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Abstract
Quantifying the macroeconomic impact of climate change has been a focal point in aca-
demic and policy discussions since the early 1990s. The estimates of (global) GDP
losses at future warming levels vary widely due to differing methodologies, complicating
the formulation of effective climate policies. This study aims to bridge the gap between
these varying estimates by quantifying country-specific annual per-capita GDP losses
from global warming using the most recent climate scenarios of the Intergovernmental
Panel on Climate Change (IPCC) under different mitigation, adaptation, and climate vari-
ability assumptions. Motivated by the need to inform policy decisions, we hypothesize
that without substantial mitigation and adaptation efforts, global GDP per capita could
decline by up to 24 percent under high-emissions climate scenarios by 2100. To test this
hypothesis, we conduct a series of counterfactual exercises, investigating the cumula-
tive income effects of annual temperature increases by the end of the century. Our find-
ings reveal significant disparities in income losses across the 174 countries in our sam-
ple, highlighting that the impacts of climate change are not uniform but depend on the
projected paths of temperatures and their variability.

1. Introduction
Climate change—marked by rising average temperatures and sea levels, shifting precipita-
tion patterns, and more frequent and intense extreme weather events—poses a critical chal-
lenge to the global economy. While the physical manifestations of climate change are visibly
alarming, its macroeconomic implications are equally significant but difficult to quantify—
Most models are unable to account for tipping points, non-market damages (e.g., mortality,
conflicts, food insecurity), and spillovers. Inference about damages up to 2100 based on past
data is inherently difficult. Current literature has established that climate change can lead to
significant GDP per capita losses; however, estimates of these impacts vary widely—from
negligible to catastrophic—due to differing methodologies and assumptions [1]. This paper
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aims to bridge the gap between these varying estimates by providing plausible country-specific
annual per-capita GDP losses from global warming based on the methodology in [2], but
using a wider and more up-to-date set of climate scenarios under different mitigation (i.e.,
reducing greenhouse gas emissions), adaptation (i.e., adjusting to climate change impacts),
and climate variability (i.e., fluctuations in weather patterns) assumptions. A key objective of
the paper is to consider the uncertainty of warming predictions of climate models by provid-
ing a range of GDP per capita impacts within an empirical approach that deals with many of
the econometric pitfalls of earlier studies. We also compare our income loss estimates with
those from select papers in the literature, utilizing a common baseline scenario to rule out
implausibly small and excessively large estimates. We, therefore, contribute to a more nuanced
understanding of the macroeconomic impacts of climate change.

While understanding the economic impact of rising temperatures is crucial for climate
policy design, the most used estimates in the literature differ by orders of magnitude. For
a worst-case global warming scenario, [3] estimate a 60% loss in global GDP per capita by
2100, while [4] conducts a meta-study of existing literature and reports a negligible income
loss. This wide range of estimates arises from disagreements about whether a temperature
increase will affect GDP levels or GDP growth rates (see, for instance, [5–9] and Fig 1A) and
from different model specifications (including how extreme weather events, climate vari-
ability and adaptation are considered). Most papers that relate temperature to GDP levels
yield income loss estimates that are relatively small. More recent studies, that relate temper-
ature to GDP growth (possibly nonlinearly), show that a shift to a higher (non-decreasing)
temperature reduces per capita output growth significantly (with compounding level effects)
compared to a “no further warming” baseline. For example, the Network for Greening the
Financial Sector (NGFS) measures the global GDP impact of climate change relative to a
baseline scenario “in which climate change does not occur”. [6] argue that “if future adapta-
tion mimics past adaptation, unmitigated warming is expected to reshape the global econ-
omy by reducing average global incomes roughly 23% by 2100 and widening global income
inequality, relative to scenarios without climate change”. However, according to [4,10,11],
the hypothesis that a one-off rise in temperature affects the growth rate of the economy per-
manently is inconsistent with growth theory. To arrive at a more nuanced quantification of
the GDP impacts of climate change, we follow [2] in distinguishing between a one-off shift
to permanently higher temperatures and persistent above-norms temperature increases
(i.e., climate vs. climate change); modelling adaptation implicitly (by varying adaptation

Fig 1. GDP impact of increases in temperature: Level vs. growth effects. Notes: Fig 1B shows the results in [2] under
RCP8.5 with and without climate variability.

https://doi.org/10.1371/journal.pclm.0000621.g001

PLOS Climate https://doi.org/10.1371/journal.pclm.0000621 September 24, 2025 2/ 15

https://doi.org/10.1371/journal.pclm.0000621.g001
https://doi.org/10.1371/journal.pclm.0000621


ID: pclm.0000621 — 2025/9/19 — page 3 — #3

PLOS CLIMATE Rising temperatures, melting incomes: Country-specific macro effects of climate scenarios

speeds from one decade to a century) and climate variability explicitly (i.e., by accounting for
the natural fluctuations of temperature around its rising trend)—Understanding interannual
and interdecadal natural climate variability is crucial for GDP impact assessments, not least
because climate change significantly alters the frequency, intensity, and patterns of climate
variability. Interannual climate variability is observed as changes in climate patterns from one
year to the next. A well-known example is the El Niño Southern Oscillation (ENSO), which
includes both El Niño and La Niña events (see, for instance, [12] and [13] for details). Inter-
decadal climate variability refers to fluctuations in climate that occur over periods of several
decades. Examples include the Pacific Decadal Oscillation (PDO) and the Atlantic Multi-
decadal Oscillation (AMO)—and conducting a range of counterfactual exercises relative to a
baseline under which temperature in each country increases according to its historical trend
of 1960–2014.

Specifically, [2] establish a relationship between deviations in temperature (weather) from
30-year moving averages (climate) and GDP per capita across countries. Note that regressing
GDP per capita growth on temperature levels leads to biased impact estimates because GDP
growth is stationary while temperature is positively trended due to global warming. Relatedly,
[2] demonstrate that a sustained increase in above-norm temperature—indicative of climate
change—correlates with decreased long-term economic growth. This suggests that while tem-
porary temperature fluctuations may result in short-term economic impacts, climate change
can alter the long-term averages and variability of weather, thereby affecting an economy’s
growth potential over time. The impact on GDP per capita accumulates as temperatures con-
tinue to rise and adaptation measures are implemented gradually; however, these effects may
stabilize if temperatures eventually level off [2] calculate annual income losses resulting from
climate change by analyzing weather anomalies over time for 174 countries under different
climate scenarios. They project that if temperatures increase persistently by 0.04○ C per year
under a high-emissions scenario (RCP 8.5), real GDP per capita worldwide could decline by
7–13% by 2100, compared to a baseline where temperatures follow their trends from 1960-
2014 (Fig 1B). In contrast, adhering to the Paris Agreement’s goal of capping the temperature
increase to 0.01○ C annually would reduce this loss to about 1%. While adapting to climate
change may reduce these negative long-term growth effects, it is highly unlikely to completely
eliminate them. See also [14] who provided evidence for the damage that climate change
causes in the United States using within-country data on Gross State Product (GSP) GSP per
capita, labour productivity and employment as well as output growth in ten economic sectors
(such as agriculture, construction, manufacturing, services, retail and wholesale trade). They
show that while certain sectors in the U.S. economy might have adapted to higher tempera-
tures, economic activity in the U.S. overall and at the sectoral level continues to be sensitive to
deviations of temperature and precipitation from their historical norms.

Given that the planet has already warmed by 1.2○C compared to pre-industrial averages,
its impact on GDP per capita (alongside past adaptation) is already reflected in historical
growth observations. To highlight the size of this observed damage, we estimate a weighted-
average global income loss of 2 percent (USD 1.6 trillion) from above-norm temperature
increases over 1960-2014. However, global warming is projected to accelerate under various
IPCC climate scenarios, and hence its impact on the economy will be more detrimental than
in the past, unless countries close the mitigation ambition and policy implementation gaps
that are needed to abide by the Paris agreement temperature goals. We use the latest IPCC
climate scenarios in our counterfactual exercises to better reflect uncertainties of climate
change, technological pathways, and policies. We investigate the cumulative income effects
of continuous above-norm temperature increases (by assuming that GDP per capita in each
country is affected by temperature only when it deviates from its historical norm, serving as
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country-specific but time-varying thresholds or climates) over 2015–2100 relative to a base-
line under which temperature in each country increases according to its trend of 1960–2014.
We also report the associated income losses relative to a scenario without climate change and
with extremely-slow adaptation.

Prior research projects the GDP impact of temperature increases for some future year, typ-
ically 2100, assuming a “no further warming” counterfactual (e.g., [3,6,7]). Since there are
no pathways to a scenario in which baseline temperatures remain constant, we compare the
per capita GDP impact of temperature increases under different climate scenarios to a base-
line under which temperature in each country rises according to its historical trend of 1960–
2014. We find that the global income effects of persistent increases in average temperatures
by 0.04○C per year, assuming very limited mitigation and adaptation action, ranges from
-10% to -11% by the end of this century. Furthermore, climate variability amplifies the pro-
jected income losses, with estimates surging to 12–14% globally with significant variations
across countries. The upper bound of these losses allow for temperature increases to affect
the variability of temperature shocks commensurately. Accounting for transition risks (in
addition to physical risks) would lead to larger losses (especially for advanced economies,
see, for instance, [15] and [16]). While adaptation presents a viable pathway to reducing the
detrimental long-term growth effects of climate change, it falls short of completely eliminat-
ing these impacts. We, therefore, underscore the pressing need for climate change mitigation
policies to slowing global warming. Abiding by the Paris Agreement goals, thereby limiting
the temperature increase to 0.01 degrees Celsius per year, generates a positive income gain of
about 0.25 percent globally.

To have better comparability to the literature, we also conduct an exercise in which adap-
tation is assumed to be extremely slow (i.e., we use 100-year historical norms) and income
losses from temperature increases based on the 1960–2014 trends are compared to a “no fur-
ther warming” scenario. Overall, our analysis results in per capita income losses of 20 to 24
percent under the high-emissions climate scenarios by 2100, with significant variations across
countries. Our income loss estimates encompass findings from several studies in the litera-
ture; however, they are considerably smaller than damages reported by [3] and [8]. Establish-
ing a reliable range for GDP impact assessments is essential for incorporating climate-related
risks into macro-fiscal frameworks and for effectively informing and guiding climate action
initiatives.

The rest of the paper is organized as follows. Sect 2 briefly describes the IPCC climate sce-
narios. Sect 3 discusses the methodology used for the counterfactual analysis. Sect 4 estimates
the cumulative income effects of annual increases in temperatures under different climate
scenarios. Finally, Sect 5 offers some concluding remarks.

2. Climate scenarios
Climate scenarios describe how the future might unfold under different levels of radiative
forcing (the warming effect caused by greenhouse gases) and socio-economic pathways. Rep-
resentative Concentration Pathways (RCPs) are scenarios of future greenhouse gas concen-
trations that describe the level of radiative forcing by 2100. Four independent radiative forc-
ing pathways or RCPs were created by modelling groups to produce distinct and discernible
climate change outcomes – RCP2.6, RCP4.5, RCP6.0 and RCP8.5 – each named after the
approximate radiative forcing in 2100.

Shared Socio-economic Pathways (SSPs) describe potential future pathways of societal
development, focusing on factors like population and education, urbanization, and economic
development. The SSPs provide a framework for understanding how different socioeconomic
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conditions could influence greenhouse gas emissions and climate change. Five SSPs have
been developed by the scientific community to span a range of outcomes that describe the
challenges of climate change mitigation and adaptation.

SSPs are meant to be used in combination with RCPs in a scenario matrix to explore the
impact of climate change mitigation on future global warming. SSPs without RCPs lack a spe-
cific quantitative translation to temperature, making comparisons across SSP scenarios dif-
ficult. RCPs without explicit SSPs assume an unspecified socio-economic context (energy,
land-use, and emission pathways), limiting their ability to fully portray the nuances of future
societal dynamics impacting emissions.

Within the RCP-SSP scenario matrix (Fig 2), this paper focuses on SSP1-2.6, SSP2-4.5,
SSP3-7.0, and SSP5-8.5. The choice of climate scenarios is informed by the baseline global
temperature pathways under current policies as well as (un)mitigated pathways. The first
Global Stocktake (IPCC 2023) estimates that global temperature increase will be in the range
of 2.1-2.8○C by 2100 with implementation of the latest nationally determined contribu-
tions. However, current policies are not consistent with these commitments, which means
that the world is set to experience a temperature increase at the upper bound of the above
range. This is largely consistent with SSP2-4.5 and close to the 1960-2014 trend temperature
increase baseline. An aspirational global warming scenario consistent with Paris Agreement
is also considered (SSP1-2.6). Moreover, two pessimistic scenarios reflecting policy reversals
(SSP3-7.0), or continued expansion of fossil fuels (SSP5-8.5) are used to highlight the risks of

Fig 2. How are RCPs, SSPs, and NFGS scenarios related? Sources: The authors, [17], and [18].

https://doi.org/10.1371/journal.pclm.0000621.g002
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faster temperature increases. The 90th percentile of the ensemble of climate models for SSP3-
7.0— that is, SSP3-7.0 (90th percentile)— is used to highlight a “hotter” world as SSP5-8.5 is
deemed unrealistic.

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 over the period 2015–
2100 using the Half-Panel Jackknife Fixed Effects (HPJ-FE) estimates of the following Autore-
gressive Distributed Lag (ARDL) model:

𝜑 (L)Δyit = ai + 𝛽(L)Δxit(m) + 𝜀it,

where yit is the log of real GDP per capita of country i in year t, ai is the country-specific fixed
effect, xit(m) = ∣Tit – T∗it–1(m)∣measures the absolute value of temperature relative to its his-
torical norms, Tit is the population-weighted average temperature of country i in year t, and
T∗i,t–1(m) = 1

m ∑
m
ℓ=1 Ti,t–ℓ is the time-varying historical norm of temperature over the preced-

ingm years in each t. Climate norms are typically computed using 30-year moving averages
(see, for instance, [19] and [20]), but to check the robustness of our results and model adap-
tation, we also consider historical norms computed using moving averages withm = 10, 20,
40, 50, and 100.m = 30 also corresponds to the official World Meteorological Organization
definition of climate. 𝜑 (L) = 1 –∑4

ℓ=1 𝜑ℓLl, 𝛽(L) =∑
4
ℓ=0 𝛽ℓLl, and L is the lag operator.

Pre-multiplying both sides of the above equation by the inverse of 𝜑 (L) yields

Δyit = ãi + 𝜓(L)Δxit + 𝜗(L)𝜀it, (1)

where ãi = 𝜑(1)–1ai, 𝜗(L) = 𝜗0 +𝜗1L+𝜗2L2 +… and 𝜓(L) = 𝜑(L)–1𝛽(L) = 𝜓0 +𝜓1L+𝜓2L2 +…
We are suppressing the dependence of xit onm to simplify the exposition.

The counterfactual effects of climate change can be derived by comparing the output tra-
jectory of country i over the period T+ 1 to T+h under the baseline scenario denoted by
b0Ti and 𝜎

0
Ti , with an alternative expected trajectory having the counterfactual values of b1Ti

and 𝜎1
Ti . Denoting the values of xit for t = T+ 1,T+ 2, ...,T+h under these two scenarios by

x0i,T+1,T+h = {x
0
i,T+1, x

0
i,T+2, ..., x

0
i,T+h}, and x1i,T+1,T+h = {x1i,T+1, x1i,T+2, ..., x1i,T+h}, the counterfactual

output change can be written as

𝜉i,T+h = 𝔼 (yi,T+h ∣𝟋i,T, x1i,T+1,T+h ) – 𝔼 (yi,T+h ∣𝟋i,T, x0i,T+1,T+h ) ,

where𝟋iT = (yiT, yi,T–1, yi,T–2, ....; xiT, xi,T–1, xi,T–2, ...). Cumulating both sides of (1) from
t = T+1 to T + h and taking conditional expectations under the two scenarios we have

𝜉i,T+h =
h
∑
j=1
𝜓h–j (x1i,T+j – x0i,T+j) , (2)

The impact of climate change clearly depends on the magnitude of x1i,T+j – x
0
i,T+j.

We consider the output effects of country-specific average annual increases in tempera-
tures over the period 2015–2100 under various SSP scenarios, and compare them with a base-
line 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 specifica-
tion, changes in trend temperature do not translate on a one-to-one basis to absolute changes
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in temperature. Future temperature changes over the counterfactual horizon, T+j, j = 1, 2, ....
can be represented by

Ti,T+j = aTi + bTi,j (T + j) + vTi,T+j, for j = 1, 2, ..., (3)

where we allow for the trend change in the temperature to vary over time. Suppose also that,
as before, the historical norm variable associated with Ti,T+j, namely T∗i,T+j–1(m), is con-
structed using the pastm years. Then it is easy to show that

Ti,T+j – T∗i,T+j–1(m) = (
m + 1
2
) bTi,j + (vTi,T+j – ̄vTi,T+j–1,m) , j = 1, 2, ...,h, (4)

where ̄vTi,T+j–1,m =m–1∑m
s=1 vTi,T+j–s. The realised values of ∣Ti,T+j – T∗i,T+j–1(m)∣ depend on the

probability distribution of weather shocks, vTi,T+j, as well as the trend change in temperature,
given by bTi,j. As a first order approximation, and in order to obtain analytic expressions, we
assume that temperature shocks, vTi,T+j, over j = 1, 2, ..., are serially uncorrelated, Gaussian
random variables with zero means and variances, 𝜎2

Ti. Under these assumptions and using the
results in Lemma 3.1 of [21], we have

𝔼 ∣Ti,T+j – T∗i,T+j–1(m)∣ = 𝜇Ti,j [Φ(
𝜇Ti,j
𝜔Ti
) –Φ(–𝜇Ti,j𝜔Ti

)] + 2𝜔Ti𝜙 (
𝜇Ti,j
𝜔Ti
) = gTi(m, bTi,j,𝜎Ti) (5)

where Φ(.) and 𝜙(.) are the cumulative and density distribution functions of a standard
Normal variate, respectively, and

𝜇Ti,j = (
m + 1
2
) bTi,j, and 𝜔2

Ti = 𝜎2
Ti (1 +

1
m
) .

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

For the baseline scenario, we setm = 30 and consider the following counterfactual country-
specific changes in the trend temperature over the period T+j, for j = 1, 2, ....,H, as compared
to the historical trend rise in temperature (namely b0T i):

b1Ti,j = Ti,T+j – Ti,T+j–1 = b0Ti + jdi, for all j = 1, 2...,H, (6)

where di is the average incremental change in the trend rise in temperature for country i. We
set di to ensure that the average rise in temperature over the counterfactual period in country
i is equal to the hypothesised value of b1Ti, and note that

b1Ti =H–1
H
∑
j=1

b1Ti,j =H–1
H
∑
j=1
(Ti,T+j – Ti,T+j–1) =

Ti,T+H – Ti,T

H
, (7)

where Ti,T+H denotes the level of temperature at the end of the counterfactual period. Averag-
ing (6) over j we have

di =
2 (b1Ti – b0Ti)

H + 1
. (8)
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In our empirical application we set Ti,T+H = Ti,2099 and Ti,T+1 = Ti,2015, with implied H = 85.
For Ti,2099, where i = 1, 2, ...,N, we consider five sets of values based on IPCC’s projections
under SSP scenarios (see Fig 2). In effect, this specification assumes that over the counterfac-
tual period temperature in country i increases by jdi per annum over the period T+1 to T+j ,
relative to its historical trend value of b0Ti.

We also assume that the postulated trend rise in temperature, specified in (6), does not
affect the volatility of temperature shocks, and set 𝜎1

Ti,j to its pre-counterfactual value of 𝜎0
Ti .

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. Moreover, accounting for international spillover
effects of climate change, individual countries’ long-term growth effects could be larger. With
these considerations in mind, and using (2), the mean counterfactual impact of the tempera-
ture change on output is given by

Δih (di) = 𝔼 (y1i,T+h ∣𝟋i,T ) – 𝔼 (y0i,T+h ∣𝟋i,T )

=
h
∑
j=1
𝜓h–j [gTi(m, b0Ti + jdi,𝜎0

Ti) – gTi(m, b0Ti,𝜎0
Ti)] , (9)

where we base the estimates of b0Ti and 𝜎0
Ti on the pre-counterfactual period 1960-2014, and

use

g1Ti(m, b1Ti,j,𝜎0
Ti) = 𝜇1

Ti,j

⎡⎢⎢⎢⎢⎣
Φ⎛
⎝
𝜇1
Ti,j

𝜔0
Ti

⎞
⎠
–Φ⎛
⎝
–𝜇1

Ti,j

𝜔0
Ti

⎞
⎠

⎤⎥⎥⎥⎥⎦
+ 2𝜔0

Ti𝜙
⎛
⎝
𝜇1
Ti,j

𝜔0
Ti

⎞
⎠
, (10)

g0Ti(m, b0Ti,𝜎0
Ti) = 𝜇0

Ti [Φ(
𝜇0
Ti

𝜔0
Ti
) –Φ(–𝜇

0
Ti

𝜔0
Ti
)] + 2𝜔0

Ti𝜙(
𝜇0
Ti

𝜔0
Ti
) , (11)

𝜇1
Ti,j = (

m + 1
2
)(b1Ti,j) , 𝜇0

Ti = (
m + 1
2
) b0Ti, (12)

and 𝜔0
Ti = 𝜎0

Ti (1 + 1
m)

1/2
. To obtain { ̂𝜓j} , we use the HPJ-FE estimates of {𝛽ℓ}4l=0 and {𝜑l}4l=1

from the ARDL equation with ∣Tit – T∗i,t–1(m)∣ as the climate variable. These estimates and
their standard errors are reported in Table 1. Fig 3 plots the estimates of 𝜓j for j = 0, 1, 2,… , 20,

for which the estimated mean lag is
∑∞

j=1 j𝜓̂j

∑∞
j=0 𝜓̂j

= 3.1943 years.
To study the role of climate volatility in determining GDP per capita losses, instead of set-

ting 𝜎1
Ti,j = 𝜎0

Ti, we allow temperature increases to affect the variability of temperature shocks
commensurately. That is, we keep the coefficient of variation unchanged, and therefore set
𝜎1
Ti,j = (𝜇1

Ti,j/𝜇0
Ti)𝜎0

Ti.
We compare the per capita GDP impact of temperature increases under various SSP sce-

narios to a baseline scenario under which temperature in each country rises according to its
historical trend of 1960–2014. However, to have a better comparability to previous studies,
we also perform a counterfactual exercise where temperature increases under the historical
trend of 1960–2014 are compared to a baseline scenario no further warming and assuming
that adaptation is extremely slow (i.e., historical norms are computed using moving averages
withm = 100 in counterfactuals from 2015 onwards).
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Table 1. Effects of climate change on per capita real GDP growth, 1960–2014

𝛽0 -0.0038∗ 𝜑̂1 0.2643∗∗∗ No. of Countries (N) 174
(0.0021) (0.0500) maxT 50

𝛽1 -0.0056∗ 𝜑̂2 0.0785∗∗∗ avgT 38.36
(0.0029) (0.0266) minT 2

𝛽2 -0.0084∗∗∗ 𝜑̂3 0.0547∗∗ No. of Obs. (N × T) 6,674
(0.0031) (0.0216)

𝛽3 -0.0090∗∗∗ 𝜑̂4 -0.0016
(0.0026) (0.0327)

𝛽4 -0.0060∗∗∗
(0.0021)

Notes: Estimates are based on Δyit = ai + ∑4
ℓ=1 𝜑ℓΔyi,t–ℓ + ∑4

ℓ=0 𝛽
′

ℓΔxi,t–ℓ(m)+ 𝜀it , where yit is the log of real GDP per capita of country i
in year t, xit(m) = ∣Tit – T∗i,t–1(m)∣, Tit is the population-weighted average temperature of country i in year t, and T∗i,t–1(m) is the historical
temperature norm of country i (based on moving averages of the past 30 years). The coefficients are estimated by the HPJ-FE procedure and the
standard errors are based on the estimator proposed in Proposition 4 of [22]. Asterisks indicate statistical significance at 1% (∗∗∗), 5% (∗∗), and
10% (∗) levels.

https://doi.org/10.1371/journal.pclm.0000621.t001

Fig 3. {𝜓j} for j = 0, 1, 2,… , 20. Source: [2].

https://doi.org/10.1371/journal.pclm.0000621.g003

4. GDP losses from global warming
We report the real GDP per capita losses (gains) from trend temperature changes under var-
ious SSP-RCP scenarios for the year 2100 compared to: (i) a baseline under which temper-
ature in each country increases according to its historical trend of 1960–2014 (Fig 4, yellow
bar); and (ii) a commonly adopted baseline in the literature without climate change and with
extremely-slow adaptation. Since the benchmark for measuring temperature anomalies is a
moving average temperature (e.g., calculated over the thirty years preceding each observa-
tion), the critical factor in determining income losses is not the absolute level of tempera-
ture but rather changes in its trend. If the temperature trend stays constant, economic growth
remains unaffected despite increases in temperature. Conversely, if the trend accelerates,
growth declines further (the red bars in Fig 4). A deceleration in the trend leads to faster eco-
nomic growth (the green bar in Fig 4), and if temperatures stabilize, growth returns to its
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Fig 4. Additional global temperature increase under different scenarios (2014 to 2100). Source: Authors cal-
culations based on IPCC AR6 Physical Science Report. Notes: Reports temperature increases relative to the 2014
average global surface temperature. At the time of the Paris Agreement’s adoption in 2015, global temperatures were
estimated to be 0.98○C above pre-industrial levels, with the agreement aiming to limit warming to well below 2○C,
and pursue efforts to limit it to 1.5○C.

https://doi.org/10.1371/journal.pclm.0000621.g004

baseline rate. We make all of the 174 country-specific estimates of annual income losses avail-
able to download from here. Fig 5 shows that income losses under various SSP-RCP scenar-
ios vary significantly across countries depending on the country-specific projected paths of

Fig 5. Frequency distribution of income losses across 174 countries by 2100. Notes: We consider income losses from
increases in temperatures under various IPCC climate scenarios relative to a baseline in which temperatures increase
according to their 1960-2014 trends. Numbers are PPP GDP weighted averages of Δih (di), see Eq (9), with h = 86 (cor-
responding to the year 2100). Under the “No Adaptation” assumption, historical norms are formed over 100 years (i.e.,
m = 100). We keep 𝜎1

Ti,j = (𝜇1
Ti,j/𝜇0

Ti)𝜎0
Ti under the “Volatile Climate” assumption.

https://doi.org/10.1371/journal.pclm.0000621.g005
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temperatures, climate variability, and adaptation efforts; however, losses (gains) follow the
logic above.

Averaging the losses across countries, using PPP-GDP weights, we report that the global
income effects of trend temperature increases relative to baseline (i) ranges from 5.4% under
SSP3-7.0 (90th) to 11% under SSP5-8.5 with slower adaptation (Fig 6)—SSP3-7.0 is a high-
emissions scenario under which global warming accelerates and temperature increases by
3.6○C in 2100, with respect to its pre-industrial average level. To provide a faster-warming
scenario, we also utilize the 90th percentile of the SSP3-7.0 climate ensemble. Global tem-
perature with this high-emission, fast-warming scenario increases by approximately 4.4○C.
This warming level is similar to the ensemble median warming level under SSP5-8.5. Climate
variability amplifies the projected economic losses, with estimates under SSP3-7.0 (90th)
(Volatile Climate) and SSP5-8.5 (Volatile Climate) surging to 12–14% globally with a con-
siderable variation in income losses across countries (Fig 5). However, while adaptation—
encompassed within the “Faster Adaptation” scenarios in Figs 5 and 6—present a viable path-
way to reducing the detrimental long-term growth effects of trend temperature increases,
they fall short of completely eliminating these adverse impacts. This limitation suggests that
adaptation, although beneficial, cannot serve as a standalone solution but rather as a critical
component of a broader, more comprehensive approach to addressing the impacts of climate
change. We, therefore, underscore the pressing need for climate change mitigation policies to
slow global warming. Abiding by the Paris Agreement goals, thereby limiting the temperature
increase to 0.01 degrees Celsius per year, generates an income benefit of 0.25 percent globally.

Fig 6. Global income losses from rising temperatures by 2100. Notes: We consider persistent increases in temperatures
based on various climate scenarios in Fig 4. Solid-color bars are PPP GDP weighted averages of Δih (di), see Eq (9 ), with
h = 86 (corresponding to the year 2100). Pattern-fill bars show global income losses from a continuation of 1960-2014 trend
temperature increases compared to a baseline scenario without climate change. For “Faster Adaptation”,m = 10. For “Slower
Adaptation”,m = 50. For “No Adaptation”,m = 100. For “Volatile Climate”, 𝜎1

Ti,j = (𝜇1
Ti,j/𝜇0

Ti)𝜎0
Ti.

https://doi.org/10.1371/journal.pclm.0000621.g006
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This is because under SSP1-2.6, emissions decline at a rapid pace; the warming trend slows
down; and global mean temperature stabilizes around 2○C (a level that is 0.6○C lower than
what would result if temperatures were continuing to increase according to their historical
trend of 1960–2014). Under SSP2-4.5, emissions would grow in line with their observed his-
torical trends and current policies, and the global mean temperature would increase by 2.7○C
with respect to its pre-industrial average level (this is very close to baseline (i) in Fig 6). Con-
sidering the additional income losses from temperature warming under the 1960–2014 trends
relative to a baseline without climate change and assuming extremely-slow adaptation efforts
brings the total losses under SSP5-8.5 scenario to 24 percent. This is the worst-case scenario
in our counterfactuals.

To put our results into perspective, Fig 7 compares our income loss estimates (shaded area)
with those from select papers in the literature. While our counterfactual estimates are conser-
vative (given the caveats mentioned in the introduction), they are non-negligible especially
when the reference point of comparison is harmonized across studies. However, our loss esti-
mates are significantly lower than [3] and [8]. The underlying reasons are explained in [23].
While almost all countries are likely to experience a fall in GDP per capita in the absence of
climate change policies, the size of income effects varies considerably across countries and
regions.

The differential impact of average temperature increases across countries further empha-
size the complexity of loss estimates. Countries situated in hotter climates and those classi-
fied as low-income likely face disproportionately higher losses, ranging from 30-60% above
the global average. This disparity not only highlights the exacerbated vulnerability of these

Fig 7. GDP impact of increases in temperature. Sources: [2,4], and authors’ estimates (shown as the shaded area in the
chart). 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 Sect 3 with the upper bound based onm = 30 and the lower bound based on
m = 100.

https://doi.org/10.1371/journal.pclm.0000621.g007
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countries but also stresses the need for tailored climate strategies that address their specific
challenges. Conversely, countries in colder climates are not spared from the adverse effects of
climate change. The faster rate of temperature increases in these areas introduces unique chal-
lenges, despite [2]’s finding that the marginal effect of average temperature increases in cold
countries is 40 percent lower than that of the global average.

5. Concluding remarks
We estimated country-specific annual per-capita GDP losses from global warming using the
most-recent climate scenarios of the IPCC under different mitigation, adaptation, and climate
variability assumptions. We also showed that without significant mitigation and adaptation
efforts, global GDP per capita could decline by up to 24 percent under the high-emissions cli-
mate scenarios by 2100, with these income losses varying greatly across the 174 countries in
our sample, depending on the projected paths of temperature increases and their variability.
Our findings emphasize the importance of mitigating climate change and implementing adap-
tation measures to minimize these negative effects. However, even with adaptation policies,
the long-term growth effects of climate change are likely to persist, particularly in countries
with hotter climates and lower incomes. Future research could focus on incorporating these
estimated physical climate risks into macro-fiscal frameworks and for effectively informing
and guiding country-specific climate action.

Supporting information
Country-specific annual per-capita GDP losses from global warming under different climate
scenarios are reported in S1 Table using databases S1 Data and S2 Data. All STATA do and
ado files needed to replicate the empirical findings in our paper are publicly available and can
be accessed at: https://data.mendeley.com/datasets/hytzz8wftw/1.
S1 Data. Database.This file serves as the main database for the analysis.
(DTA)

S2 Data. Trend temperature change.This file contains the ‘di’ values for different climate
scenarios, used to estimate the GDP per capita impacts.
(DTA)

S1 Table. Country-specific income loss estimates.
(XLSX)
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