree of climate variability. To study the role of climate volatility in determining
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GDP per capita losses, instead of setting ok, = 0%, we allow temperature increases to

affect the variability of temperature shocks commensurately. That is, we keep the coefficient
of variation unchanged, and therefore set ¢}, = (MITU/ 119;) 0%;. The results are reported
in Table 7 for the RCP 8.5 scenario and m = 30. As expected, the estimated GDP per
capita losses become significantly larger, almost doubling at the global level by 2100 to 13.11
percent. For the United States, the losses are likely to be 70 percent higher compared to the
baseline counterfactual scenario reported in Table 6. In terms of the channels of impact, the
increase in the degree of climate variability affects economies by reducing labor productivity,
increasing health problems (e.g., heat-related health issues or drought-related water and
food shortages), damaging infrastructure (e.g., from flooding in river basins and coasts and

landslides), and disruptions in supply chains—see IPCC (2014) for details.

4 Concluding Remarks

Using data on 174 countries over the period 1960 to 2014, and a novel econometric strategy
(that differentiates between level and growth effects including over the long term; accounts for
bi-directional feedbacks between economic growth and climate change; considers asymmetric
weather effects; allows for nonlinearity and an implicit model of adaptation; and deals with
temperature being trended), we showed that persistent changes in temperature above time-
varying norms has long-term negative impacts on economic growth. If temperature deviates
from its historical norm by 0.01°C annually for an extended period of time, long-term income
growth will be lower by 0.0543 percentage points per year. Furthermore, we illustrated that
these negative long-run growth effects are prevalent in all countries but to different degrees
across climates and income groups. In particular, our heterogenous panel data estimates
suggested a lower marginal weather effects in cold and/or rich countries (i.e., slope coefficients
were smaller). Nevertheless, we find that income losses are sizable even in cold climates either
because they are warming up much faster than temperate or hot regions or climate variability
is becoming more pronounced in line with faster temperature increases.

We performed a number of counterfactual exercises where we investigated the output
effects of annual increases in temperatures under mitigated and unmitigated scenarios during
2015-2100. We showed that keeping the increase in the global average temperature to below
2 degrees Celsius above pre-industrial levels as agreed by 190 parties in Paris in December
2015, will reduce global income by 1 percent by 2100. However, an increase in average
global temperatures of 0.04°C (corresponding to the RCP 8.5 scenario, which assumes higher
greenhouse gas emissions in absence of climate change mitigation policies) reduces world’s
real GDP per capita by 7 percent by 2100, with the size of these income effects varying
significantly across countries depending on the pace of temperature increases and variability

of climate conditions in each country. The estimated global per capita GDP losses under
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a high-emissions scenario with no policy action (that is RCP 8.5) would almost double if
country-specific climate variability were to rise commensurate to temperature increases in
each country (with global income losses amounting to 13 percent by 2100). Overall, abiding
by the Paris Agreement objective would go a long way in limiting economic losses from
climate change across almost all countries. We also illustrated that while adaptation to
climate change could reduce these negative long-run growth effects, it is highly unlikely to
offset them entirely. Therefore, our findings call for more forceful policy responses to the

threat of climate change, including more ambitious mitigation and adaptation efforts.
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A Appendices

This section is composed of four appendices. Appendix A.l provides the economic theory that
underlies the growth equation with weather shocks used in our empirical analysis. Appendix A.2
discusses how our specifications and econometric analyses relate to the literature. Appendix A.3
reports historical estimates of trend rises in temperature across 174 countries over the past half
century. Appendix A.4 provides individual-country estimates of GDP per capita losses under the
RCP 2.6 and RCP 8.5 scenarios over various horizons (by year 2030, 2050, and 2100).

A.1 A Multi-Country Stochastic Growth Model with Weather
and Climate Effects

Theoretical growth models generally focus on technological progress and permanent improvements
in the efficiency with which factors of production are combined as the main drivers of long-term
economic growth, and ignore the possible effects of weather patterns transformed by climate change.
Examples include Merton (1975), Brock and Mirman (1972), Donaldson and Mehra (1983), Ma-
rimon (1989), and Binder and Pesaran (1999), who have developed stochastic growth models for
single economies. We extend this literature and consider the growth process across N countries
sharing a common technology but subject to different weather patterns.'’

Consider a set of economies in which aggregate production possibilities are described by the
following production function:

Yie = F (At Lit, Kit) , (A.1)

where L;; and K;; are labour and capital inputs, and A;; is a scale variable that determines labour
productivity in economy ¢. We suppose that labour productivity is governed by technological
factors, as well as by country-specific weather conditions. We consider temperature (7;;) and
precipitation (P;;) as the main weather variables, but assume that labour productivity is affected
by these variables only when they deviate from their historical norms (which also serve as country-
specific but time-varying thresholds or climates). We express the historical norms by Ti’ftfl(m) and
P{ftfl(m), respectively, where m denotes the number of years used in computations. Specifically,
we set T7%_(m) =m~' Y0 Tiy s and By (m) =m™' 31", Pi; . In the theoretical derivations
that follow we suppose that m is given and fixed, and address the choice of m in Section 2.

The horizon over which the historical norms are formed depends on the degree of adaptation
to rising temperatures or precipitation. Small values of m represent high degrees of adaptation.
We regard the historical norms as technologically neutral, in the sense that if temperature and
precipitation remain close to their historical norms, they are not expected to have any effects on
labour productivity. Recent research demonstrates that different regions of the U.S. have acclimated
themselves to their own temperature niche. For instance, Heutel et al. (2016) document that

heat waves (cold snaps) cause less deaths in warm (cold) places. Moreover, if temperature and

16See also Fankhauser and S.J. Tol (2005) and Dietz and Stern (2015) who discuss economic growth models
with climate.
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precipitation deviate from their historical norms, the marginal effects on labour productivity could
be different across climates, depending on the region under consideration. Accordingly, in what
follows we also allow for an asymmetry in the effects of deviations from the historical norms on

labour productivity, and introduce the following climate threshold variables:

[T — 7 ()] " = [T — Ty (m)] I (T — T}_1(m) > 0), (A.2)

[Tit - ift—l(m)] = - [Tit - TZt—l(m)] I (Tz‘t — Ty q(m) < 0) )
where I(z) = 1 if z > 0 and 0, otherwise. Similarly { it — 1’3{'7‘%1(771)}Jr and {Pit — P} 4(m) -
can be defined for precipitation. By distinguishing between positive and negative deviations of the
climate variables from their historical norms, we account for potential nonlinear effects of climate
change on economic growth around country-specific thresholds.
Specifically, we adopt the following specification of changes in labour productivity in terms of

temperature and precipitation:

Ay = Agpexp (—'ygxz-t(m)) , (A.3)
where A;; is the technology factor,
g
(,Tlt - z t 1(m)>
(7 = T30 (m)) vt
x;t(m) = + | Yi= - |-

(Pzt - 1(m)) v;

i ( Pz*t 1(m)) ]

v = (vipvip)s and vy = (vips vip) -
The historical norms can vary over time, but such variations are likely to be small in the short-
to medium-term. One could also consider modelling the adverse effects of deviating from climatic

2
norms, by using the quadratic formulation, for example, [ it — 17 _1(m)| instead of the threshold

effects (Tit — ﬂft_l(m))+ and <Tit — ﬂft_l(m)) . But in cases where Tj; is trended, which is the
situation in almost all 174 countries in our sample (see Table A.5 and the discussion in Appendix
A.3), the inclusion of ~;, [Tit - ﬂft_l(m)}2 will induce a quadratic trend in equilibrium log per
capita output (or equivalently a linear trend in per capita output growth) which is not desirable
and can bias the estimates of the growth-climate change equation. Our focus on the deviations
of temperature and precipitation from their historical norms marks a departure from the existing
literature by implicitly modelling climate variability around country-specific long-term trends as
well as adaptation.

We follow the literature and assume that labour input, L;;, and technology variables are exoge-

nously given and can be approximated by the following linear processes

log(Lit) = lio + ni t + i, (A.4)
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log(Ait) = a0 + git + Wiat, (A.5)

where [;o and a;g are economy-specific initial endowments of labour input and technology; n; and g;
are the exogenously-determined rates of growth of labour input and technology, respectively; and
iy and u;q¢ are the stochastic components which could be driven by a combination of demand and
supply shocks. Considering the long-run effects of weather patterns transformed by climate change

on income growth, we do not attempt to identify such shocks, and assume that
Aujr = — (1 = py) Wit g—1 + € ol <1, eqr ~ iid (0,0%); (A.6)

Auiat = - (1 - pz’a) Uja,t—1 + €iat, ‘pia| < 1a Ejat ™ itd (07 O-zza)' (A7)

Shocks to labour input, &;;, could be correlated with the predictable part of weather con-
ditions. For example, during heat waves, labour supply could fall before recovering in normal
times. In such a setting, seasonal or cyclical changes in weather conditions might not have long-
run growth effects, but can nevertheless lead to negative short-run correlations between labour
input and weather shocks (as workers adapt their schedules to the changing weather conditions).
It is, therefore, important to distinguish between short-run effects and the long-term impact of
weather shocks transformed by climate change on income growth. The short-run correlation be-
tween weather and labour input shocks also renders the weather variable weakly exogenous, with
important econometric implications for estimation of long-run growth effects of long-lasting shifts
in weather patterns. The stochastic components of labour input and technology could follow unit-
root processes. They also could be characterized as cross-sectionally correlated, for example, by
common factor representations.

Finally, and most importantly, we assume the following specification for temperature and pre-
cipitation variables:

Xit (M) = Wi, + Vit(m), vie(m) ~ (0, Q2p), (A.8)

where p,,, are country-specific fixed effects representing the mean deviations of temperature and
precipitation from their historical means, and v;;(m) is the 4 x 1 vector of weather shocks, which
could be correlated across countries. Since temperature and precipitation are measured as devia-
tions from their historical norms in our analysis, they are unlikely to have unit roots or linear trends,
although they could display short term drifts when m is relatively large and temperature increases
faster than the economy’s ability to adapt to the rising temperature or its increased variability (see
Section 3). We acknowledge that our reduced form treatment of the temperature and precipitation
variables abstract from explicitly modelling the feedback effects of Carbon dioxide (C'O3) emissions
(caused by increased economic activity) to the climate variables. This is typically modelled ex-
plicitly in integrated assessment models, notably the DICE—see, for example, Nordhaus and Yang
(1996), and Nordhaus (2008, 2013, 2017, 2018), and a recent paper by Ikefuji et al. (2019) which
provides a stochastic treatment of a climate-economy model. However, we implicitly allow for such
feedback effects on the projected future values of temperature and precipitation when we carry out

our counterfactual exercises.
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Having specified the exogenous processes, we follow Binder and Pesaran (1999) in deriving
conditions under which the solution to the stochastic growth model is ergodic (stochastically stable).
This property is essential for making long term inference between output per capita, technological
innovation and the temperature and precipitation variables. We assume constant returns to scale,
and write (A.1) as

Yie = Nt Lie f (Kat) (A.9)

where k;; denotes the ratio of physical capital to effective units of labour input, that is

K;
ALy

Rit =

(A.10)

The physical capital stock depreciates in each period at a constant rate d;, and obeys the linear

law of motion

K1 = (1—0;) Kt + Ly, d; € (0,1). (A.11)

The model specification is completed by assuming that households’ aggregate saving is given by
Sit = s (Kit) Yit, (A.12)

where the saving function, s(-), is assumed to be continuously differentiable and s;; € (0, 1). In
equilibrium, we have
Sit = It = s (Kit) Yit, (A.13)

hence
Ki,t+1 = (]. - 57,)Kzt + s (Kiit) Y;;t. (A14)

Following the literature, we assume that that f(-) is twice continuously differentiable, is strictly
increasing and concave, and satisfies f(0) = 0, as well as the Inada conditions lim._q f (k) = +00,
and lim,_ o f’ (k) =0, for any given value of K = k.

The capital accumulation process, (A.14), can then be written as

Kity1 MNigr1Lign K Yie
J : 2 =(1-— 51 — + S (Kjt) ———,
NigriLligvr AL ( )AitLit (kit) Nt Ly
which upon using (A.9) and (A.10) yields
"Ji,t—l—l = exp [—A ln (Ai,t—i-lLi,t—f—l)] [(1 — 5i)/€it + s (Iiit) f ("Jit)] . (A15)

Also, using equations (A.3), (A.4), and (A.5), we have
Aln (Ajgp1Ligrr) = Aln(Ag 1) + Al (L gg1) — ViDXip1(m) = i+ gi + €441,

where

i1 = Duigpsr + Digr1 — ViAVigy (A.16)
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and ; 441, Uia+1 and vi 11 are defined by (A.6), (A.7) and (A.8), respectively. Hence

s (kit) f (Kit)

it

Rit4+1

P (=ni = gi + &) [(1—00) +
(2

Binder and Pesaran (1999) investigate the conditions under which the above dynamic stochastic
non-linear equation has a steady state solution. They show that under standard regularity condi-
tions on the saving rate, s (k), and assuming that f (k) /k — 0, as K — o0, the limiting distribution
of ki (as t — 00) is ergodic in its 7" moment if E |§i7t+1|r < 00, and most importantly, if large

negative shocks are ruled out, such that
Fg [log(l - 51) —Nn; — gi] = 0, (A17)

where F (.) is the limiting cumulative distribution function of &;,,,, defined by (A.16). Since
n;+g; +6; is relatively small, the above condition is likely to be satisfied for light-tailed distributions
such as Gaussian or sub-Gaussian processes, but not when &; ;| ; is heavy-tailed with a high level of
volatility.!” Suppose now condition (A.17) is met and the production technology is Cobb-Douglas.
Then using (A.3), (A.9), (A.5), and (A.8), we have

yit =In (Yye/Li) = yfo + git + Uiat — ’Yfin't(m)a (A.18)

where

Yio = ai0 + @ In (Kico) — YiMim»

«; is the exponent of the capital input in economy 4’s production function; a;y is the initial tech-
nological endowment; and ko is the steady state value of k;;—see Binder and Pesaran (1999) for
further details. The variations in the steady state value of y;; around its trend (g;t) are determined
by technology and weather shocks, u;q: and v (m), and vary across countries owing to differences
in initial endowments, technological (co; and g;) and climate conditions, 7} u;,,. The model can also
generate a unit root in y;; by assuming that log(A;;) has a unit root, namely by setting p;, = 1 in

(A.7). In this case, the growth rate of per capita output can be written as
A Yit = g; — ’Y; A vit(m) =+ Eiaty (Alg)

which reduces to the random walk model of output per capita if we abstract from the weather
shocks (by setting v; = 0). In equilibrium, the mean per capita output growth is positively affected
by technological progress, g; > 0, and negatively impacted by deviations of the temperature and
precipitation from their historical norms when ~; > 0. This specification has the added advantage
that £/ (Ay;t) does not inherit the strong trend in 7j;, which the country/global temperatures have
been subject to over the past 55 years (see Appendix A.3 and Table A.5).

The above theoretical derivation of output growth process requires that technology and weather

17See Tkefuji et al. (2019) who also show that within their stochastic dynamic economy-climate model,
heavy-tailed risk is not compatible with power utility, and propose using the Pareto utility function instead.
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shocks satisfy the truncation condition in (A.17). However, this condition is unlikely to be met
in the presence of rare disaster events considered in the literature by Rietz (1988), Barro (2006,
2009) and Weitzman (2009), among others. To illustrate this point, let’s abstract from demand
and weather shocks and assume that the only remaining stochastic process, namely technology, has

a unit root. Then &; ;1 = €4t and condition (A.17) reduces to (dropping the subscripts i)
F.[log(1—=6) —n—g] = Pr(e <log(l—0)—n—g)=0.

As in Barro (2009), suppose that &, = u; +v;, where uy is 1dN(0,02), and v;11 = 0 with probability
1 —p and vi41 = log(1 — b) with probability p, where p > 0 is the probability of a disaster, and b

(0 < b < 1) is its size, measured as the fraction of output lost. Under this formulation

Prle; <logl—6)—n—g] = (1-p)® <log(1 —ji_n_g>
+p® <log(1 —0) - ”0—9— log(1 — b)) ’

where @ (+) is the cumulative distribution function of a standard normal variate. Also since log(1 —
b) = —b, and log(1—0) = —J, then the second term of the above expression could be far from zero if
b > ¢, noting that n + ¢ is likely to be small, around 0.03. Therefore, in situations where p > 0, and
b is much larger than the rate of capital depreciation, §,the truncation condition will not be met
even if we assume that non-disaster shocks are Gaussian. Consequently, the random walk model of
output growth derived in (A.19), and assumed in the literature, might not be compatible with an
equilibrium stochastic growth model, and in particular there is no guarantee for x;; to converge to
a time-invariant process, required for the validity of the random walk model of per capita output
growth. Therefore, we cannot, and do not, claim that our empirical analysis allows for rare disaster
events, whether technological or climatic. From this perspective, the counterfactual outcomes that
we discuss in Section 3 should be regarded as conservative because they only consider scenarios
where the climate shocks are Gaussian, without allowing for rare disasters.

Finally, in a panel data context, In (k;;) can be approximated by a linear stationary process
with possibly common factors, which yields the following Auto-Regressive Distributed Lag (ARDL)
specification for y;;

@i(L)Ayie = ai + bi(L)y; & xip(m) + eat, (A.20)

where i = 1,2,...,N; t =1,2,...,T, p;(L) and b;(L) are finite order distributed lag functions, a; is

the fixed effect, and ¢;; is a serially uncorrelated shock.

A.2 Relation to the Literature

This annex explains how our approach to modelling the climate-macroeconomy relationship relates
to the rapidly growing empirical literature on the topic. There are three main differences in model
specifications: (a) whether temperature affects the level of GDP or its growth, allowing for lagged

effects; (b) what functional form should be used for the relationship between output growth and
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temperature; and (c) how to account for latent factors in panel regressions. We focus on the studies
of Dell et al. (2012), Burke et al. (2015), and Kalkuhl and Wenz (2020).

1. Dell et al. (2012), or DJO for short, consider the following dynamic panel data model
(equation A1.5 of their online Appendix II):

p+1
Ayzt =a; + Z SOEA'!/H‘, ¢+ Z Wth ¢+ Eit- (A21)
/=1 £=0

where y;; is the log of real GDP per capita of country ¢ in year ¢, a; is the country-specific fixed

effect, and T} is the population-weighted average temperature of country 7 in year t. Suppose that
Tit = ari + brit + vrit (A.22)

where br; > 0, E (vriy) = 0, and E(v%m) = a%. Substituting (A.22) in equation (A.21) yields

p+1
Ayzt—az+Z(PEAyzt e+ > W (ari +bri (t— €) + vrig—e) + €.
/=1 /=0

Taking expectations, we have

p+1
E(Ayy) = Z ©oE (Ayit—r) + ¢i + bri (Z W)

where ¢; = a; + ar; (Efié @DZ) —br; gié l),. To ensure that E (Ay;;) exists, we suppose that the
underlying growth processes are stable such that the roots of 1 — »7_; @pz~ " all lie outside of the
unit circle. Under this assumption (1 —>7_; sz)fl =>"2,a;L' and we have

p+1 o)
E(Ayi) = 1-S7 o - + br; (Z W) <Z aiLi) t
A
= 157 o —l—sz (Z¢e> (;ai(t—i)) ;

or after some simplifications, we have'®
E(Ayi) = p; + rit,

where
brs (500 e) S0y ¢ bri (2023 )
D 2 and R = - —p
1—=>0 ‘Pe (1=30_ ¢ 1= 1%

It is clear that the stability of the growth process does not, on its own, ensure that the mean growth

My =

is stable over time. For the latter, we also need to impose the additional restriction br; (Z?ié @Dg) =

1 . —2
"®Note that Y% a; = (1= >2)_, ¢,)  and Y72 ia; = (1= Y20_1 0p) >y Loy
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0, so that F (Ay;) is time-invariant. One can obtain a stationary growth process if either bp; = 0
(no trend in temperature) and/or (Z?ié ¢4) = 0. Under the latter restriction, the long term

growth effect of rising temperature is given by

&

E(Ayit) = m
=1

which is also compatible with by; = 0. In short, to estimate growth regressions with rising temper-
ature one needs to impose Z?:é 1, = 0 on equation (A.21).
In the main part of their paper, DJO assume that ¢, = 0 and estimate a distributed lagged

model after adding region-year fixed effects, 0,

L
Ayirt = @i + 60 + > pTirg—t + €ire; L=0,1,5,10 (A.23)
=0
To investigate conditions under which the inclusion of region-year fixed effects solves the problem
of working with trended temperature, we repeat the analysis above, and without loss of generality,

for the baseline regressions of DJO for L = 0:
Ayirt = Qjr + 57"15 + p()T’iTt + Eirt, (A24)

with T4 = ar;, + bri,yt + vrire, where as before the temperature shocks, vr; ¢, for country 4 in

region r, have zero means and finite variances. Then we have

E (Ayirt) = (air + poarir) + 0rt + (pobris) t.

E (Ayiyt) is stationary if 6,4 + pobri,t = 0 for all ¢,r and ¢. In turn, this would either require
brir = 0 (no trend in temperature), a condition which does not hold given the historical data.
Otherwise we must have exact cancellation of linear trends in temperature at the regional level with
the region-year fixed effects, namely d,; + pol_)Trt =0, for all r, where by, = n, 1 Zzzl bri . Under

8t + pobrrt = 0 the following restricted version of (A.24) needs to be considered for estimation:
Ayirt = air + Po (Ert - ETTt) =+ €irt,

or

Ayire = air + Yoarir + po (bTi,r — Z3T7») t+ povTirt + Eirts

One can potentially have steady state growth at the regional level but not at the country level,
since E (Ayirt) = air + poarir + po (bTi,r — Z_)TT) t, and E (Ayir¢) will be stationary if either py =0
(no temperature effects on growth) or br;, = bry, for all 7.

2. While the preferred model of DJO featured a linear temperature effect, that of Burke et al.
(2015), or BHM for short, considers a quadratic equation, thus allowing for weather warming to
boost growth in countries with cold climates and impede growth in countries with hot climates.

This quadratic specification results in an optimal annual average temperature for GDP growth
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of 13°C. Deviations from this number in either direction generates changes in growth of equal

magnitude but of opposite signs. Specifically, BHM consider the following model
Ayir = a; + 8¢ + Ty + BTG + vt + ¢;t° + et (A.25)

where §; are the country time effects. ;¢ and ¢;t> are the country-specific linear time trend
and quadratic time trend. It is clear that without further restrictions, the mean output growth,
E (Ay;), in BHM’s specification will be trended, which as we have argued is neither plausible on
theoretical grounds nor supported empirically. But one cannot rule out that the upward trend in the
temperature could cancel out—rendering E (Ay;;) without a trend. To investigate this possibility,
we run country-specific regressions of output growth on its lagged value and a linear time trend
(Ayit = ai+9;Ayi—1+7,t), and report the statistical significance of the long-run trend coefficients,
0; = ;/(1 — ¢;), in Table A.1 for all countries in our sample. We find that at the 5% significance
level, output growth is found to be upward trended in only 21 countries out of 174 in our sample
and in the rest 6; is either negative or not statistically different from zero.

Substituting (A.22) in (A.25) and taking expectations yields:
E (Ayit) = ci + E (8¢) + [(oo+ 2Bary) 0; + ;] t + (BbF; + ¢;) t°

where ¢; = a; + aar; + ﬁa%i + ﬂa%i. There are many types of restrictions that can be imposed
to ensure that E (Ay;) is not trended. Since §; is unobserved it seems most appropriate to set
E (0¢) = 0, and then require that

(o + 2Bars) bri +v; = 0, and Bb%; + ¢; = 0, for all i. (A.26)

A less restrictive set of conditions will be needed if we assume that E (6;) = k1t + kot?, which
is a fortuitous specification for F (Ay;) to be trend-free. Under this specification, the following

restrictions are needed
(o + 2Bar;) by +v; = —k1 and Bb%; + ¢; = —kg, for all i. (A.27)
These restrictions can be equivalently written as

Bb%7; + ¢; = Y% + b, for all i # j (A.28)

and
(o + 2Bar;) bri + 73 = (o + 2Bar;) brj +v; for all i # j (A.29)

Using the data set of BHM, we estimate equations (A.25) by the fixed effects (FE) estimator,
with or without the time effects (TE), linear trends (LT) or quadratic trends (QT). The results are
summarized in Table A.2 where in all its columns conditions (A.28) and (A.29) are not imposed

correctly because temperature rises have not been uniform across countries.
3. Kalkuhl and Wenz (2020), or KW for short, adds two additional terms to BHM’s spec-
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Table A.1: Is Output Growth Trended?

Country (117;1) Country (117:&) Country (117:01)
Afghanistan -0.0117 Georgia 0.1060 Oman -0.5250%*
Albania 0.2640 Germany -0.0400 Pakistan -0.0439%*
Algeria -0.0423 Ghana 0.1250%** Panama 0.0384
Angola 0.3180 Greece -0.1400%** Papua New Guinea 0.0167
Argentina 0.0127 Greenland -0.0779 Paraguay -0.0282
Armenia 0.2800 Guatemala -0.0275 Peru 0.0594
Australia -0.0211 Guinea -0.0226 Philippines 0.0375
Austria -0.0681%** Guinea-Bissau  -0.0502 Poland -0.1260*
Azerbaijan 0.6040 Guyana 0.0774 Portugal -0.1370%**
Bahamas -0.0703 Haiti 0.1560 Puerto Rico -0.1210%**
Bangladesh 0.1170%** Honduras -0.0055 Qatar -0.0590
Belarus 0.3030 Hungary -0.0992 Romania 0.0112
Belgium -0.0747%%* Iceland -0.0870%* Russian Federation 0.4340
Belize -0.0498 India 0.1080%** Rwanda 0.0971
Benin 0.0184 Indonesia 0.0278 Saint Vincent and the Grenadines  0.0237
Bhutan -0.0377 Iran -0.0703 Samoa -0.0060
Bolivia 0.0416 Iraq -0.0046 Sao Tome and Principe 0.0011
Bosnia and Herzegovina -2.2610%* Ireland -0.0209 Saudi Arabia -0.0272
Botswana -0.1560** Israel -0.0597* Senegal 0.0488%**
Brazil -0.0462 Italy -0.1140%** Serbia -0.1800
Brunei Darussalam -0.0655 Jamaica -0.0269 Sierra Leone 0.0549
Bulgaria 0.0837 Japan -0.1440%** Slovakia -0.1570
Burkina Faso 0.0366* Jordan -0.0673 Slovenia -0.3550%*
Burundi -0.0929** Kazakhstan -0.0861 Solomon Islands 0.0895
Cabo Verde -0.0492 Kenya -0.0536 Somalia 0.0391
Cambodia 0.0600 Kuwait 0.1420 South Africa -0.0409
Cameroon -0.0228 Kyrgyzstan 0.3570 South Korea -0.0864**
Canada -0.0548%** Laos 0.2010%** South Sudan 0.5840
Central African Republic  -0.0487 Latvia -0.5140 Spain -0.0880**
Chad 0.1430* Lebanon -0.6390%** Sri Lanka 0.0690***
Chile 0.0470 Lesotho -0.0352 Sudan 0.1160%*
China 0.0666 Liberia 0.0664 Suriname 0.1440
Colombia 0.0092 Libya -2.5570 Swaziland -0.0377
Comoros 0.0090 Lithuania -0.2490 Sweden -0.0349
Congo -0.0109 Luxembourg -0.0142 Switzerland -0.0061
Congo DRC -0.0132 Macedonia 0.2310 Syria -0.0644
Costa Rica -0.0165 Madagascar 0.0172 Tajikistan 0.7840%*
Cote d’Ivoire -0.0507 Malawi -0.0101 Tanzania 0.1920%**
Croatia -0.3280* Malaysia -0.0196 Thailand -0.0508
Cuba 0.0335 Mali -0.0160 Togo -0.0652
Cyprus -0.2440%** Mauritania -0.0101 Trinidad and Tobago 0.0601
Czech Republic -0.1200 Mauritius 0.0499 Tunisia -0.0402
Denmark -0.0626*** Mexico -0.0650* Turkey -0.0126
Djibouti 0.4690%*** Moldova 0.2730 Turkmenistan 0.6270**
Dominican Republic -0.0059 Mongolia 0.3470%* Uganda 0.1250
Ecuador -0.0078 Montenegro 0.1510 Ukraine 0.5570
Egypt -0.0479 Morocco -0.0133 United Arab Emirates 0.0007
El Salvador 0.0722 Mozambique 0.2710%* United Kingdom -0.0327
Equatorial Guinea 0.0511 Myanmar 0.2030%** United States -0.0508%**
Eritrea -0.5020 Namibia 0.2170%** Uruguay 0.0775
Estonia -0.4300 Nepal 0.0636*** US Virgin Islands 0.3320
Ethiopia 0.3840%*** Netherlands -0.0701%** Uzbekistan 0.5720%**
Fiji -0.0185 New Caledonia  -0.1580 Vanuatu -0.1070
Finland -0.0664 New Zealand -0.0060 Venezuela -0.0023
France -0.0840%** Nicaragua 0.0222 Vietnam -0.0089
French Polynesia -0.0159 Niger 0.0464 Yemen -0.1610*
Gabon -0.1380 Nigeria 0.0510 Zambia 0.0916**
Gambia -0.0491 Norway -0.0679%** Zimbabwe -0.0628

Notes: Table reports OLS estimates of the coefficients based on the following country-specific regressions Ay, = a;+@; Ay; 11+
v,t. Asterisks indicate statistical significance at the 1% (***), 5% (**) and 10% (*).
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Table A.2: Effects of Temperatures and Precipitations on per Capita Real GDP
Growth: Variations of Burke et al. (2015) Specifications

) @) @) @
FE+TE FE FE+TE FE
+LT+QT +LT+QT
a 0.0127%** 0.0102*** 0.0083** 0.0093**
(0.0037) (0.0038) (0.0040) (0.0045)
B -0.0005***  -0.0004***  -0.0003**  -0.0002**
(0.0001) (0.0001) (0.0001) (0.0001)
N 166 166 166 166
max T 50 50 50 50
avgT 39.66 39.66 39.66 39.66
min T’ 8 8 8 8
NxT 6584 6584 6584 6584

Notes: Column (1) uses the fixed effects (FE), time effects (TE), country-specific linear time trends (LT) and quadratic time

trends (QT). Column (2) uses the FE, LT and QTA Column (3) uses the FE and TE. Column (4) uses only the FE. The standard
errors are clustered at the country level. Asterisks indicate statistical significance at the 1% (***), 5% (**) and 10% (*).

ification, namely ATj;; and the interaction term, T;; x ATy, to allow for weather effects across
climates:

Ayir = a; + 0 + AATy + Ty x ATy + oTy + BT + v;t + dit® + e, (A.30)
Once again, substituting 7j; from (A.22) in the above and taking expectations, we have
E (Ayit) = ¢; + E (8¢) + [ + abri + b3, + 28briari] t + (BbF; + ¢;) t°

where ¢; = a; + \bp; + aap; + Yapibr; + 5 (a%i + a%i) . As before, to ensure a trend-free E (Ay;t),

one possibility would be to set E(d;) = 0 and impose the following restrictions
v, + abpi + b3 4+ 2Bbpiar; = 0, and b3, + ¢; = 0, for all i.

Other related restrictions can be obtained depending on what is assumed about E (J;). In effect,
KW’s generalization of BHM’s specification does not resolve the trend problem that surrounds the

output growth specifications used in the literature.

Our specification: We consider the following panel ARDL model

Py pptl
Ay =ai+ Y ol&ieo+ Y ¥Tus(m) + eu, (A.31)
=1 =0

where y;; is the log of real GDP per capita of country ¢ in year ¢, a; is the country-specific fixed effect,
Ty (m) = <mi+1> [Ti — T:t_l(m)} is a measure of temperature relative to its historical norm per
annum, Tj; is the population-weighted average temperature of country ¢ in year ¢, and Tift_l(m) =
% > veq1 Tii—¢ is the time-varying historical norm of temperature relative to the preceding m years.

We set m = 30 in the baseline, given that climate norms are typically formed using 30-year moving
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averages, but we also check the robustness of our results using m = 20 and 40. We also allow for
heterogeneous slopes and consider augmenting the panel ARDL model with global and regional
output growth to allow for common latent effects.

The above specification has a number of distinct features that differ from the literature and are
worth highlighting.

Feature #1. Our specification differs from BHM in modeling a subtle form of nonlinear-
ity at the country level (e.g., by focusing on deviations of Tj; from country-specific and time-
varying norms) and from DJO in using T} (m) in lieu of Tj;. This modeling choice is supported by
Mendelsohn (2016) who argues that researchers should focus on the deviation of Tj; from its mean,
T}, _1(m), to estimate unbiased weather effects in panel data studies. Such a transformation also
introduces an interaction between weather and climate, and an implicit model of adaptation (see
Tol (2021) for details).

To show the benefits of this variable transformation formally, let’s take

Tuelm) = (1 57) e = Tigeolm)]

2 m
= (—— ) | Tu - *12 Tit s
<m+1><lt " s—1 e €>

and use T3y = ar; + brit +vr; ;. We then have

m

Ti¢(m) = agi+bpi(t =€) +vpigg—m™" Z lari +bri (t —s =€) +vrit—s—¢]
s=1

m
-1
= VUrjt—e — MM E UTit—s—0
s=1

and it readily follows that £ |:T’Z't_g (m)} = bp;. Hence taking expectations of (A.31), it follows that

Dy pf+1
E(Ayir) = ai + Y 0B (Ayig—e) + | > Wy | bri,
=1 =0

which yields the following time-invariant long-term growth effects from temperature increases

a; + (ZE; ' ¢e> bri

B (Aye) = 1= 1%

Therefore, our ARDL specification with Tj; (m) instead of Tj;, results in stationary mean growth
rates without imposing additional restrictions on bp; across countries. Also, under growth conver-
gence a; + (Zﬁg ! 1[1@) bri =aj + (Z?ig ! W) br;, countries with a larger trend temperature rise
(larger br;) must have a higher level of intrinsic (technology induced) output growth to compensate
for the larger negative impact from global warming (assuming EZ_SL ! ¥, < 0). In the absence of

such compensating effects, we might end up with more divergent growth paths across countries
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with global warming.

Feature #2. To distinguish between level and growth effects, we re-write equation (A.31) as

Ay = a; + Z PeAYit—e + (Z W) it—1(m) + ZﬁzAth o(m) + €it, (A.32)

(=1

If temperature shocks, Tj_g (m), were to have long-term growth effects, the coefficient of Tit—1 (m)
in the above equation, namelyZpTJr 1,, must be non-zero. The ARDL specification we use is
sufficiently flexible and allows us to test this restriction.

In our empirical investigation, we also estimate (A.32) using the absolute value of Tj; (),
it (m)|,

in the main part of the paper. One could also allow for asymmetry in the effects of Ty (m) on

which has the added advantage of accounting for climate variability as discussed

growth by estimating

Py
Ayt = a”LZWAy” f+<2¢e> i1 ( (ZW) i1 (m)
+ZB+ AT; ¢ (m) + ZBM i_e (M) + &, (A.33)

where

T (m) = Ty (m) I [TM (m) > o} and T (m) = —Tyy (m) I [TM (m) < o}

The same logic applies in distinguishing between level and growth effects when using ’Tit (m)‘ or
estimating the asymmetric effects in equation (A.33). The estimation results are reported in Table
Tir—1 (m)] Ti—é_fl (m),
and Ti;_l (m) are statistically significant at 10% level regardless of m. This finding suggests that

A .3 for different values of m. None of the estimated coefficients on Tz‘t—1 (m),

temperature shocks, Tir_e (m) are more likely to affect the level of GDP—a result that is consistent
with the microeconomic evidence (see Auffhammer (2018) and Newell et al. (2021) for details) and
the growth model developed in this paper. This result is consistent with DJO as they report growth
effects of lagged temperature for poor countries only. Moreover, the sign reversal on temperature
lags in DJO is indicative of level effects. When BHM estimate their distributed lag models with
1-5 lags of the quadratic temperature polynomial, they find that cumulative temperature effects
on growth is not statistically distinguishable from zero. Moreover, as in DJO, lagged temperature
effects exhibit sign reversals (see Newell et al. (2021) for details). Thus, we drop Tj_1 (m),
Tit—1 (m)
long-term growth effects if temperature keeps rising above its country-specific time-varying norms
owing to climate change, (Z]ZO ¥y) # 0 and ZZ—O By # 0 in equation (A.32)."

Feature #3. To test the impact of weather shocks across climates, we consider a heterogenous

, T (m), and T;;_, (m) from all regressions in the main text. Note that there could be

panel data model where the coefficients of lagged output growth and temperature variables are

19 As an example, while the stock of capital will determine the level of GDP, capital accumulation affects
GDP growth.
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Table A.3: Level Effects? Long-Run Impact of Temperature Shocks on per
Capita Real GDP Growth, 19602014

Historical Norm: m = 20 m = 30 m = 40
(a) FE (b) HPJ-FE (a) FE (b) HPJ-FE (a) FE (b) HPJ-FE

(a) Specification 1

Ti—1 (m) -0.0176 0.0011 -0.0270 0.0016 -0.0360 0.0281
(0.0302)  (0.0416) (0.0397)  (0.0587) (0.0478)  (0.0718)

(b) Specification 2

Tit,l(m)‘ -0.0174  -0.0221 -0.0140  -0.0037 -0.0031 0.0260
(0.0779)  (0.0843) (0.1085)  (0.1249) (0.1316)  (0.1543)

(c) Specification 3

Tr_ (m) -0.0212  -0.0057 -0.0106 0.0370 0.0068 0.1023
(0.0780)  (0.0861) (0.1093)  (0.1240) (0.1333)  (0.1526)

I, (m) 0.0185 0.0222 0.0575 0.1410 0.1132 0.2930
(0.1006)  (0.0996) (0.1425)  (0.1503) (0.1792)  (0.1939)

NxT 6714 6674 6714 6674 6714 6674

Notes: Specification 1 is given by Ayt = a; + Zgil CoAY; t—p + (Zfio 1/)[> Ti_1 (m)+ ZZ)ZO 5@ATit—é(m) + &4t, where y;¢ is

m—+1
to its historical norm per annum, Tj; is the population-weighted average temperature of country ¢ in year t, and T, _,(m) =

the log of real GDP per capita of country ¢ in year t, Tj; (m) = ( 2 ) [Ti — Ti*t—l(m)] is a measure of temperature relative

izzn:l Tj+—¢ is the time-varying historical norm of temperature over the preceding m years in each ¢. Specification 2

estimates the same model with

Tyt (m)‘ and specification 3 allows for asymmetry in the effects of Tj; (m) on growth by using

T; (m) = Ty (m) I [Tit,g (m) > 0] and T; (m) = =Ty (m) 1 [Tit,g (m) < 0] in regressions. Columns labelled (a) report
the FE estimates and columns labelled (b) report the half-panel jackknife FE (HPJ-FE) estimates, which corrects the bias in
columns (a). The standard errors are estimated by the estimator proposed in Proposition 4 of Chudik et al. (2018). Asterisks
indicate statistical significance at the 1% (***), 5% (**), and 10% (*) levels.
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allowed to vary across countries, and report the mean group (MG) estimates of marginal weather
effects for different regions (e.g., hot and cold). We believe this is an improvement over Kalkuhl
and Wenz (2020), who allow for heterogeneity by using interaction terms such as Ty (m) x T; where
T; measures the average temperature in country i over 1960-2014.

Feature #4. We exclude time effects or time trends from most regressions in this paper as they
could result in overfitting and worse out-of-sample predictions. The inferior statistical performance
of models with trends is also confirmed by model cross-validation of Newell et al. (2021). To treat
unobserved factors, instead we augment the ARDL panel regressions with lagged world output
growth (regional output growth could also be used), and estimated the following augmented ARDL

specification:

Py Pr
Ayir = a; + WAJws-1+ Y 0eDyig—e+ Y BA
=1 =0

Tit—é(m)’ + €4t

where @, is the log of world’s real GDP per capita in year ¢ (capturing common time effects). The

results are reported in Table A.4.

A.3 Climate Change: Historical Patterns

This appendix examines how global temperature has evolved over the past half century (1960-2014)
as well as over a longer period (1900-2014). Allowing for the significant heterogeneity that exists
across countries with respect to changes in temperature over time, we estimate country-specific
regressions

Tyt = ap; + bpit + VT t5 fori=1,2,...,.N = 174, (A.34)

where T;; denotes the population-weighted average temperature of country 7 at year t. The per
annum average increase in land temperature for country ¢ is given by br;, with the corresponding
global measure defined by by = N _lEf\leTi. Individual country estimates of bp; together with
their standard errors are summarized in Table A.5. The estimates range from —0.0044 (Samoa)
to 0.0390 (Afghanistan). For 169 countries (97.1% of cases), these estimates are positive; out of
which, the estimates in 161 countries (95.3% of cases) are statistically significant at the 5% level.
There are only five countries for which the estimate, /b\’]’i, is not positive: Bangladesh, Bolivia, Cuba,
Ecuador and Samoa, but none of them are statistically significant at the 5% level. See also Figure
A2 which illustrates the increase in temperature per year for the 174 countries over 1960-2014.
Table A.G presents estimates of bp; over a longer time horizon (1900-2014). The country-
specific estimates of bp; for the 174 countries over this longer sample period range from —0.0008
(Greece) to 0.0190 (Haiti). In 172 countries (98.9% of the cases) these estimates are positive and
in 156 countries (90.7% of cases) they are statistically significant at the 5% level. There are only
two countries for which the estimate of bp; is not positive: Greece and Macedonia but these are
not statistically significant. The estimated results over 1900-2014 echo those obtained over the
1960-2014 period. Temperature has been rising for pretty much all of the countries in our sample,

indicating that Tj; is trended. As discussed in the main text, the econometric specifications in the
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Table A.5: Individual Country Estimates of the Average Yearly Rise in Temper-
ature Over the Period 1960-2014

Country bri Country bri Country bri
Afghanistan 0.0390%**  Georgia 0.0159***  Oman 0.0082%**
Albania 0.0240***  Germany 0.0229*%**  Pakistan 0.0096%**
Algeria 0.0288***  Ghana 0.0184***  Panama 0.0169***
Angola 0.0193***  Greece 0.0112***  Papua New Guinea 0.0074***
Argentina 0.0070***  Greenland 0.0381***  Paraguay 0.0047
Armenia 0.0140%** Guatemala 0.0276***  Peru 0.0065**
Australia 0.0094***  Guinea 0.0166***  Philippines 0.0068%**
Austria 0.0170***  Guinea-Bissau  0.0237***  Poland 0.0255***
Azerbaijan 0.0188***  Guyana 0.0029 Portugal 0.0104%**
Bahamas 0.0195%**  Haiti 0.0163***  Puerto Rico 0.0059**
Bangladesh -0.0007 Honduras 0.0207***  Qatar 0.0271%**
Belarus 0.0316***  Hungary 0.0163***  Romania 0.0186***
Belgium 0.0261***  Iceland 0.0206***  Russian Federation 0.0348***
Belize 0.0114***  India 0.0095***  Rwanda 0.0158***
Benin 0.0180***  Indonesia 0.0053***  Saint Vincent and the Grenadines  0.0124***
Bhutan 0.0143***  Tran 0.0229***  Samoa -0.0044*
Bolivia -0.0000 Iraq 0.0244***  Sao Tome and Principe 0.0240%***
Bosnia and Herzegovina 0.0373***  TIreland 0.0151*%**  Saudi Arabia 0.0207%**
Botswana 0.0260***  TIsrael 0.0168***  Senegal 0.0255%***
Brazil 0.0162***  Ttaly 0.0283***  Serbia 0.0155%***
Brunei Darussalam 0.0096***  Jamaica 0.0204***  Sierra Leone 0.0161***
Bulgaria 0.0124***  Japan 0.0133***  Slovakia 0.0197***
Burkina Faso 0.0191***  Jordan 0.0146***  Slovenia 0.0298***
Burundi 0.0186***  Kazakhstan 0.0240***  Solomon Islands 0.0096***
Cabo Verde 0.0181***  Kenya 0.0176***  Somalia 0.0213%**
Cambodia 0.0167***  Kuwait 0.0254***  South Africa 0.0073***
Cameroon 0.0117***  Kyrgyzstan 0.0280***  South Korea 0.0081*
Canada 0.0300***  Laos 0.0091***  South Sudan 0.0308***
Central African Republic ~ 0.0099***  Latvia 0.0304***  Spain 0.0260***
Chad 0.0181***  Lebanon 0.0247%**  Sri Lanka 0.0107***
Chile 0.0102***  Lesotho 0.0099** Sudan 0.0295***
China 0.0230***  Liberia 0.0094***  Suriname 0.0042
Colombia 0.0061%** Libya 0.0333***  Swaziland 0.0174%**
Comoros 0.0062* Lithuania 0.0277***  Sweden 0.0210%***
Congo 0.0146***  Luxembourg 0.0281***  Switzerland 0.0183***
Congo DRC 0.0150***  Macedonia 0.0129***  Syria 0.0225***
Costa Rica 0.0173***  Madagascar 0.0214***  Tajikistan 0.0002
Cote d’Ivoire 0.0131*¥**  Malawi 0.0234***  Tanzania 0.0104***
Croatia 0.0247***  Malaysia 0.0133***  Thailand 0.0055%*
Cuba -0.0006 Mali 0.0214***  Togo 0.0185***
Cyprus 0.0151*%**  Mauritania 0.0243***  Trinidad and Tobago 0.0243%**
Czech Republic 0.0192***  Mauritius 0.0216***  Tunisia 0.0368***
Denmark 0.0195***  Mexico 0.0117***  Turkey 0.0141**
Djibouti 0.0135***  Moldova 0.0202***  Turkmenistan 0.0255***
Dominican Republic 0.0152***  Mongolia 0.0276***  Uganda 0.0198***
Ecuador -0.0031 Montenegro 0.0196***  Ukraine 0.0263***
Egypt 0.0272***  Morocco 0.0211***  United Arab Emirates 0.0158%***
El Salvador 0.0319***  Mozambique 0.0148***  United Kingdom 0.0129%**
Equatorial Guinea 0.0275***  Myanmar 0.0200***  United States 0.0147***
Eritrea 0.0178***  Namibia 0.0262***  Uruguay 0.0151***
Estonia 0.0330***  Nepal 0.0176***  US Virgin Islands 0.0226***
Ethiopia 0.0219***  Netherlands 0.0240***  Uzbekistan 0.0214%***
Fiji 0.0115***  New Caledonia  0.0118%**  Vanuatu 0.0279***
Finland 0.0304***  New Zealand 0.0018 Venezuela 0.0160***
France 0.0215%**  Nicaragua 0.0286***  Vietnam 0.0054**
French Polynesia 0.0236***  Niger 0.0075 Yemen 0.0345%**
Gabon 0.0177***  Nigeria 0.0163***  Zambia 0.0190%**
Gambia 0.0234***  Norway 0.0232***  Zimbabwe 0.0139***

Notes: 3Ti is the OLS estimate of by; in the country-specific regressions T;; = ar; + br;t + vr i, where T5¢
denotes the population-weighted average temperature (°C). Asterisks indicate statistical significance at the

1% (***), 5% (**) and 10% (*) levels.
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Table A.6: Individual Country Estimates of the Average Yearly Rise in Temper-
ature Over the Period 1900-2014

Country bri Country bri Country bri
Afghanistan 0.0136***  Georgia 0.0044** Oman 0.0047***
Albania 0.0036** Germany 0.0063***  Pakistan 0.0043%**
Algeria 0.0067***  Ghana 0.0035***  Panama 0.0060***
Angola 0.0099***  Greece -0.0008 Papua New Guinea 0.0026**
Argentina 0.0038***  Greenland 0.0110***  Paraguay 0.0032**
Armenia 0.0056** Guatemala 0.0065***  Peru 0.0039***
Australia 0.0041***  Guinea 0.0028***  Philippines 0.0048%**
Austria 0.0056***  Guinea-Bissau  0.0051***  Poland 0.0063***
Azerbaijan 0.0064***  Guyana 0.0051*%**  Portugal 0.0051%**
Bahamas 0.0048***  Haiti 0.0190***  Puerto Rico 0.0023***
Bangladesh 0.0033***  Honduras 0.0086***  Qatar 0.0125%***
Belarus 0.0094***  Hungary 0.0033* Romania 0.0043**
Belgium 0.0057***  Iceland 0.0034* Russian Federation 0.0111%**
Belize 0.0041***  India 0.0029***  Rwanda 0.0050%***
Benin 0.0032***  Indonesia 0.0025***  Saint Vincent and the Grenadines  0.0050***
Bhutan 0.0055***  Tran 0.0072*%**  Samoa 0.0050%***
Bolivia 0.0011 Iraq 0.0083***  Sao Tome and Principe 0.0071%**
Bosnia and Herzegovina 0.0106***  Ireland 0.0057***  Saudi Arabia 0.0070%**
Botswana 0.0098***  TIsrael 0.0047***  Senegal 0.0074***
Brazil 0.0061***  Ttaly 0.0045***  Serbia 0.0038**
Brunei Darussalam 0.0002 Jamaica 0.0134***  Sierra Leone 0.0031***
Bulgaria 0.0012 Japan 0.0099***  Slovakia 0.0061***
Burkina Faso 0.0045***  Jordan 0.0032%* Slovenia 0.0062***
Burundi 0.0075***  Kazakhstan 0.0122***  Solomon Islands 0.0020%**
Cabo Verde 0.0039***  Kenya 0.0026***  Somalia 0.0071%**
Cambodia 0.0045***  Kuwait 0.0091*%**  South Africa 0.0051***
Cameroon 0.0039***  Kyrgyzstan 0.0146***  South Korea 0.0101***
Canada 0.0110***  Laos 0.0028***  South Sudan 0.0102***
Central African Republic ~ 0.0020** Latvia 0.0094***  Spain 0.0080***
Chad 0.0048***  Lebanon 0.0030%* Sri Lanka 0.0050%***
Chile 0.0017** Lesotho 0.0026** Sudan 0.0102%**
China 0.0064***  Liberia 0.0018%* Suriname 0.0012
Colombia 0.0098***  Libya 0.0076***  Swaziland 0.0103***
Comoros 0.0053***  Lithuania 0.0080***  Sweden 0.0064**
Congo 0.0064***  Luxembourg 0.0050***  Switzerland 0.0046***
Congo DRC 0.0051***  Macedonia -0.0000 Syria 0.0055***
Costa Rica 0.0031* Madagascar 0.0018* Tajikistan 0.0099***
Cote d’Ivoire 0.0013 Malawi 0.0162***  Tanzania 0.0026***
Croatia 0.0039** Malaysia 0.0014%* Thailand 0.0012
Cuba 0.0021***  Mali 0.0057***  Togo 0.0023**
Cyprus 0.0080***  Mauritania 0.0083***  Trinidad and Tobago 0.0035%*
Czech Republic 0.0040** Mauritius 0.0053***  Tunisia 0.0087***
Denmark 0.0044** Mexico 0.0060***  Turkey 0.0045**
Djibouti 0.0057***  Moldova 0.0089***  Turkmenistan 0.0092%***
Dominican Republic 0.0111***  Mongolia 0.0111***  Uganda 0.0048***
Ecuador 0.0091***  Montenegro 0.0070***  Ukraine 0.0089***
Egypt 0.0056***  Morocco 0.0041***  United Arab Emirates 0.0055***
El Salvador 0.0050%* Mozambique 0.0134***  United Kingdom 0.0038%**
Equatorial Guinea 0.0093***  Myanmar 0.0051***  United States 0.0036***
Eritrea 0.0046***  Namibia 0.0093***  Uruguay 0.0064***
Estonia 0.0093***  Nepal 0.0039***  US Virgin Islands 0.0069***
Ethiopia 0.0049***  Netherlands 0.0043** Uzbekistan 0.0096***
Fiji 0.0045***  New Caledonia  0.0006 Vanuatu 0.0043***
Finland 0.0070%** New Zealand 0.0043***  Venezuela 0.0152%**
France 0.0069***  Nicaragua 0.0086***  Vietnam 0.0015*
French Polynesia 0.0062***  Niger 0.0009 Yemen 0.0154***
Gabon 0.0074***  Nigeria 0.0044***  Zambia 0.0033**
Gambia 0.0046***  Norway 0.0054** Zimbabwe 0.0066***

Notes: 3Ti is the OLS estimate of by; in the country-specific regressions T;; = ar; + br;t + vr i, where T5¢
denotes the population-weighted average temperature (°C). Asterisks indicate statistical significance at the

1% (***), 5% (**) and 10% (*) levels.
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literature involve real GDP growth rates and the level of temperature, Tj;, and in some cases also
T2; see, for instance, Dell et al. (2012) and Burke et al. (2015). But in cases where Tj; is trended,
which is the situation in almost all the countries in the world (based on both the 1900-2014 and the
19602014 samples), inclusion of Tj; in the regressions will induce a quadratic trend in equilibrium
log per capita output (or equivalently a linear trend in per capita output growth) which is not
desirable and can bias the estimates of the growth-climate change equation.

The above country-specific estimates are also in line with the average increases in global tem-
perature published by the Goddard Institute for Space Studies (GISS) at National Aeronautics and
Space Administration (NASA), and close to the estimates by the National Centers for Environ-
mental Information (NCEI) at the National Oceanic and Atmospheric Administration (NOAA).
The right panel in Figure A.1 plots the global land temperatures between 1960 and 2014 recorded
by NOAA and NASA; clearly showing that T} is trended. IPCC (2013) also estimates similar trends
using various datasets and over different sub-periods. For instance, the trend estimates of global
land-surface air temperature (in °C per decade) over the 1951-2012 period, based on data from the
Climatic Research Unit’s CRUTEM/.1.1.0, NOAA’s Global Historical Climatology Network Ver-
sion 3 (GHCNv3), and Berkeley Earth, are reported as 0.175 (£0.037), 0.197 (£0.031), and 0.175
(£0.029), respectively with 90% confidence intervals in brackets; see Chapter 2 of IPCC (2013).

Using the individual country estimates in Table A.5, the average rise in global temperature
over the 1960-2014 period is given by by = 0.0181(0.0007) degrees Celsius per annum, which

20" In comparison, according to NASA observations global land

is statistically highly significant.
temperature has risen by 0.89°C between 1960 and 2014, or around 0.0165°C per year, and based
on NCEI data the global land-surface air temperature has risen by 1.07°C over the same period,
or around 0.0198°C' per year. Thus our global estimate of 0.0181°C lies in the middle of these two
estimates, but has the added advantage of having a small standard error, noting that it is a pooled
estimate across a large number of countries.

We also plot the global land-surface air and sea-surface water temperatures in the left panel of
Figure A.1. We observe an upward trend using data from NOAA (a rise of 0.72°C) or data from
NASA (a rise of 0.77°C) between 1960 and 2014; equivalent to 0.0134°C and 0.0143°C per year,
respectively. Note that the land-surface air temperature has risen by more than the sea-surface
water temperature over this period, because oceans have a larger effective heat capacity and lose

more heat through evaporation.

A.4 Additional Results

We reported the real GDP per capita losses arising from global warming under the RCP 2.6 and
RCP 8.5 scenarios, compared to the reference case, in country heat maps and for the year 2100
only in the main text. In Table A.7 we make available all of the 174 country-specific estimates over
various horizons (by year 2030, 2050, and 2100).

20The standard error of by = N _1Zfili)ﬂ, given in round brackets, is computed using the mean group
approach of Pesaran and Smith (1995).
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Figure A.1: Global Land-Surface Air and Sea-Surface Water Temperatures (De-
grees Celsius, 1960 = 0)
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Note: The left panel shows the global land-surface air and sea-surface water temperatures, and the right
panel shows the global land-surface air temperatures, both over the 1960-2014 period. The blue lines show
the temperatures observed by the National Centers for Environmental Information (NCEI) at the National
Oceanic and Atmospheric Administration (NOAA); and the broken red lines show the temperatures ob-

served by the Goddard Institute for Space Studies (GISS) at National Aeronautics and Space Administration
(NASA). The temperatures in 1960 are standardised to zero.

Figure A.2: Temperature Increase per year for the 174 Countries, 1960-2014
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Table A.7: Percent Loss in GDP per capita by 2030, 2050, and 2100 under the
RCP 2.6 and RCP 8.5 Scenarios

Key Variables in Equation (13) Percent Loss in GDP per capita
Ti b%i oTi d; RCP 2.6 Scenario RCP 8.5 Scenario

RCP 2.6 RCP 85 2030 2050 2100 2030 2050 2100
Afghanistan 12.35 0.039 0.61 -0.0005 0.0009 -0.35  -0.78 -1.18 0.70 1.96 5.54
Albania 12.94 0.024 0.48 0.0002 0.0014 0.15 0.42 1.22 1.03 3.13 8.86
Algeria 23.02 0.029 0.41 -0.0009 0.0004 -0.59  -0.94 1.33 0.34 0.92 2.56
Angola 21.90 0.019 0.34 -0.0002 0.0009 -0.14  -0.31  -0.52 0.71 2.09 5.84
Argentina 14.14 0.007  0.29 0.0005 0.0013 0.20 0.71 2.50 0.79 2.78 8.17
Armenia 7.82 0.014  0.82 0.0000 0.0012 -0.01  -0.02 -0.05 0.42 1.57 6.03
Australia 21.69 0.009 0.35 0.0002 0.0011 0.06 0.17 0.56 0.64 2.25 6.93
Austria 6.94 0.017  0.54 0.0001 0.0013 0.06 0.16 0.46 0.71 2.39 7.58
Azerbaijan 12.99 0.019  0.65 -0.0008 0.0004 -0.21  -0.23 1.25 0.18 0.54 1.80
Bahamas 25.59 0.020 0.28 -0.0008 -0.0001 -0.50  -0.52 2.34 -0.08 -0.20 -0.44
Bangladesh 25.55  -0.001 0.26 0.0005 0.0014 0.06 0.42 2.15 0.55 2.68 8.59
Belarus 6.21 0.032 0.83 -0.0003 0.0009 -0.12  -0.28  -0.54 0.52 1.58 5.04
Belgium 9.45 0.026  0.64 -0.0005 0.0004 -0.23  -0.47  -0.29 0.25 0.71 2.17
Belize 25.54 0.011  0.27 -0.0001 0.0008 -0.04 -0.09 -0.18 0.55 1.75 5.10
Benin 27.38 0.018 0.25 -0.0003 0.0007 -0.22  -0.48  -0.50 0.59 1.65 4.43
Bhutan 7.84 0.014 0.36 0.0016 0.0026 1.18 3.70 10.33 2.23 6.64 17.76
Bolivia 21.47 0.000 0.33 0.0003 0.0015 0.02 0.15 0.90 0.53 2.64 8.82
Bosnia and Herzegovina 8.96 0.037  0.58 0.0004 0.0015 0.27 0.74 2.07 1.24 3.56 9.75
Botswana 21.96 0.026  0.62 -0.0003 0.0011 -0.13  -0.30 -0.53 0.67 2.07 6.37
Brazil 24.45 0.016 0.24 0.0000 0.0011 0.02 0.06 0.15 0.99 2.79 7.35
Brunei Darussalam 26.84 0.010 0.27 -0.0005 0.0003 -0.15  -0.07 1.41 0.16 0.50 1.65
Bulgaria 9.97 0.012 0.51 0.0009 0.0021 0.39 1.39 4.84 1.24 441 13.16
Burkina Faso 28.40 0.019 0.29 -0.0004 0.0007 -0.26  -0.53  -0.26 0.60 1.72 4.71
Burundi 20.28 0.019 0.43 0.0001 0.0012 0.08 0.21 0.59 0.81 2.56 7.46
Cabo Verde 21.02 0.018 0.46 0.0002 0.0009 0.10 0.27 0.80 0.57 1.80 5.54
Cambodia 26.95 0.017  0.29 -0.0007 0.0001 -0.36  -0.38 1.84 0.10 0.26 0.74
Cameroon 24.43 0.012  0.29 -0.0003 0.0006 -0.13  -0.23 0.08 0.39 1.23 3.75
Canada -6.20 0.030 0.77 0.0004 0.0021 0.20 0.56 1.68 1.37 4.40 13.08
Central African Republic  25.30 0.010 0.32 -0.0001 0.0008 -0.06  -0.11  -0.15 0.49 1.65 5.12
Chad 27.57 0.018 0.46 -0.0009 0.0002 -0.31  -0.18 2.65 0.11 0.31 0.92
Chile 8.16 0.010 0.31 0.0008 0.0017 0.50 1.68 5.18 1.23 3.97 11.08
China 6.68 0.023  0.30 -0.0006 0.0007 -0.45  -0.80 0.45 0.58 1.62 4.35
Colombia 24.65 0.006  0.28 0.0000 0.0010 0.00 -0.01 -0.03 0.52 1.93 6.02
Comoros 25.08 0.006  0.40 0.0004 0.0012 0.11 0.39 1.57 0.49 1.97 6.71
Congo 24.63 0.015 0.25 -0.0002 0.0008 -0.12 -0.27  -0.40 0.62 1.81 4.99
Congo DRC 23.92 0.015  0.26 -0.0001 0.0009 -0.09  -0.22  -0.41 0.73 2.13 5.81
Costa Rica 23.41 0.017  0.35 0.0007 0.0015 0.49 1.47 4.33 1.20 3.64 9.95
Cote d’Ivoire 26.35 0.013  0.27 -0.0003 0.0006 -0.15  -0.29  -0.09 0.45 1.37 3.96
Croatia 11.27 0.025 0.58 -0.0002 0.0009 -0.10  -0.24  -0.46 0.59 1.79 5.52
Cuba 25.39 -0.001 0.28 0.0005 0.0013 0.06 0.44 2.26 0.44 2.28 7.68
Cyprus 18.67 0.015  0.48 -0.0001 0.0009 -0.02  -0.05  -0.12 0.50 1.66 5.37
Czech Republic 7.47 0.019 0.64 -0.0002 0.0009 -0.07  -0.16 -0.28 0.41 1.33 4.52
Denmark 7.90 0.019 0.74 -0.0005 0.0004 -0.13  -0.24  -0.02 0.16 0.49 1.63
Djibouti 28.00 0.013  0.35 -0.0009 0.0001 -0.25 0.17 3.62 0.03 0.08 0.22
Dominican Republic 25.19 0.015  0.37 -0.0002 0.0006 -0.08 -0.18 -0.31 0.35 1.06 3.31
Ecuador 22.32  -0.003 0.39 0.0005 0.0014 0.00 0.19 1.49 0.27 1.94 7.70
Egypt 22.20 0.027 0.44 -0.0004 0.0008 -0.29  -0.61  -0.69 0.63 1.79 5.06
El Salvador 24.59 0.032  0.37 -0.0001 0.0008 -0.06  -0.12 -0.31 0.76 2.08 5.50
Equatorial Guinea 24.32 0.027  0.45 -0.0007 0.0002 -0.40 -0.76  -0.02 0.14 0.36 1.00
Eritrea 25.95 0.018  0.50 -0.0002 0.0009 -0.07  -0.16  -0.29 0.53 1.70 5.42
Estonia 5.22 0.033  0.89 -0.0007 0.0005 -0.27  -0.54  -0.33 0.28 0.80 2.47
Ethiopia 22.58 0.022  0.25 -0.0004 0.0006 -0.30  -0.66  -0.72 0.56 1.52 4.00
Fiji 24.45 0.011  0.27 0.0004 0.0011 0.25 0.77 2.39 0.81 2.54 7.12
Finland 1.47 0.030 0.96 -0.0011 0.0003 -0.35  -0.46 1.48 0.12 0.34 1.02
France 10.55 0.022  0.50 -0.0001 0.0010 -0.03  -0.07 -0.17 0.62 1.92 5.82
French Polynesia 23.83 0.024 0.30 0.0005 0.0011 0.43 1.17 3.16 1.03 2.83 7.43
Gabon 24.44 0.018 0.32 -0.0002 0.0007 -0.10  -0.24  -0.45 0.55 1.61 4.56
Gambia 26.43 0.023  0.32 0.0002 0.0012 0.20 0.53 1.44 1.15 3.20 8.43

Notes: We consider persistent increases in temperatures based on the RCP 2.6 and RCP 8.5 scenarios. The losses are based on
A;n (ds), see equation (13), with h = 16, 36, and 86 (corresponding to the year 2030, 2050, and 2100, respectively) and m = 30.

50



Table A.7: Percent Loss in GDP per capita by 2030, 2050, and 2100 under the
RCP 2.6 and RCP 8.5 Scenarios (continued)

Key Variables in Equation (13) Percent Loss in GDP per capita
Ti b, ori d; RCP 2.6 Scenario RCP 8.5 Scenario

RCP 2.6 RCP 8.5 2030 2050 2100 2030 2050 2100
Georgia 8.73 0.016 0.67 -0.0004 0.0008 -0.09 -0.18 -0.05 0.33 1.12 4.01
Germany 8.47 0.023 0.65 -0.0006 0.0004 -0.22  -0.39 0.08 0.21 0.61 1.92
Ghana 27.14 0.018 0.24 -0.0004 0.0005 -0.31  -0.61 -0.10 0.43 1.18 3.17
Greece 13.82  0.011 0.49 0.0008 0.0019 0.35 1.26 4.45 1.12 4.04 12.21
Greenland -19.71  0.038 0.73 -0.0008 0.0007 -0.42 -0.85 -0.52 0.49 1.39 4.10
Guatemala 23.56  0.028 0.28 -0.0002 0.0008 -0.16  -0.40 -0.89 0.80 2.12 5.48
Guinea 25.53 0.017 0.25 -0.0002 0.0008 -0.12  -0.28 -0.50 0.71 2.03 5.45
Guinea-Bissau 26.74 0.024 0.28 -0.0002 0.0007 -0.20 -0.47 -0.88 0.70 1.91 5.02
Guyana 25.98 0.003 0.33 0.0003 0.0013 0.07 0.27 1.21 0.56 2.42 7.89
Haiti 24.55  0.016 0.53 0.0001 0.0009 0.04 0.10 0.27 0.45 1.49 4.95
Honduras 25.27 0.021 0.35 -0.0003 0.0006 -0.19 -042 -0.57 0.46 1.33 3.78
Hungary 10.33 0.016 0.64 -0.0002 0.0009 -0.07 -0.15 -0.20 0.41 1.41 4.96
Iceland 1.10 0.021 0.65 -0.0007 0.0003 -0.23  -0.32 0.83 0.12 0.33 1.00
India 23.99 0.009 0.25 0.0004 0.0015 0.26 0.81 2.57 1.16 3.62 9.90
Indonesia 25.40  0.005 0.15 0.0003 0.0011 0.19 0.61 1.92 0.91 2.79 7.51
Iran 17.33  0.023 0.52 -0.0001 0.0012 -0.04 -0.10 -0.23 0.83 2.59 7.65
Iraq 22.11  0.024 0.67 -0.0008 0.0006 -0.28  -0.44 0.73 0.29 0.86 2.74
Ireland 9.34 0.015 0.41 0.0001 0.0008 0.03 0.09 0.26 0.46 1.47 4.62
Israel 20.31 0.017 0.55 -0.0004 0.0007 -0.12  -0.24 -0.08 0.36 1.15 3.87
Ttaly 12.21  0.028 0.43 0.0000 0.0011 0.01 0.02 0.05 0.89 2.56 7.01
Jamaica 25.18 0.020 0.35 0.0000 0.0007 0.01 0.04 0.09 0.59 1.71 4.80
Japan 11.18 0.013 0.40 0.0006 0.0017 0.33 1.06 3.47 1.12 3.72 10.70
Jordan 18.56 0.015 0.62 0.0002 0.0015 0.08 0.22 0.70 0.72 2.61 8.69
Kazakhstan 6.00 0.024 0.80 0.0010 0.0023 0.46 1.48 5.02 1.35 4.65 14.33
Kenya 24.46  0.018 0.31 -0.0005 0.0004 -0.29 -0.48 0.50 0.29 0.82 2.39
Kuwait 25.61 0.025 0.54 -0.0008 0.0006 -0.35 -0.58 0.60 0.39 1.14 3.46
Kyrgyzstan 1.75 0.028 0.52 0.0003 0.0017 0.18 0.48 1.36 1.31 3.91 10.85
Laos 23.20 0.009 0.39 -0.0004 0.0005 -0.09 -0.07 0.78 0.19 0.65 2.34
Latvia 5.82  0.030 0.85 -0.0004 0.0007 -0.18  -0.40 -0.52 0.36 1.08 3.46
Lebanon 15.19 0.025 0.59 0.0009 0.0019 0.53 1.63 5.06 1.36 4.30 12.35
Lesotho 11.75 0.010 0.46 0.0008 0.0020 0.36 1.30 4.61 1.16 4.22 12.60
Liberia 25.66  0.009 0.22 0.0001 0.0009 0.03 0.09 0.26 0.66 2.07 5.76
Libya 22.34 0.033 0.36 -0.0012 0.0000 -0.91 -1.31 2.50 0.03 0.07 0.19
Lithuania 6.42 0.028 0.84 -0.0003 0.0008 -0.12  -0.27 -0.45 0.41 1.26 4.16
Luxembourg 9.07 0.028 0.65 -0.0006 0.0003 -0.29 -0.56 -0.12 0.19 0.54 1.60
Macedonia 10.31  0.013 0.54 0.0007 0.0019 0.28 0.96 3.46 1.08 3.92 12.04
Madagascar 22.87 0.021 0.28 -0.0003 0.0006 -0.20 -0.45 -0.75 0.55 1.54 4.14
Malawi 22.26  0.023 0.34 -0.0004 0.0007 -0.29 -0.62 -0.57 0.62 1.76 4.81
Malaysia 25.30  0.013 0.21 -0.0002 0.0006 -0.15 -0.31 -0.34 0.53 1.51 4.12
Mali 28.70  0.021 0.38 -0.0004 0.0009 -0.24  -0.50 -0.38 0.67 1.96 5.53
Mauritania 27.68 0.024 0.44 -0.0004 0.0008 -0.26  -0.54 -0.47 0.63 1.86 5.33
Mauritius 23.92 0.022 0.30 -0.0005 0.0002 -0.38  -0.70 0.15 0.13 0.34 0.92
Mexico 20.43 0.012 0.25 -0.0002 0.0009 -0.10 -0.21  -0.23 0.64 1.97 5.54
Moldova 9.37 0.020 0.78 0.0004 0.0016 0.17 0.50 1.68 0.81 2.85 9.51
Mongolia 0.15 0.028 0.66 -0.0003 0.0011 -0.16  -0.35 -0.57 0.68 2.11 6.52
Montenegro 8.54 0.020 0.48 0.0015 0.0026 1.05 3.33 9.64 2.09 6.42 17.50
Morocco 18.77 0.021 0.44 -0.0003 0.0009 -0.18 -0.38 -0.44 0.65 1.97 5.80
Mozambique 24.20  0.015 0.33 -0.0004 0.0007 -0.16 -0.31  -0.02 0.47 1.46 4.35
Myanmar 22.98 0.020 0.30 -0.0005 0.0004 -0.34 -0.61 0.25 0.29 0.80 2.24
Namibia 19.57 0.026  0.50 0.0004 0.0015 0.27 0.77 2.26 1.20 3.58 9.99
Nepal 15.13 0.018 0.38 0.0009 0.0020 0.59 1.82 5.34 1.61 4.86 13.15
Netherlands 9.71 0.024 0.65 -0.0006 0.0003 -0.24  -0.43 0.13 0.15 0.42 1.27
New Caledonia 21.43 0.012 0.36 0.0008 0.0015 0.44 1.45 4.62 1.02 3.39 9.73
New Zealand 10.16  0.002 0.39 0.0009 0.0017 0.23 1.17 4.78 0.70 3.18 10.35
Nicaragua 26.18 0.029 0.34 -0.0007 0.0001 -0.57 -1.05 0.32 0.08 0.22 0.58
Niger 27.60 0.008 0.57 -0.0007 0.0005 -0.05 0.13 1.74 0.14 0.51 2.12
Nigeria 26.87 0.016 0.30 -0.0004 0.0006 -0.23  -0.42 0.08 0.42 1.24 3.56
Norway 1.35 0.023 0.75 -0.0008 0.0004 -0.23  -0.36 0.62 0.19 0.56 1.80

Notes: We consider persistent increases in temperatures based on the RCP 2.6 and RCP 8.5 scenarios. The losses are based on
A;p (di), see equation (13), with h = 16, 36, and 86 (corresponding to the year 2030, 2050, and 2100, respectively) and m = 30.
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Table A.7: Percent Loss in GDP per capita by 2030, 2050, and 2100 under the
RCP 2.6 and RCP 8.5 Scenarios (continued)

Key Variables in Equation (13) Percent Loss in GDP per capita
T3 b(i)“i oTi d; RCP 2.6 Scenario RCP 8.5 Scenario

RCP 2.6 RCP 85 2030 2050 2100 2030 2050 2100
Oman 26.79 0.008 0.31 0.0002 0.0013 0.08 0.26 0.87 0.81 2.83 8.31
Pakistan 20.43 0.010  0.40 0.0002 0.0015 0.08 0.26 0.88 0.88 3.16 9.55
Panama 25.12 0.017 0.31 0.0000 0.0008 0.01 0.02 0.05 0.63 1.87 5.27
Papua New Guinea 23.80 0.007  0.19 0.0003 0.0011 0.15 0.45 1.44 0.82 2.55 6.99
Paraguay 23.72 0.005  0.50 0.0003 0.0014 0.06 0.23 1.02 0.49 2.21 8.01
Peru 19.96 0.007  0.32 0.0002 0.0012 0.05 0.16 0.55 0.66 2.46 7.61
Philippines 25.42 0.007  0.20 0.0005 0.0013 0.29 0.98 3.05 0.98 3.09 8.46
Poland 7.84 0.026  0.76 -0.0003 0.0008 -0.12 -0.27 -0.43 0.38 1.16 3.83
Portugal 15.20 0.010 0.42 0.0002 0.0013 0.07 0.22 0.72 0.68 2.46 7.75
Puerto Rico 23.53 0.006  0.30 0.0006 0.0013 0.24 0.89 3.16 0.71 2.62 7.92
Qatar 26.79 0.027  0.51 -0.0004 0.0008 -0.25  -0.54 -0.62 0.60 1.77 5.15
Romania 8.91 0.019  0.62 0.0002 0.0014 0.10 0.27 0.83 0.77 2.64 8.47
Russian Federation -5.96 0.035 0.68 -0.0002 0.0014 -0.14  -0.34 -0.71 1.03 3.08 8.93
Rwanda 19.93 0.016  0.35 0.0001 0.0011 0.06 0.15 0.42 0.80 2.49 7.12
St. Vincent & Grenadines  26.69 0.012  0.29 -0.0005 0.0002 -0.19  -0.26 0.70 0.13 0.38 1.16
Samoa 26.24 -0.004 0.28 0.0008 0.0014 0.02 0.66 3.64 0.31 2.31 8.31
Sao Tome and Principe 25.69 0.024  0.29 -0.0001 0.0007 -0.04 -0.11 -0.27 0.69 1.88 4.97
Saudi Arabia 25.51 0.021  0.55 -0.0007 0.0006 -0.26  -0.38 0.78 0.34 1.05 3.35
Senegal 28.29 0.026  0.35 -0.0004 0.0006 -0.31  -0.67 -0.73 0.53 1.46 4.01
Serbia 9.96 0.016  0.54 0.0002 0.0014 0.09 0.25 0.78 0.79 2.74 8.66
Sierra Leone 26.20 0.016 0.24 -0.0004 0.0005 -0.25  -0.47  -0.03 0.41 1.16 3.22
Slovakia 7.64 0.020 0.61 0.0001 0.0013 0.06 0.17 0.50 0.71 2.36 7.54
Slovenia 7.80 0.030  0.59 0.0003 0.0015 0.22 0.61 1.76 1.10 3.33 9.50
Solomon Islands 26.85 0.010 0.18 0.0002 0.0009 0.12 0.35 1.04 0.77 2.23 5.98
Somalia 26.65 0.021  0.32 -0.0006 0.0003 -0.37  -0.65 0.41 0.22 0.59 1.66
South Africa 17.52 0.007  0.33 0.0001 0.0012 0.04 0.11 0.35 0.67 2.46 7.56
South Korea 11.07 0.008  0.49 0.0008 0.0019 0.30 1.15 4.34 0.96 3.73  11.68
South Sudan 27.35 0.031 0.43 -0.0008 0.0004 -0.52  -0.98 0.05 0.32 0.87 2.40
Spain 13.31 0.026  0.45 -0.0001 0.0010 -0.08 -0.19 -0.43 0.77 2.26 6.39
Sri Lanka 27.11 0.011  0.21 -0.0001 0.0006 -0.07  -0.17 -0.27 0.50 1.51 4.23
Sudan 27.34 0.029  0.38 -0.0009 0.0002 -0.63  -1.04 1.21 0.19 0.51 1.38
Suriname 26.21 0.004 0.34 0.0003 0.0012 0.07 0.26 1.06 0.54 2.26 7.42
Swaziland 20.33 0.017  0.43 -0.0008 0.0002 -0.29  -0.23 2.14 0.09 0.24 0.71
Sweden 2.27 0.021  0.89 -0.0005 0.0007 -0.14  -0.24 0.07 0.24 0.76 2.67
Switzerland 4.88 0.018  0.49 0.0008 0.0019 0.46 1.45 4.60 1.32 4.27  12.24
Syria 17.88 0.022  0.65 -0.0005 0.0007 -0.19  -0.37 -0.07 0.37 1.12 3.67
Tajikistan 3.08 0.000  0.57 0.0003 0.0017 0.01 0.06 0.38 0.43 2.38 9.35
Tanzania 22.65 0.010 0.31 -0.0003 0.0008 -0.09  -0.17 0.02 0.46 1.54 4.73
Thailand 26.22 0.005  0.31 -0.0002 0.0007 -0.03  -0.05 0.06 0.29 1.12 3.98
Togo 26.41 0.018 0.25 -0.0001 0.0008 -0.07  -0.18 -0.41 0.76 2.13 5.64
Trinidad and Tobago 25.62 0.024  0.30 -0.0005 0.0003 -0.36  -0.76  -0.56 0.24 0.64 1.74
Tunisia 20.08 0.037  0.43 -0.0011 0.0001 -0.82  -1.40 1.21 0.08 0.21 0.53
Turkey 11.24 0.014  0.70 0.0002 0.0014 0.07 0.20 0.64 0.60 2.26 7.98
Turkmenistan 15.67 0.025 0.67 0.0000 0.0012 0.00 -0.01 -0.01 0.72 2.30 7.19
Uganda 22.84 0.020 0.31 -0.0004 0.0005 -0.28  -0.56 -0.17 0.42 1.19 3.32
Ukraine 8.17 0.026  0.81 0.0002 0.0014 0.08 0.22 0.63 0.73 2.39 7.82
United Arab Emirates 27.22 0.016  0.48 0.0002 0.0015 0.08 0.22 0.65 0.92 3.10 9.31
United Kingdom 8.69 0.013  0.46 -0.0001 0.0007 -0.02  -0.05 -0.11 0.34 1.16 3.97
United States 6.94 0.015 0.36 0.0004 0.0016 0.20 0.60 1.88 1.20 3.77  10.52
Uruguay 17.49 0.015  0.35 0.0002 0.0009 0.09 0.24 0.70 0.65 2.05 6.00
US Virgin Islands 26.79 0.023  0.45 -0.0009 -0.0002 -0.41  -0.50 1.89 -0.13  -0.30 -0.54
Uzbekistan 12.84 0.021  0.69 0.0007 0.0019 0.30 0.93 3.11 1.11 3.79  11.72
Vanuatu 24.75 0.028 0.33 -0.0005 0.0002 -0.38  -0.83 -0.87 0.21 0.55 1.48
Venezuela 25.00 0.016  0.30 0.0000 0.0010 0.00 0.00 -0.01 0.82 2.45 6.74
Vietnam 23.20 0.005  0.32 0.0000 0.0009 0.00 0.01 0.02 0.38 1.51 5.15
Yemen 24.56 0.035  0.60 -0.0007 0.0004 -0.40 -0.82 -0.61 0.27 0.74 2.12
Zambia 21.17 0.019  0.47 0.0003 0.0015 0.18 0.51 1.56 1.06 3.40 9.82
Zimbabwe 21.24 0.014  0.47 0.0001 0.0013 0.04 0.12 0.35 0.76 2.62 8.15

Notes: We consider persistent increases in temperatures based on the RCP 2.6 and RCP 8.5 scenarios. The losses are based on
Asn (ds), see equation (13), with h = 16, 36, and 86 (corresponding to the year 2030, 2050, and 2100, respectively) and m = 30.
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