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Abstract: The ultimate driver of the end-Permian mass extinction is a topic of significant 
debate. Here, we use a multi-proxy and paleoclimate modelling approach to establish a 
unifying theory elucidating the heightened susceptibility of the Pangean world to prolonged 
and intensified El Niño events leading to an extinction state. As atmospheric pCO2 doubled from 
~410 to ~860 ppm in the latest Permian, the meridional overturning circulation collapsed, the 
Hadley cell contracted and El Niños intensified. The resultant deforestation, reef demise and 
plankton crisis marked the start of a cascading environmental disaster: reduced carbon 
sequestration initiated positive feedback, producing a warmer hothouse and, consequently, 
stronger El Niños. The compounding effects of elevated climate variability and mean state 
warming led to catastrophic but diachronous terrestrial and marine losses.    

One-Sentence Summary:  

The compounding effect of extreme El Niños and mean state warming led to catastrophic end-
Permian losses.  
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Main Text:

The ultimate kill mechanism for the end-Permian mass extinction is uncertain. Rapid 
warming induced by eruptions of the voluminous Siberian Traps is regarded to have played a key 
role (1). However, over 20 volcanism-driven hyperthermals punctuate Phanerozoic history (2) 
and only a few coincide with extinctions, with none of them approaching the ~90% global species 
loss of the end-Permian (3). This raises the question of why the end-Permian world 
responded so strongly to CO2-degassing and challenges our understanding of Earth system 
tipping points. 

There is a clear mismatch in kill mechanisms and timing between marine and terrestrial 
losses during the end-Permian mass extinction (Fig. 1C). Equatorial sea surface temperature (SST) 
rose rapidly from ~26 °C to ~34 °C (4), likely exceeding the thermal tolerance of many marine 
organisms, particularly primary producers that underpin the marine food chain (5). However, many 
marine losses occurred ~17 kyr before substantial climate warming, suggesting that other kill 
mechanisms were at play: ocean deoxygenation is widely favored (6). However, in a setting 
characterized by atmospheric pO2 levels higher than today (7), the impact of ocean anoxia on land 
would have been minimal. Even more puzzling, terrestrial extinctions, despite being diachronous 
themselves, began even earlier than the marine losses (8, 9), long before the potent warming. The 
loss of peatland (10, 11) and the replacement of gymnosperm forests by shrub-dominated 
terrestrial ecosystems (12) preceded the marine crisis by tens or even hundreds of thousands of 
years (8). Various causes have been proposed for the terrestrial crisis, including metal poisoning 
(13), intense UV-B radiation following ozone depletion (14) and acid rain (15). None of these 
alone can fully explain the scale, spatial heterogeneity, or the asynchronous nature of the end-
Permian crisis. 

Scant attention has been devoted to short-term climate oscillations occurring over 
interannual and interdecadal timescales in deep time, embedded within the context of longer-term 
climate change. Such modes of variability routinely induce large short-term fluctuations in 
temperature and the hydrological cycle through changes in weather patterns (16). We test the 
global climate system response to extreme greenhouse gas forcing in the Permian-Triassic (P-T) 
setting using paleotemperature proxy data to reconstruct the equatorial zonal SST gradient across 
the Tethys ocean (Fig. 1). Using a systematic combined approach incorporating proxy data, Earth 
system modelling (HadCM3BL) and sedimentary observations on a global scale, we establish a 
robust model for critical atmosphere-ocean coupling during the end-Permian catastrophe and 
propose a kill mechanism. We show that short-term climate fluctuations, which occur on annual 
time scales today, can be amplified by extreme greenhouse gas forcing, leading to a cascade of 
catastrophic terrestrial and marine losses. 

Diminishing SST gradients 

Zonal (east-west) and meridional (equator to mid-latitude) SST gradients regulate ocean-
atmosphere feedback through Walker and Hadley circulations, and thus control low latitude 
climates. In modern oceans, a zonal SST gradient along the equator is prominent because 
equatorial easterlies push warm surface water to the west along both sides of the equator, 
generating a western warm pool. The westward movement of surface water also results in higher 
sea levels and a deeper thermocline in the western Pacific (17). Upwelling compensates for the 
loss of the warm surface layer in the east, generating cold tongues and a west-to-east tilted 
thermocline across the equatorial Pacific Ocean.  
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The P-T transition saw a dramatic decrease in the equatorial zonal SST gradient. Our 
paleotemperature dataset (18) shows that the late Permian equatorial zonal SST gradient within 
the Tethys was more prominent than that of modern Pacific. SSTs from westerly Cimmerian 
sites [e.g. Iran (19) and Armenia (20)] were consistently and considerably warmer than those 
from South China (4) in the east until 252.0 Ma. This zonal SST gradient decreased from >7–
10°C in the late Permian, weakening to ~1–4°C across the P-T boundary, and was generally <4°C 
through the Early Triassic (Fig. 1B). The transition from high to low zonal SST gradients occurred 
abruptly within the latest Permian Clarkina yini conodont Zone (Fig. 1C).  

Although less pronounced, our model simulations replicate these proxy data changes 
and additionally show an expanded equatorial warm pool and substantial thermocline deepening 
(Figs. S1 to S3). These profound changes in the ocean’s thermal structure had substantial 
consequences for atmospheric circulation. Walker circulation weakened with the rising and 
sinking limbs both contracting to Panthalassa (Fig. 2). These changes coincide precisely with 
the decrease in the equatorial zonal SST gradient (Fig. 1C), leading to reduced horizontal 
and vertical moist advection. The ascending limb of the tropical Hadley circulation, 
already weaker than in the modern era, weakened further with warming, contracting in terms of 
both tropical overturning and convective potential (Figs. S4 and S5). Simultaneously, the 
descending limb widens at 500 hPa in the mid-latitudes, expanding arid regions poleward—a 
key feature of P-T sedimentary records (Fig. S6) and a climatic response predicted in future 
warming scenarios (21). 

El Niño in a hothouse world 

As the zonal SST changes are both the cause and consequence of Walker circulation 
fluctuations (22), flattened zonal SST gradients and weakened Walker circulation collectively 
imply a high probability of El Niños. Our proxy data showing diminished zonal SST gradients are 
mainly derived from the Tethys Ocean with further information coming from Panthalassa. They 
alone do not permit evaluation of the impact of El Niño Southern Oscillation (ENSO) due to its 
fine temporal scale, but we can address this in our Earth system modelling using the oceanic Niño 
index and by defining the Niño 3.4 (5°N–5°S, 120°–170°W) as equivalent to Panthalassa (Fig. 
1A). We test this definition using empirical orthogonal function (EOF) analysis, which shows a 
strong 57.1% variance in the equivalent to the Niño 3.4 region of the Pacific, suggesting that 
Panthalassa’s configuration is broadly similar to the modern Pacific. A series of pCO2 sensitivity 
tests is carried out to understand the impact of warming on ENSO variability and its role in driving 
extinctions.  

Model simulations show that SST anomalies in the Niño 3.4 equivalent region increase in 
both amplitude and longevity as atmospheric pCO2 increases from 412 to 4000 ppm. Thus, the 
SST positive anomalies, marking El Niño conditions, increase from ~0.5–1.5°C in the 
Changhsingian prior to the main eruptions of Siberian Traps to ~4°C during maximum warmth in 
the Induan (Early Triassic), whilst their periodicity increases from 2–5 to 7–9 years (Fig. S7). 
These increases were accompanied by a disappearance of the El Niño-La Nina amplitude and 
evolution asymmetry (Fig. 3). 

The disappearance of eastern cold tongues is a typical feature of El Niño conditions, but it 
is generally challenging to verify this with ancient proxy data. However, our conodont δ18O values 
from the upper Smithian in Idaho (16.9 ‰) are comparable to contemporary δ18O values from 
South China (16.8 ‰), Croatia (16.7 ‰), and Italy (16.5 ‰). Thus, the δ18O difference, close to 
analytical reproducibility (±0.14 ‰, 1 σ), suggests that the Panthalassan “cold tongue” areas were 45 



5 

5 

10 

15 

20 

25 

30 

35 

40 

as warm as Tethys. These δ18O values are comparable to those from Oman (16.3 ‰, ~20–30°S), 
suggesting there was an enormous warm pool across low latitude oceans, with SSTs reaching 
39.4–41.9°C, and this extended to the extratropics during the hottest time of the Early Triassic. 
The warm “cold tongue” was accompanied by the cessation of denitrification on the eastern 
Panthalassan margin (23). The high SSTs of the late Smithian require atmospheric pCO2 that was 
much greater than 4000 ppm to drive. However, our model simulations already show a steady 
deepening of the thermocline from ~30 m to over ~100 m across the P-T transition in eastern 
Panthalassa (Fig. S3). Together with weakened Walker circulation, this led to a reduction in 
equatorial upwelling. Collectively, proxy and modelling evidence suggests that the mean state 
warming in both Tethys and Panthalassa at the P-T boundary was probably El Niño-like. 

Homogeneous SSTs along the equator weaken easterlies (both mean state and during El 
Niños) by reducing the east-west near-surface pressure gradient—a consistent feature of El Niños 
in the modern. Such changes link to sea level fluctuations that are also observed across the Tethys 
and Panthalassa oceans in the P-T time (24). There is no known evidence for ice coverage during 
the P-T interval and glacio-eustatic changes were insignificant. We suggest that regression 
recorded in some Tethyan sections in the west while transgressions featured along the eastern 
Panthalassan margin [e.g., western USA (24, 25)] was a function of strong ENSO impacting 
sedimentary records. 

Was mega El Niño a permanent El Niño? 

Whether climate warming has a significant impact on the strength and duration of El Niño 
is a matter of topical debate. Modern El Niños occur intermittently every two to seven years and 
typically last nine to 12 months but may have persisted for ~3 Myr in the Pliocene (26). Many 
features of future El Niños simulated by CMIP6 models remain uncertain, but stronger El Niños 
with fast onset and slow decay will likely occur (27). 

Our simulations suggest that as the world warmed across the P-T boundary both the 
magnitude and duration of El Niño increased but this was not accompanied by the establishment 
of a permanent El Niño (Fig. 3). Our proxy-derived zonal SST gradients across the equatorial 
Tethys show consistently high values in the Permian and consistently low values in the Early 
Triassic (Fig. 1, B  and C). This should not be interpreted as an establishment of permanent El 
Niño but is a function of the time-averaged homogenization of paleotemperatures in “bulk” 
samples. Each data point was measured from ~50 conodonts from a sub-10–100 kyr interval 
thereby averaging any short-term anomaly. Our data collectively indicate that the Permian was 
largely dominated by neutral ENSO states, whilst El Niños became prominent shortly before the 
P-T boundary, to an extent that influenced the long-term climate proxy record in the Tethys (Fig. 
1B), but did not diminish the simulated zonal SST anomalies in the Panthalassa (Fig. 3; 18).

Climate States 

The transition to conditions with prolonged, episodic mega-ENSO events created a world 
of exceptional climate variability (Fig. 3), with intra-annual variability controlled by the large land-
ocean thermal contrast of Pangea (28), and annual to decadal variability controlled by ENSO, 
whilst millennial variability was controlled by pCO2 and possibly orbital forcing. The net result 
was a broadly hot but extraordinarily unstable and variable climate (Fig. 4, and Figs. S8, S9, S11 
to S14). 
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On land, low and mid-latitude climates became nearly unified across the P-T boundary, 
leading to a remarkable transition from regionally-diverse sedimentary facies to higher-energy 
fluvial sedimentation style, frequently represented by braided river facies assemblages (Fig. 
S6). This shift signals the onset of a more unstable climate state, characterized by moisture deficits 
and irregular rainfall, coupled with generally greater surface runoff and temperature extremes 
(18). Such conditions, presumably driven by both Pangean monsoon and ENSO cycles, 
occurred poleward and equatorward from ~10° to ~60° in both hemispheres but are less 
apparent in high-latitudes (29),  probably because ENSO is primarily a low-latitude climate 
anomaly (Fig. 4; Fig. S9).  

Unlike other hothouse intervals such as the middle Cretaceous (30), in the P-T case, the 
ascending limb of the Hadley cells weakened and contracted while the descending limb expanded 
further towards the poles (Figs. S4, S5). This is clearly manifested in the Turpan-Kumul 
Basin (Xinjiang, NW China), where plant-bearing Upper Permian fluvial-lacustrine and 
deltaic depositional systems are abruptly overlain by Lower Triassic drylands, suggesting a 
sudden shift in climate regime at ~44°N (Fig. S6A). These areas were probably as dry as 
modern subtropical deserts, but with pronounced seasonal torrential rains, indicated by the 
common occurrence of sheet-like sandstones and pebbly deposits produced by flash flooding 
and ephemeral rivers (Fig. S6, B to D). The transition to higher-energy fluvial systems across 
the P-T boundary has been previously attributed to reduced bank stability from plant die-off 
(31), but this also occurs in extremely arid settings where pre-crisis vegetation was already 
minimal or absent (32). We propose that the shift to a much more irregular precipitation 
regime was the main driver of the P-T sedimentary evolution on land. 

Stronger El Niños and warmer hothouse 

The decrease in the zonal SST gradient at the end of the Permian during an El Niño 
likely caused two inter-connected positive feedbacks through interplays with the Walker 
circulation. Weakened easterlies led to the eastward retreat of warm waters, deepening the 
thermocline in the east (Fig. S3), which in turn further enhanced El Niño conditions (Bjerknes 
feedback, 17, 22). The development of increasingly stronger El Niños is simultaneously coupled 
with changes in the low latitude hydrological cycle. Warm waters generate high, rain-bearing 
convective clouds that are less reflective than low, non-rain-bearing stratus clouds that follow 
cooler waters. Thus, El Niño redistributes low latitude precipitation as the warm pool expands 
eastward (33). Decreases in low latitude coverage by stratus clouds would also reduce the 
overall planetary albedo, exacerbating hothouse conditions.  

Impact on the terrestrial realm 

The synergy of stronger ENSO and a warm climate generates an oscillating dry-wet 
contrast over land and amplifies the unevenness of precipitation on a global scale (Fig. 4). 
During El Niños, the heat stored in the ocean is released into the atmosphere, leading to severe 
drought and extreme heat. Today, these conditions have destabilized tropical forests, causing 
Amazonian and African rainforest dieback (34, 35). In the P-T time, our composite analysis of five 
consecutive ENSO intervals reveals large climate anomalies compared to the background state. 
These include a strong, high-temperature land-ocean teleconnection in the tropics and 
extratropics, mildly cooler high latitudes, and a re-distribution of low latitude precipitation 
predominantly over Panthalassa 
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and around the Tethys margins during El Niños (Fig. 4). Roughly opposite trends occur during La 
Ninas (Fig. S9). Geologic evidence for these changes includes the widespread development of 
fluvial facies produced by irregular runoff and flashy discharge in the Early Triassic (Figs. S6, 
S10), indicating an unprecedented homogeneity of low latitude climates that featured highly 
variable dry and wet seasons (Figs. S11to S14).  

As the duration of El Niños extended from months to years (Fig. 3), prolonged warmth and 
drought in vast areas of Pangea would have stressed plants further amidst background warming 
and an increased frequency of wildfires. This is evidenced by the zenith of charcoal deposition in 
equatorial peatlands as the climate regime transitioned from humid to semi-arid (11). Wet periods 
created substantial fuel reserves and were followed by long-lasting droughts with accompanying 
heat that resulted in severe wildfires. This drove the eventual extinction of rainforest plants and, 
consecutively, the collapse of the charcoal “spike” (Fig. 1C), reflecting the loss of terrestrial 
biomass and fuel for fire. As warming and aridity intensified, vegetation was increasingly subject 
to fire susceptibility (Fig. S15), compromising carbon sequestration in the terrestrial realm (10) 
and elevating atmospheric pCO2 further. 

Frequent droughts force physiological changes in plants and favor short-lived taxa capable 
of thriving in sporadic wet intervals whilst enduring prolonged dry spells in their seed or spore 
stage. This is reflected by a floral shift in preference across the P-T crisis towards lightly-built 
shrubs rather than trees, as indicated by the post-extinction prevalence of the isoetalean lycopsids 
Pleuromeia and Annalepis, in contrast to the gymnosperm-dominated forests of the Permian (36). 
A similar adaptation to life cycles exploiting brief wet intervals probably explains the selective 
survival of insect groups. Their fossil record, although patchy, reveals significant declines in most 
groups, closely linked to the loss of habitats and food plants (37) during deforestation (Fig. S16). 
However, those with aquatic larval stages (e.g., amongst palaeopteran families) fared better than 
those with an entirely terrestrial life cycle (37), indicating an ability to exploit the wet intervals. 
Early Triassic assemblages were dominated by beetles, cockroaches and mayflies (37, 38). 
However, the post-extinction climatic conditions were overall harsh (Fig. S8; 39), with none of 
the major insect groups showing opportunistic radiation (37). 

The extreme effects of ENSO were most clearly manifest in low latitude ocean-atmosphere 
interactions, but their consequences were global (Fig. 4) and ensured that the modest changes in 
mean background conditions were greatly amplified (Fig. 5). The most prominent change in the 
P-T terrestrial realm was the dramatic deforestation in both hemispheres in response to the initial 
pCO2 doubling. Our simulations indicate that the southern deciduous taiga was impacted first. It 
retreated poleward in Gondwana and decreased by 46.6% in coverage (equivalent to ~ 21×106 km2 

forest loss) within ~25 kyr (Fig. S16). This was followed by successive deforestation in northern 
mid-latitudes and tropics (Fig. S16), a pattern confirmed by the fossil record of the regions (8, 9, 
40). However, what drove the earlier deforestation in southern high latitudes is unexplained. The 
disappearance of the Permian Glossopteris flora in the Sydney Basin (70°S) occurred ~380 kyr (8) 
before the rise in equatorial SSTs. Our simulations indicate the region was particularly vulnerable 
to ENSO impact, much like Australia today (Fig. 4 and Fig. S9). Specifically, warmer and dryer 
summers were prominent during El Niños (Fig. S14), aligning with sedimentological evidence for 
increasingly prolonged droughts at the level directly above the last Permian flora (29).
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Impact on the marine realm 

Most phytoplankton and zooplankton have a thermal tolerance up to ~35°C, but the 
optimal temperature range for vital processes (e.g. reproduction) is often narrower than the range 
required for survival (5), particularly in species with lifespans shorter than a year. 
Consequently, marine plankton are particularly susceptible to inter-annual climate 
perturbations. Their decline can trigger bottom-up trophic cascades, as seen during recent 
marine heat waves (41). The P-T transition witnessed a turnover in the composition of 
primary producers, whereby the dominant eukaryotic plankton groups became extinct and 
were replaced by bacteria (including cyanobacteria), acritarchs and prasinophytes (42). The 
changes amongst plankton groups are also faithfully documented by a crisis amongst 
radiolarians (43), a heterotrophic group with siliceous skeletons that have a good fossil record. 
They suffered major losses ~40 kyrs prior to the main marine losses, coincident with the onset 
of enhanced El Niños (Fig. 1C) indicating that planktonic communities were the first to be 
stressed by augmented interannual variability and climatic extremes (Fig. 1C).  

Reefs are amongst the most vulnerable components of marine ecosystems. Both coral 
and non-coral reefs have suffered mass mortality in recent marine heat waves (5), underscoring 
their limited capacity to withstand rapid SST increases. The end-Permian crisis saw not 
only the extinction of all Paleozoic corals but the demise of metazoan reefs of all types (44), 
leading to one of the Phanerozoic’s most prominent reef gaps (45). The last Permian reefs 
persisted to a level correlative with the top of Meishan stratotype Bed 23 (44, 46). Thus, their 
demise coincided with the advent of intensified El Niños and the weakening of global 
Meridional Ocean Circulation (MOC; Fig. 1C and Fig. S17), heralding the severe losses to 
come. 

The main marine mass extinction coincides with the onset of widespread ocean anoxia and 
postdates the start of a major negative carbon isotope excursion (Fig. 1). Anoxia occurred during 
a phase of rapid ocean warming, increasing stratification and reorganization of the global MOC, 
which was likely a consequence of these changes (Figs. S1 to S3 and S17). The MOC collapsed 
from its robust pre-crisis state, featuring a strong, well-mixed cell with mid- and deepwater 
overturning in the northern hemisphere, to a shallower northward cell as pCO2 doubled from 412 
ppm to 857 ppm (Fig. S17). The proxy-recorded onset of ocean anoxia at Meishan (47) is attributed 
to a global expansion of anoxic water masses, and lagged the collapse of the MOC by ~3–5 kyr—
a brief interval comparable to the residence time of seawater. The MOC mixing cells weakened 
and shallowed further with increasing pCO2 (Fig. S17), suggesting the pre-crisis P-T world was 
already highly sensitive to small changes in pCO2. 

An El Niño-instigated extinction 

The shift to a new climate state with enhanced variability at the end of the Permian was 
likely rapid. Employing a Bayesian age model grounded in U-Pb dating (48), the transition is 
estimated to have occurred within ~5 ± 3 kyr, predating the onset of marine extinction by ~40±30 
kyr. This coincided with the onset of a protracted decrease in δ13C and a minor, ~4°C increase in 
equatorial SST (Fig. 1C). Because Upper Permian marine faunas maintained their diversity, it is 
generally thought that there were no environmental perturbations at this time. However, two-thirds 
of the volume of Siberian Traps lava and pyroclastic eruptions occurred pre-extinction (1), and our 
study shows that they coincide with progressively enhanced ENSO activity (Figs. 1 and 3). The 
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initiation of a major crisis, encompassing deforestation on land (8), the collapse of MOC, 
extinctions in marine plankton, and the demise of reefs, all occurred during the initial pCO2 
doubling to 857 ppm and coincided with a decrease in the equatorial zonal SST gradient in Tethys 
(Fig. 1 and Figs. S16, S17). Thus, in the P-T world, even relatively small greenhouse gas emissions 
and warming were sufficient to tip the climate into a state characterized by prolonged and intense 
El Niño phases. This introduced extremes in low latitude temperature and precipitation 
that stressed terrestrial ecosystems (Figs. 4 and 5). Drought intervals were too prolonged for 
trees to survive, strongly favoring opportunists amongst both plants and insects that were able to 
complete their life cycle during wet periods. In the ocean, planktonic groups, with their 
sub-annual lifecycles, were also severely impacted, but the resilience of the marine biosphere 
ensured its survival until it succumbed to progressive warming and ocean de-oxygenation. 
The losses in biomass, in turn, reduced carbon sequestration, creating a warmer hothouse with 
stronger El Niños. 

Conclusions 

El Niño events today are known to cause coral bleaching (5), the mass mortality of fish and 
birds (49), and they have profound impacts on human society. However, the ecological impact and 
future trajectory of extreme El Niños against a backdrop of global warming is not yet known. The 
Pangean supercontinent paleogeography was seemingly more susceptible to ever-increasing 
ENSO events with increasing pCO2. The end-Permian crisis reveals that intensified ENSO 
increases the risk of extinction, enhancing low latitude warmth that in turn created stronger El 
Niños. For terrestrial communities, prolonged extremes (droughts and high temperatures) led to 
extinctions, whilst the oceans suffered from heat stress and the expansion of anoxia, with equally 
disastrous consequences for life. Because the oceans warm more slowly than land and marine 
organisms have higher motility (actively or passively), terrestrial ecosystems are more vulnerable 
to extinction threats during intensified El Niños. Consequently, the P-T transition saw the marine 
extinction lag by ~40±30 thousand years, a short interval geologically, and one that is alarmingly, 
on human timescales, as we move towards an ever more variable climate regime. 
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Figure captions 

Fig. 1 Evolution of the low latitude zonal SST gradient and summary of marine and 

terrestrial changes across the Permian-Triassic transition. (A) Modelled annual mean SSTs of 
the Changhsingian oceans with 857 ppm pCO2 forcing. The black rectangle highlights the Niño 
3.4 equivalent region for diagnosing ENSO signals. Study sites: Meishan and Laren (China), Vigil 
(Italy), Muć (Croatia), Georgetown (USA), Kuh-e-Ali Bashi (Iran) and Chanakhchi (Armenia). 
(B) A sharp decrease in the zonal SST gradient across the Tethys from the late Permian to the 
Early Triassic. The solid black line represents the Locfit analysis of zonal SST gradient data (time 
window 0.2 Myr, alpha =0.4), with dashed lines bracketing the ±95% confidence interval. Due to 
uncertainties in paleogeographic reconstruction and sampling sites availability, the zonal SST 
gradient in equatorial Tethys was primarily calculated from sections between latitudes of 0.5° S 
and 10° N. (C) Carbon isotopes, Tethyan zonal SST gradient, and marine and terrestrial changes 
across the P-T transition. Siberian Traps eruptions, U-Pb radiometric ages, Hg peak and carbon 
isotopes (solid blue circles and open diamonds) from the Meishan stratotype section are from (1, 
48, 50-52). Purple arrows indicate modelled SSTs reproduced in model simulations with 412, 857, 
1712, 2568, and 4000 ppm pCO2 (53). The high-resolution Tethyan zonal SST gradient was 
generated using a generalized additive model (18). Charcoal number, macroplant species in 
equatorial peatlands and correlations between marine and terrestrial P-T records are from (11, 54). 
The last occurrences of Permian reefs, radiolarian species and the chert gaps are from (43, 44, 46, 
55). Our simulations suggest that MOC (meridional overturning circulation) collapsed as pCO2 
doubled from 412 to 857 ppm. Ocean anoxia developed both in the deep ocean and epicontinental 
seas.

Fig. 2 Walker circulation (m/s) from each simulation through the Permian-Triassic 

transition. Positive values indicate descending movements and negative values indicate ascending 
movements. The Walker circulation weakened during the P-T transition, whilst both ascending 
and descending limbs contracted towards central Panthalassa. 

Fig. 3 Equatorial SST anomalies. Data were calculated from 120 °W to 170 °W longitude and 5 
°S to 5 °N latitude (derived from EOF analysis, where EOF1 explains >50% of variance), showing 
that the intensity and longevity of El Niño-Southern Oscillation increase with atmospheric pCO2. 
Red-shaded and blue-shaded areas represent positive and negative anomalies, respectively. 
Extremely high pCO2 levels were not required to produce a >3 °C temperature anomaly (the red 
dashed line highlights the 4 °C anomaly).  

Fig. 4 Composite analysis of five consecutive El Niños. Annual mean 1.5 m air temperature (A-

F) and annual mean precipitation (G-L) anomalies during El Niño years, relative to the 100-year 
climate mean for each time period and pCO2, in the pre-industrial world and the transition from 
the pre-crisis (412 ppm) to the peak (4000 ppm) of the P-T crisis world. Our simulations suggest 
a strong ocean-land teleconnection in low latitudes, with southern high latitudes also being 
vulnerable to El Niño impacts. 

Fig. 5 The compound effect of elevated climate variability and mean state warming showing 

the rate of change in the Permian-Triassic transition. (A) Short-term sea surface temperature 
variability (dashed line) that is typically controlled by ENSO events. (B) A scenario of ~3.5 °C 
mean state warming over 5 kyr, occurring twice at 251.99 Ma and 251.93 Ma. (C) The 
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compounding effect. If the thermal tolerance of a hypothetical species is 31 °C (Tmax), increased 
climate variability accelerates extinction compared to predictions based solely on mean state 
temperature increases. 
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