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Bawo ni1 Ayé€ se e dur6 alawo ewé pé t6? Climate
model kan finni ni ranges, ki 1 se 0j¢ iparun

Three-dimensional climate simulations 29 fi orisiirisii limits si photosynthetic biosphere Ayé ldaadrin nnkan
bi 1.35 si 1.87 billion odiin ldti isinsinyi. Awon values nda da lori deliberately simplified paths fiin rock
weathering, heat ati carbon-dioxide levels to kéré ju ti plants le lo. Won ko predict igha ti gbogbo plants,
gbogbo life, civilization tabi planet yoo pari.
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Bawo ni Ayé€ se 1¢ dur6 alawo ewé pé t6? Climate awose
kan funni ni aala, ki 1 se 0j0 iparun

Ewé kan i gbé laaarin iwontinwonsi kékeré kan. O nild iméle, omi, kdboni dioxide ati temperature ti chemistry
re le fara da. Laadrin igbési-ayé eniyan, Oorun da bi apd ti ko yi nind iwontiinwonsi yen. Liadrin billion odin kan,
ko ri bée.

Bi Ooruin se i dagba 16ri pataki sequence, 6 i mol¢ si i diedie. Sunlight pip0 si i i mi Ayé gbona, suigbon pilanéeti
nda ni long-term iddhun kan: reactions ldadrin rainwater, kabonu dioxide ati silicate apéta l¢ yo kabonu dioxide
kird nind atmosphere. Eyi din greenhouse ipa ki, 6 si tako dié lara warming naa. iddhtin kan nda té A tutu pildnéeti
1¢ nigbeyin deprive photosynthetic organisms ti kdbdnu ti won 1i 10 lati ko living tissue.

iwé iwddii tuntun kan nind Journal of Geophysical Research: Atmospheres béere aala wo ni 6 le koké dé: ooru
té po ju, tabi kabdnu dioxide t6 kéré ju. Iddhun re ki1 se 0j6 ti Ayé yoo ka. Koja future paths méji ti a modmo
simplified, adopted aala 16ri photosynthetic life wa ldadrin nnkan bi 1.35 si 1.87 billion odin lati isinsinyi lg.

Range yen jé nipa vegetative biosphere: ap4 ti living ¢td0 Ayé ti photosynthetic organisms 1 t0jui, padpad plants
ati life miiran ti A yi light ati kdbonu dioxide pada si biological ohun ¢l0. Ki 1 se forecast fiin gbogbo microbe. Ki
i se lifetime ti eéniyan civilization. Ki 1 se lifetime ti pildnéeti nda.

Planetary thermostat ni settings méji ti ko daju

Central uncertainty ni silicate weathering. Carbon dioxide td sind rainwater, 6 react pela silicate apata, nigbgyin
a si gbé e lo si oceans ati sediments. Volcanoes i dd kabdnu dioxide pada 16ri geologic akéko. Ni apap0, awon
ilana wonyi jé apa kan ti carbonate-silicate cycle, ti a sdba i sapejiwe gégé bi planetary thermostat.

Ninu ayé t6 gbdénad té si tutu peld omi pipo si i, weathering I yéra si i, 6 si I yo kdbonu dioxide kiiro yara si i.
Stugbdn scientists ko mo bi iddhtin yen y6o se ldgbdra t6 ni sise akdso Ayé 14b¢ Oorun 0j¢ iwdja té A mole si i.
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Nitori naa Jacob Haqq-Misra ati Eric Wolf ko yan path kan ti wén pe ni eni té “t¢”. Won awose end members

méji: intentionally extreme Oran ti a 10 lati bracket uncertainty.

- Ninui weak-weathering end member, atmospheric kabonu dioxide diré ni 400 parts per million nigba ti
Oorun t6 A mole siin gbé temperature soke.
- Ninu strong-weathering end member, global mean ojui temperature daré ni 288 kelvin, niikan bi 15 degrees

Celsius, nigba ti kabdnu dioxide 1i din ki bi sunlight se i po si i.

Ko si branch kankan ti a gbé kal¢ gégé bi actual future Ayé. Ak6ko béere ohun ti heat y60 se bi kdbonu dioxide
b4 diiré ga. Ekeji béere ohun ti kabdénii starvation y6d se bi weathering ba pa global temperature mé 1égbéé mean
ti oni.

Bawo ni weathering se lé sisé bi thermostat?

Analogy nda jé nipa feedback, ki i se control knob gangan. Nigba ti climate t6 gb6nd bd mu chemical
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weathering ydra, atmospheric kdbonu dioxide pipo si i l¢ pari nind dissolved ohun elo, minerals ati
sediments. Yiyo greenhouse gas yen kuro tako di¢ lara warming ak¢ké. Lori timescale t6 gun gan-an,
volcanic outgassing i d4 kdbonu dioxide pada.

Agbira link kodkan da lori rainfall, exposed apéta, erosion, biology, tectonics ati ocean chemistry. Idi niyen
ti iwé iwddii nda fi dan limiting iddhun wo dipo ki 6 ka thermostat nda si machine ti a ti mo ddadda.

One brighter Sun, two illustrative limits

The study brackets uncertainty; it does not assign either future a probability.

( Sunlight rises slowly )
N

4 )
WEAK WEATHERING RESPONSE STRONG WEATHERING RESPONSE
Carbon dioxide fixed at 400 ppm Global mean held at 288 K
Heat becomes the limit Carbon dioxide becomes the limit
323K | 1.68 Gyr 338K | 1.87 Gyr 10 ppm 2.9 ppm 1 ppm?
most land plants all land plants 1.35 Gyr 1.64 Gyr 1.84 Gyr
g J \_ J

ILLUSTRATIVE END MEMBERS, NOT FORECASTS

* each time is billions of years from now and conditional on its stated threshold
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iwé iwadii naa bracket uncertain future pélu illustrative end members méji. Bi weathering ba respond dig, rising
heat dé adopted land-plant thresholds. Bi 6 ba respond lagbara, falling kabonu dioxide dé adopted
photosynthesis thresholds. Wonyi jé conditional awose branches, ki i se probabilities tabi countdown dates.
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awose worlds 29 ti won t1 settled, ki 1 se movie billion-odin
méji kan

Awon olusew4dii lo ExoCAM, three-dimensional global climate awose, lati calculate 29 steady-state climates
koja combinations ti sunlight t6 lagbara si i ati kdbdnu dioxide t6 kéré si i. Case kookan ni a run fin 70 awose years.
Nihin-in, awose year kan jé simulated annual cycle kan 1dbé fixed conditions: runtime ni a 10 14ti jé ki artificial
climate settle, ki 1 se step kan nint year-by-year forecast ti future Ayé. A average final 20 years 1¢yin ti simulated
climate ni akoko té lati settle.

Awon dran 29 wonyi jé separate awose worlds. Run kookan jé koké kan nint grid, t6 i ddhun pé “settled climate
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wo 16 ba pair sunlight ati kdbonu dioxide ti a yan yii mu?” Computer ko bere peld Ayé oni ki 6 si continuously
evolve atmosphere, apdta, oceans ati living things r¢ fun billion odin méji té i bo. Dipo bée, awon onkowé trace
schematic weathering paths méji nda koja precomputed koké wonyi; path 1dadrin koké finra re ko jé simulated.

Table nda reproduce combinations sunlight ati kibdnu dioxide nini official model-data archive. Case IDs jé reading
aids ti a fi kin un nihin-in ni archive order. S/S0 ni relative solar constant: incoming solar agbdra ti awose 10 divided
by present-day value re, SO. Iye 1.2 nitori nda timo si 20 percent incoming solar agbdra ptipo si i ju oni lo. CO2
(ppm) ni atmospheric carbon-dioxide mixing ratio ni molikulu fiin gbogbo million atmospheric molikulu.

Case ID S/SO CO2 (ppm)

1 1.0 400
2 1.0 180
3 1.0 11.25
4 1.0 1.40625
5 1.044 400
6 1.044 180
7 1.044 135
8 1.044 11.25
9 1.044 1.40625
10 1.081 400
11 1.081 180
12 1.081 11.25
13 1.081 1.40625
14 1.091 400
15 1.091 180
16 1.091 34
17  1.091 11.25
18 1.091 1.40625
19 1.143 400
20 1.143 180
21 1.143 11.25
22 1.143 6
23 1.143 1.40625
24 1.2 400
25 1.2 180
26 1.2 11.25
27 1.2 1.40625
28 1.2 0.45
29 1.2 0

awose Earth nda jé ohun ti a 1e mo, sigbén a modmo fi aala si i. O ni iwdn Ayé, 6 si lo present-day geography. O ni
simplified slab ocean dipo fully circulating ocean, atmospheric pressure ti a set si niikan bi current value Ayé (0kan
bar), ati fixed methane. Orbit r¢ jé perfectly circular (zero eccentricity), rotation axis r¢ ko si ni tilt (zero obliquity).
Ko ni explicit soils, vegetation tabi feedback lati changing biosphere. Ohun t6 se pataki ju lo ni pé climate awose
nda ko dynamically coupled si rock-weathering awose. Ni oro miiran, ExoCAM ko calculate weathering, lo o
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lati update kdbonu dioxide, ki 6 si run climate t6 t¢lé nind feedback loop. Dipo bée, awon olusewddii prescribe
limiting paths méji nda, won si trace won koja 29-0ran climate grid.

Ki ni “steady state" tumo si ninu climate model?

Steady-state oran jé awose climate ti a gba laaye 14ti settle 1abé Oorun ati atmosphere kan ti a yan. Weather
si 1l yi 14ti 9jo si 0j¢ ati odun si oddn nind simulation, suigbdn long-term averages r¢ ddw¢ drifting strongly
duré.

Eyi wiild fin ibéere pé “climate wo 16 ba conditions wonyi mu?” O yatd si predicting exact route ti gidi
Earth fi ri lo 14ti set conditions kan si omiiran.

Twenty-nine climate snapshots, not one future-Earth movie

Each tile is a separate ExoCAM world under prescribed sunlight and carbon dioxide.

29 SEPARATE CASES EACH CASE
1 2 3 4 5 6
70 model years
7 8 9 10 11 12
13 14 15 16 17 18
‘f 19 ‘ ‘ 20 ‘ ‘ 21 ‘ ‘ 22 ‘ ‘ 23 ‘ ‘ 24 ‘ Final 20 years averaged

after the climate settles

SNAPSHOTS, NOT A CONTINUOUS TWO-BILLION-YEAR SIMULATION
* the future paths are traced schematically through separate settled climates

_________________________________________________________________________________
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Tile kookan jé separate ExoCAM climate run fun 70 awose years, pélu final 20 years ti a average. iwadii naa
apeere 29 settled climates koja prescribed sunlight ati carbon-dioxide conditions; ko simulate Ayé kan ti n
continuously evolve fun billion odun méji.
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End member akoko: kabonu dioxide t6, ooru po ju

Nina weak-weathering branch, kdbénu dioxide diré ni 400 parts per million. Bi solar input se il p0 si i, heat di
limiting factor.

iwé iwddii nda lo global mean temperature thresholds méji 14ti prior is¢:



future Earth

Ni 323 kelvin, ninkan bi 50 degrees Celsius gég¢ bi global annual mean, a ka ayé nia si ohun t6 gb6nd ju fin
0po land plants. awose nda dé threshold yen ni nikan bi 1.68 billion odiin.

Ni 338 kelvin, niikan bi 65 degrees Celsius gég¢ bi global annual mean, a ka ayé nia si ohun t6 gb6nd ju fin
gbogbo land plants. awose naa dé threshold yen ni nikan bi 1.87 billion odiin.

Wonyi jé adopted biological aala, ki i se universal temperatures nibi ti gbogbo photosynthetic organism gbodo kuna.
Global mean tdn A fi large regional differences pam¢. Iwadii naa se ayewd 16t0 ibi ti combinations ti temperature
ati water le si ddra, sugbon label kan 1611 climate map ko le catalogue gbogbo future refuge tabi adaptation.

End member keji: temperature t6 se€ fara da, kabonu diox-
1de kéré ju

Ninu strong-weathering branch, global mean temperature di m¢ 288 kelvin, ninkan bi 15 degrees Celsius, nigba

ti atmospheric kabonu dioxide 1t subd. Nihin-in, answer da lori iye kdbdnu t6 kéré ju ti orisiirisii photosynthetic

pathways l¢ 1o.

Ni traditional 10 parts per million threshold—10 carbon-dioxide molikdlu fin gbogbo million atmospheric
molikdlu—aala fin C4 photosynthesis dé ni niikan bi 1.35 billion odiin. C4 photosynthesis ni plants bi maize
ati sugar cane 1 10, 6 si concentrate kibonu dioxide yi enzyme ti 11 fix r¢ ka.

Lilo alternative 2.9 parts per million C4 threshold ti prior is¢ jirordo md un l¢ si niikan bi 1.64 billion odiin.
Tentative 1 part per million threshold, ti a so m¢ seé se persistence ti di¢ ninu CAM plants—plants ti i lo
crassulacean acid metabolism, ti i ya carbon-dioxide uptake ni alé séto si lilo reé ni 9sdin—tabi aquatic plants

ti 6 1& lo dissolved bicarbonate, mu un lo si nikan bi 1.84 billion odun.

N6mba t6 kéyin nda ni biological caveat t6 t6bi jii. Awon onkdwé so kedere pé one-part-per-million 2ala nda jé
tentative. Ki i se experimentally established survival threshold fin gbogbo CAM plants tabi aquatic vegetation labé

future-Earth conditions.

C3, C4 ati CAM jé strategies, ki i se atéegun ipo
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Plants lo biochemical routes t6 yato lati capture kabonu. C3 photosynthesis ni 6 wopo ju. C4
photosynthesis, ti plants bi maize ati sugar cane fi 10, i concentrate kabdnu dioxide yi enzyme ti fi fix
kaboénu k4, 6 si Ie sisé dara si i nigba ti kibonu dioxide ba sowon. Crassulacean acid metabolism (CAM)
1 ya kdbonu uptake ati lilo r¢ s¢t0 1dadrin alé ati 0san, 6 si fi ran Opo plants 16wo 14ti conserve water.

Wonyi jé families of strategies peld opo species-level differences, ki 1 se successive ranks ti plants “té
déara sii”. Very low carbon-dioxide thresholds iwé iwadii nda jé assumptions lati sawari seé se aala, ki1 se

guarantees pé future ecosystem kan y60 evolve l4ti 10 won.
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Ki 16 dé ti 1.86 billion odun ki 1 se expiry date

akolé isiro afojasun iwé iwadii naa ti nikan bi 1.86 billion odiin jé average ti optimistic upper endpoints méji:
1.84 billion odin nind carbon-dioxide-limited branch ati 1.87 billion odin nind heat-limited branch. o} jé compact
summary ti scenarios méji té yato. Ki i se third awose esi peld precision t6 ga si i, ko si jé best-estimate date.

Paapaa broader 1.35-to-1.87-billion-year span ko ni probability kan soso. Lower ati upper values r¢ da lori
weathering assumptions t6 yato, biological thresholds té yatd ati climate-model configuration kan. Range nda
i won choices nind iddnwo néa té bée gégé bi 6 se i won akoko.

The range is built from choices, not read from a clock

Change a path, threshold or model boundary and the endpoint can move.

1 | CLIMATE PATH [ 2 | BIOLOGY ) 3 | MODEL BOUNDARY
Weak weathering Heat limit Geography
or or Ocean
strong weathering carbon-dioxide limit LGP
Feedbacks
prescribed end members adopted, uncertain thresholds one ExoCAM configuration
. J

1.35-1.87 billion years | under assumptions

1.35-1.87 Gyr is not a date for the end of all life

Original diagram - The Clean Paper - CC BY 4.0

1.35-t0-1.87-billion-year span naa farahan nikan Iéyin yiyan weathering path, biological threshold ati awose aala.
O jé assumption map, ki i se clock t6 11 pari ni extinction ti gbogbo life.
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Awon aala miiran le dé koko

Longest vegetative-biosphere isird afojustin sin m¢ separate ati uncertain aala kan: moist tabi runaway greenhouse
ti 6 le fa major ocean loss. Climate awose ko fohun sokan rara 161 igba ti ipd wonyi bere 14bé increasing sunlight,

paapaa jin si present conditions. Di¢ lara isiro afojisun fi won si sddji optimistic photosynthesis aala ju lo.

Eyi tdmd si pé a ko 1& ka upper branch nda gégé bi iléri pé Ayé y6o pa oceans re, familiar continents tabi habitable
0ju conditions m¢ titi dé 1.87 billion odiin 1ati isinsinyi. awose nda ko tin ni future plate tectonics, changes nind

land area, evolving ecosystems tabi fully dynamic ocean. Calculations r¢ ti bi atmosphere se i absorb ati emit
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agbdra ni a tin 1i gbé wo regimes ti intense sunlight ati extremely low kabdnu dioxide nibi ti yatd awose ti diverge.

Evolutionary adaptation ati technological intervention farahan nind discussion iwé iwadii nda gégé bi possibilities.
Woén ki 1 se outputs ti 29 climate simulations. awose nda ko fi future organisms han bi wén se i evolve one-part-
per-million photosynthetic pathway, ko si fi civilization kan han bi 6 se 1 manage atmosphere ftn billion odin
kan.

- 7/ \ 7/ \ \ / o . . LI N\ /
Eyi ki 1 se esi nipa climate crisis t1 oni
Solar brightening 1 sis¢ koja hundreds of millions si billions of years. Modern human-driven warming wa lati
rapidly increasing greenhouse gases kojd decades ati centuries. Won j¢é forcings té yato, 16ri timescales t6 yato

gidigidi, ti won i ddhun ibéere t6 yato.

Ko si ohunkéhun nind iwadii yii té din ¢ri fun present climate change ku tabi t6 so pé a ye ki a fa action séyin.
Biosphere ti 6 l¢ pa di¢ ninu photosynthetic life m¢ 14bé distant awose scenario kan ki i se climate kan nibi ti
societies ati ecosystems ti Oni wa ni aabo.

iwé iwadii nad wiild nitori 6 md remote ibéere kan disciplined si i. O fi han pé earlier, simpler awodse 1& ti warm
ju bo se ye lo nigba ti sunlight po si i nigba ti kabonu dioxide duré fixed, ati pé photosynthetic life I& ni routes si
persistence papd si i ju canonical kabénir threshold kan lo. O tn fi han idi ti every extra fraction ti billion odiin fi

ni chain of assumptions ti 6 telé e.

Oorun t6 1 bo ewé je 1 yi pada diedie. Boya Ayé y6o durd aldwo ewé fin 1.35, 1.87 tabi ndmba billion odin
miiran y6o da lori apdta, water, atmosphere ati life bi wén se i respond pd. Honest &si ki 1 se date kan. O jé wider

view ti iwOntinwonsi naa.

Akétan té6 mé

Iwadii climate oni-méta-dimension kan béere bi vegetative—photosynthetic—biosphere Ayé se 1& pé t6 bi Odrun
se A mole si i diedie. Awon oluséwadii calculate separate steady-state climates 29, won si trace illustrative end
members méji koja won. Pelu weak weathering ati kabonu dioxide fixed ni 400 parts per million, adopted heat
aala fin land plants dé ni nnkan bi 1.68 ati 1.87 billion odin l4ti isinsinyi. P¢lu ldgbdra weathering ati global mean
temperature fixed ni 288 kelvin, nikan bi 15 degrees Celsius, adopted carbon-dioxide aala fiin photosynthesis dé ni
niikan bi 1.35, 1.64 ati, ni lilo tentative threshold, 1.84 billion odin. 1.86 billion odin ti a sdba n fa yo jé rounded
average ti optimistic upper endpoints méji nikan. Wonyi jé scenario-dependent awose aala, ki 1 se 0jé ti Ayé,
humanity tabi gbogbo life y60 pari. awose nda lo prescribed paths, present geography, slab ocean ati ko ni explicit
soil-vegetation tabi climate-weathering coupling, longest isird afojisun nda si sin mé uncertain greenhouse ati

ocean-loss aala.
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Ayewd No-BS

Ohun ti iwé iwadii fi han: Nintd ExoCAM configuration yii, three-dimensional climates ni gbogbogbo warm di¢
si 1 labé increasing sunlight ati fixed kdbdnu dioxide ju simplified awose ti a 10 fun ifiwéra 1o. Kojd prescribed
weathering end members méji ati adopted biological thresholds pipo, aala 16ri vegetative biosphere wa 1dadrin
nikan bi 1.35 si 1.87 billion odun 14ti isinsinyi.

Ohun ti 6 seé se sughdn ti a ko tii fidi miile: Pé di¢ ninu CAM plants tabi aquatic plants ti il lo dissolved
bicarbonate ¢ sustain photosynthesis I¢gb¢é¢ Okan part per million atmospheric kdbonu dioxide; pé adaptation
tabi technology 1¢ fa photosynthetic life glin si i; ati pé gidi climate-weathering path y60 duré 1dadrin awose end

members méji nda.

Ohun ti ko fi han: Fixed date fin end ti gbogbo plants, gbogbo life, €niyan civilization, oceans Ayé tabi pilanéeti
nda; continuous simulation kan ti billion odin méji té 1l bo; tabi reason kankan 14ti discount present human-caused

climate change.

Awon 2ala pataki: Twenty-nine steady-state oran l4ti climate-model family kan; prescribed dipd dynamically
coupled weathering paths; present-day geography; slab ocean; fixed methane; zero obliquity ati eccentricity; aisi
explicit soils, vegetation tabi biosphere feedback; uncertain heat ati carbon-dioxide thresholds; ati wide awose

disagreement 1¢gb¢¢ moist ati runaway greenhouse conditions.

Igbdkanlé méloé ni olitka gbogbogbo ye ki 6 ni? Igbokanlé giga pé iwadii naa broadens seé gba awdse 2ala, 6
si identify assumptions ti i sakéso ré. Igbékanlé adrin nind numerical span gégé bi useful bracket nind awose yii.
Igbokanlé kékeré nint exact date kankan, nitori endpoints té jin jit lo da lori deliberately extreme climate paths

ati uncertain biology.

Awon orisun

Haqqg-Misra & Wolf, Maximum Lifetime of the Vegetative Biosphere, Journal of Geophysical Research: Atmo-
spheres 131, €2025JD045586 (2026)
https://doi.org/10.1029/2025JD045586

Haqg-Misra & Wolf, Maximum Lifetime of the Vegetative Biosphere: Model Data, Zenodo record 16584870
https://doi.org/10.5281/zenodo.16584870
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