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Intergenerational inequities
in exposure to climate extremes

Young generations are severely threatened by climate change
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nder continued global warming,

extreme events such as heat waves

will continue to rise in frequency, in-

tensity, duration, and spatial extent

over the next decades (I—4). Younger

generations are therefore expected
to face more such events across their life-
times compared with older generations.
This raises important issues of solidarity
and fairness across generations (5, 6) that
have fueled a surge of climate protests led
by young people in recent years and that
underpin issues of intergenerational equity
raised in recent climate litigation. However,
the standard scientific paradigm is to assess
climate change in discrete time windows or
at discrete levels of warming (7), a “period”
approach that inhibits quantification of
how much more extreme events a particu-
lar generation will experience over its life-
time compared with another. By developing
a “cohort” perspective to quantify changes
in lifetime exposure to climate extremes
and compare across generations (see the
first figure), we estimate that children born
in 2020 will experience a two- to sevenfold
increase in extreme events, particularly
heat waves, compared with people born in
1960, under current climate policy pledges.
Our results highlight a severe threat to the
safety of young generations and call for
drastic emission reductions to safeguard
their future.

Meteorological extremes, hazards, or cli-
mate change impacts are mostly studied as
they evolve over time under varying emis-
sion scenarios and socioeconomic pathways
(2, 4, 8). For example, applying a heat wave
indicator (see table S1) (9) to four bias-ad-
justed global climate models indicates that
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the land area annually affected by such heat
waves will increase from ~15% around 2020
to ~22% by 2100 under a scenario compat-
ible with limiting global warming to 1.5°C,
and to ~46% under a scenario in line with
current emission reduction pledges (see
the first figure). Recent studies extended
this approach, studying aspects of climate
change as a function of global mean temper-
ature (GMT) increments, highlighting the
scenario-independence of several extreme
event indicators (I, 3, 8) but remaining, in
essence, a comparison of time windows.

By contrast, we performed a birth cohort
analysis by combining a collection of mul-
timodel extreme event projections (3) with
country-scale life expectancy information
(10), gridded population data (1), and future
global temperature trajectories (12) from the
Intergovernmental Panel on Climate Change
(IPCC) Special Report on Global Warming of
1.5°C (see supplementary materials). By inte-
grating the exposure of an average person in
a country or region to extreme events across
their lifetime, we encapsulate spatiotempo-
ral changes in climate hazards, population
density, cohort size, and life expectancy (see
the first figure).

EXTREME EVENT EXPOSURE

Our results allow for comparing lifetime ex-
posure to climate extremes across birth co-
horts globally. For example, a person born
in 1960 will on average experience around
4+ 2 (1o) heat waves across their lifetime
according to our extreme heat wave defini-
tion (see the first figure). The lifetime heat
wave exposure of this cohort is largely in-
sensitive to the three future temperature
scenarios considered here. By contrast, a
child born in 2020 will experience 30 + 9
heat waves under a scenario that follows
current climate pledges, which could be re-

duced to 22 + 7 heat waves if warming is
limited to 2°C or 18 + 8 heat waves if it is
limited to 1.5°C. In any case, that is seven,
six, or four times more, respectively, com-
pared with that of a person born in 1960.
Repeating this analysis for all cohorts born
between 1960 and 2020 highlights clear dif-
ferences in lifetime exposure to heat waves
between older and younger cohorts globally
(see the first figure). The effect of alternative
future temperature trajectories on the life-
time exposure multiplication factor becomes
discernible only for cohorts younger than 40
years in 2020, with the largest differences for
the youngest cohorts.

The previous example only uses one haz-
ard indicator and a subset of all possible
future temperature pathways. We expanded
this approach and considered six extreme
event categories: wildfires, crop failures,
droughts, river floods, heat waves, and tropi-
cal cyclones (see table S1), which we analyzed
under a wide range of temperature pathways
that resulted in future warming that ranges
from constant present-day levels up to 3.5°C
by 2100 (see materials and methods and fig.
S1). To this end, we generated a total of 273
global-scale projections with 15 impact mod-
els forced by four bias-adjusted global cli-
mate models (see table S2). Inspired by the
IPCC’s Reasons for Concern Framework (7),
we visualized the exposure multiplication
factors, relative to a hypothetical reference
person living under preindustrial climate
conditions, as a function of the 2100 GMT
anomaly and cohort (see the second figure
and fig. S2). Life expectancy varies with the
cohort, whereas the hypothetical reference
person is given the same life expectancy as
that of the 1960 birth cohort in our figures.
Therefore, in contrast to the previous com-
parison of lifetime exposure across genera-
tions given historical and climate conditions
(see the first figure), we assessed how pro-
jected lifetime exposure of birth cohorts is
affected by climate change since the prein-
dustrial era and by increased life expectancy
since 1960.

Our results highlight that lifetime ex-
posure to each of the considered extreme
events consistently increases for higher
warming levels and younger cohorts.
Changes in extreme event frequencies have
relatively little effect on lifetime exposure
for cohorts above age 55 in 2020, but this
rapidly changes for younger cohorts as
they experience increasing extreme events
in the coming years and decades (see the
second figure and fig. S2). For a 3°C global
warming pathway, a 6-year-old in 2020 will
experience twice as many wildfires and
tropical cyclones, three times more river
floods, four times more crop failures, five
times more droughts, and 36 times more
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From a period to a cohort perspective on extreme event exposure
(Left) Global land area annually exposed to heat waves under three scenarios is shown. Lines represent multimodel means of a heat wave metric calculated from four
global climate models. Lines were smoothed by using a 10-point moving average. Uncertainty bands span 1 standard deviation across the model ensemble. (Middle)
Lifetime heat wave exposure for the 1960 and 2020 birth cohorts under the three scenarios is shown. Numbers above bars indicate exposure multiplication factors
relative to the 1960 cohort. (Right) Shown are multiplication factors for lifetime heat wave exposure across birth cohorts relative to the 1960 cohort. Uncertainty bands
represent the interquartile range for the 2020 cohort exposure relative to the multi-model mean exposure of the 1960 cohort.
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heat waves relative to the reference person.

Although qualitatively consistent, quan-
titative exposure changes differ among cat-
egories: For wildfires and tropical cyclones,
increases in exposure remain limited relative
to the other categories, whereas heat wave
exposure increases much more strongly, up
to a factor of 44 for the 2020 birth cohort
under a scenario with 3.5°C global warm-
ing. Aggregating the exposure multiplica-
tion factors across the six categories shows
that people younger than 10 years in 2020
will experience about a fourfold increase
in extreme events if global warming is lim-
ited to 1.5°C, an increase that older cohorts
will never experience, even if a scenario
toward 3.5°C warming is followed (see fig.
S3A). Under a 3°C global warming pathway,
children under 8 years will face an almost
fivefold increase in extreme event exposure.
These exposure multiplication factors scale
robustly with the warming pathway and co-
hort across a range of aggregation methods,
despite some variation in the factor values
(see fig. S3).

We then calculated the probability of
each person’s lifetime exposure occurring
under preindustrial climate conditions.
Lives with an accumulated exposure that
would occur with less than 0.01% prob-
ability under preindustrial climate (that
is, with less than a 1 in 10,000 chance) are
classified as “unprecedented” We found
that cohorts above age 55 years in 2020 will
on average live an unprecedented life only
for heat waves and crop failures, whereas
cohorts aged 0 to 40 years in 2020 will ad-
ditionally face unprecedented exposure to
droughts and flooding above 1.5°C warming
(see the second figure). Aggregated across
all the event categories, lifetime exposure to
extremes is unprecedented at all warming
levels and cohorts (see fig. S3A).
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Behind this global average picture, there are
important spatial variations. Repeating the
analysis for a selection of world regions (see
fig. S4) reveals marked differences between
regions (see figs. S5 and S6), whereas a coun-
try-level assessment highlights even stronger
spatial disparities (see supplementary text 1
and figs. S7 and S8). We found a particularly
strong increase in lifetime exposure across
the Middle East and North Africa, with on
average at least seven times higher exposure
for all cohorts younger than 25 years in 2020
under current emission reduction pledges
(see fig. S9A). In sub-Saharan Africa, the
2020 birth cohort will on average experience
5.9 times more extreme events compared
with a reference person living under prein-
dustrial climate, whereas in other regions
this cohort will on average experience 3.7
to 5.3 times more extremes. This burden is
substantially reduced when limiting global
warming to 1.5°C: the strongest reductions
in exposure are found in the Middle East
and North Africa (-39%), Europe and Cen-
tral Asia (-28%), and North America (-26%),
whereas benefits in sub-Saharan Africa, East
Asia, and the Pacific roughly correspond to
the global average (-24%).

Grouping countries by income category
instead of by region highlights that young
generations in low-income countries will
face the strongest increases in lifetime expo-
sure, with a more than fivefold increase for
the 2020 birth cohort under current pledges
(see fig. S9B). High-income countries face
the smallest increases for younger cohorts
and the smallest variation across genera-
tions. In 2020, 22% of all 60-year-old people
lived in high-income countries, whereas
only 5% lived in low-income countries. By
contrast, only 10% of all newborns lived in
high-income countries, whereas 18% lived
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in low-income countries (see figs. S10 and
S11). Thus, children born in the present and
future are much more likely to be born in
regions facing the highest increase in life-
time extreme event exposure. For example,
64 million children born in Europe and
Central Asia between 2015 and 2020 will
experience 3.8 to 4.0 times more extreme
events under current pledges, but 205 mil-
lion children of the same age in sub-Saha-
ran Africa face a factor of 5.4 to 5.9 increase
in lifetime extreme event exposure, includ-
ing a factor of 49 to 54 increase in lifetime
heat wave exposure (see figs. S10 and S11).
This combined rapid growth in cohort size
and extreme event exposure (see figs. S10 to
S13) highlights a disproportionate climate
change burden for young generations in the
Global South.

Improvements in life expectancy (see the
first figure and fig. S14) represent a con-
founding factor in the signal of increasing
exposure to extreme events over a person’s
lifetime. However, we found that globally,
climate change explains 98% of the expo-
sure increase for the 2020 birth cohort un-
der the current pledges scenario (see fig. S15
and materials and methods). In high-income
countries, the enhanced exposure of this co-
hort is almost entirely attributable to climate
change (99%), whereas in low, lower-middle,
and upper-middle income countries, climate
change contributes 98% of the total exposure
change (see figs. S15 and S16).

DISCUSSION

Although we comprehensively account for
hazards and exposure in our modeling (3, 11)
and attention to within-country population
density variability, there are reasons that
our approach may underestimate intergen-
erational differences in exposure (see sup-
plementary text 2). For example, we treated
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Lifetime exposure to extreme events on the rise

Exposure multiplication factors across birth cohorts under a range of global warming trajectories (fig. S1)
reaching 0.87°C to 3.5°C global mean temperature (GMT) anomalies in 2100 relative to the preindustrial (PI)
reference period are shown. Factors are computed relative to the mean exposure of a hypothetical reference
person living under Pl climate conditions with 1960 cohort life expectancy. The black contours delineate
lifetime exposure with 0.01% probability of occurrence under Pl climate conditions; absence of the contour
indicates that this probability is lower for all cases covered.
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multiple extremes within a year as one, ne-
glected compound events (13), and ignored
changes in event duration and intensity.

In this study, we selected six extreme
event categories that have a near-immediate
response to warming (3), which we can ade-
quately simulate (17) and which are known to
trigger major impacts (7-9). We omitted, for
methodological reasons, slow-onset events
such as coastal flooding (see supplementary
text 2). Lifetime exposure to other types of
extremes may increase, remain unchanged,
or even decrease, such as we found for cold
extremes (see supplementary text 3).

Further work could aim at extending
this approach to include further demo-
graphic dimensions and vulnerability (74).
Vulnerability to extreme events depends on
a range of socioeconomic and demographic
factors, such as income or gender, but may
also evolve over the course of a lifetime.
For example, a young person may experi-
ence few health impacts from a heat wave
compared with those of older people (15),
but schooling infrastructure destroyed by a
tropical cyclone may have a disproportion-
ate detrimental effect on children’s educa-
tion that could persist throughout their
lifetime. And although communities may
possibly become less vulnerable to extreme
events over time, limits to adaptive capacity
remain even under optimistic pathways be-
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yond mid-century (see supplementary text
4) (14). Extending our exposure analysis to a
comprehensive lifetime risk framework may
ultimately inform the further development
of climate change adaptation strategies.

Climate change impacts may also engen-
der migration and ultimately even affect
life expectancy through increased mortality,
two aspects that are not considered in this
study. Even though climate change increases
mortality (I5), it is currently not included
in life expectancy estimates and popula-
tion projections such as the ones we used
in this work. Likewise, migration triggered
by environmental degradation may change
both exposure and vulnerability to extreme
events. Further analysis should therefore
aim at systematically integrating popula-
tion dynamics and climate risk assessments
to better understand the long-term impacts
of extreme climate events and to improve
socioeconomic scenario development.

Our results highlight the strong benefits
of aligning policies with the Paris Agreement
for safeguarding the future of current young
generations. Lifetime exposure to extreme
events drastically increases for younger
generations as global warming progresses,
especially in low-income countries where
strongly rising extremes (8) affect a rap-
idly growing young population. Limiting
global warming to 1.5°C instead of following

the current pledges scenario nearly halves
(-40%) the additional exposure of newborns
to extreme heat waves and substantially re-
duces the burden for wildfires (-11%), crop
failures (-27%), droughts (-28%), tropical
cyclones (-29%), and river floods (-34%) but
still leaves younger generations with unprec-
edented extreme event exposure. These find-
ings have implications for climate litigation
and call for ambitious mitigation to improve
intergenerational and international justice.

REFERENCES AND NOTES

1. R.A.Bettsetal., Philos. Trans.- Royal Soc., Math. Phys.
Eng. Sci. 376, 20160452 (2018).

. J.Sillmann, V.V.Kharin, F.W. Zwiers, X. Zhang, D.

Bronaugh, J. Geophys. Res. Atmos. 118, 2473 (2013).

. S.Langeetal., Earths Futur.8,1(2020).

. L.J.Harringtonetal., Environ. Res. Lett.11,055007

(2016).

. G.Hagedornetal., Science 364,139 (2019).

. J.Hansenetal.,Earth Syst. Dyn. 8,577 (2017).

. IPCC, Climate Change 2014: Impacts, Adaptation,
and Vulnerability. Part A: Global and Sectoral Aspects.
Contribution of Working Group Il to the Fifth Assessment
Report of the Intergovernmental Panel on Climate
Change, C.Fieldetal.,Eds. (IPCC, 2014), pp.1-32.

8. N.W.Arnelletal.,Environ. Res. Lett.14,084046 (2019).

9. S.Russo, J. Sillmann, E. M. Fischer, Environ. Res. Lett. 10,

124003 (2015).

United Nations Department of Economic and Social
Affairs Population Division, World Population Prospects
2019 (United Nations, 2019).

11. K.Frieleretal., Geoscientif. Mod. Dev.10,4321(2017).
12. J.Rogeljetal., Mitigation pathways compatible with

1.5°Cin the context of sustainable development, in
Global Warming of 1.5°C,V. Masson-Delmotte et al., Eds.
(IPCC,2018), pp. 93-174.
13. J.Zscheischleret al.,Nat. Rev. Earth Environ. 1,333
(2020).

M. Andrijevic, J. Crespo Cuaresma, R. Muttarak, C. F.
Schleussner, Nat. Sustain. 3,35 (2020).

N.Watts et al., Lancet 394,1836 (2019).

o AW N

10.

14.
15.

ACKNOWLEDGMENTS

For their rolesin producing, coordinating, and making
available the Inter-Sectoral Impact Model Intercomparison
Project (ISIMIP; www.isimip.org) input data and impact model
output, we acknowledge the modeling groups, the ISIMIP
sector coordinators, and the ISIMIP cross-sectoral science
team. W.T. thanks J. Steyaert and V. Leroy for sparking the idea
that led to this study. U. Beyerle and the ETH Zurich cluster
team are thanked for support with the CLM4.5 simulations.
We also thank the National Center for Atmospheric Research
(NCAR) for maintaining CLM (Community Land Model) and
making the source code publicly available. T.G.and S.N.W.
acknowledge support by the German Federal Ministry of
Education and Research (BMBF) under the research projects
SLICE (FKZ: 01LA1829A) and CLIC (FKZ: 01LA1817C), respec-
tively. C.-F.S. acknowledges support by the German Federal
Ministry of Education and Research (FKZ: 01LS1905A). N.H.
was supported by the Environment Research and Technology
Development Fund (JPMEERF20182R02). S.1.S. acknowl-
edges partial support from the European Research Council
(ERC) through the ERC Proof-of-concept grant MESMER-X
under H2020-EU.1.1(grant 964013). A.K. acknowledges
support through the FP7 project HELIX (grant 603864).
S.L,KF, TG, M.B.,JV.,M.M., and C.P.O.R. acknowledge
funding from BMBF under the ERA4CS project ISIPedia (FKZ:
01LS1711A).F.Z.thanks the National Key R&D Program of
China (2017YFC1503001). V.H. received support from the
Spanish Ministry of Economy, Industry and Competitiveness
(grant PCIN-2017-046). C.P.O.R. acknowledges funding from
the EU Horizon 2020 research and innovation program under
grant agreement 821010 (CASCADES) and J.R. under number
820829 (CONSTRAIN).

SUPPLEMENTARY MATERIALS
science.org/doi/10.1126/science.abi7339

Published online 26 September 2021
10.1126/science.abi7339

science.org SCIENCE

T20Z ‘80 J8go100 Lo Essnig 1L1SBAIUN 31 A T2 BI080US 105 MMM//:SANY WOJ | Papeo lUMOQ

GRAPHIC: K. FRANKLIN/SCIENCE



Science

Intergenerational inequities in exposure to climate extremes

Wim ThieryStefan LangeJoeri RogeljCarl-Friedrich SchleussnerLukas GudmundssonSonia |. SeneviratneMarina
AndrijevicKatja FrielerKerry EmanuelTobias GeigerDavid N. BreschFang ZhaoSven N. WillnerMatthias BiichnerJan
VolkholzNico BauerJinfeng ChangPhilippe CiaisMarie DuryLouis FrangoisManolis GrillakisSimon N. GoslingNaota
HanasakiThomas HicklerVeronika HuberAkihiko ltoJonas JagermeyrNikolay KhabarovAristeidis Koutrouliswenfeng
Liuwolfgang LutzMatthias MengelChristoph MiillerSebastian OstbergChristopher P. O. ReyerTobias StackeYoshihide
Wada

Science, 374 (6564), « DOI: 10.1126/science.abi7339

View the article online

https://www.science.org/doi/10.1126/science.abi7339
Permissions

https://lwww.science.org/help/reprints-and-permissions

Use of think article is subject to the Terms of service

Science (ISSN 1095-9203) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science is a registered trademark of AAAS.

Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

T20Z ‘80 J8go100 Lo Essnig 1L1SBAIUN 31 A T2 BI080US 105 MMM//:SANY WOJ | Papeo lUMOQ


https://www.science.org/about/terms-service

