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Recently there has been interest in understanding differences between specific levels of 28 

global warming, especially the Paris Agreement limits of 1.5°C and 2°C above pre-industrial 29 

levels. However, different model experiments1–3 have been used in these analyses under 30 

varying rates of increase in global-average temperature. Here, we use climate model 31 

simulations to show that for a given global temperature, most land is significantly warmer in 32 

a rapidly warming (“transient”) case than in a quasi-equilibrium climate. This results in more 33 

than 90% of the world’s population experiencing a warmer local climate under transient 34 

global warming than equilibrium global warming. Relative to differences between the 1.5°C 35 

and 2°C global warming limits, differences between transient and quasi-equilibrium states are 36 

substantial. For many land regions the probability of very warm seasons is at least two times 37 

greater in a transient climate than in a quasi-equilibrium equivalent. In developing regions, 38 

there are sizable differences between transient and quasi-equilibrium climates underlining the 39 

importance of explicit framing of projections. Our study highlights the need to better 40 

understand differences between future climates under rapid warming and quasi-equilibrium 41 

conditions for the development of climate change adaptation policies. Yet, current multi-42 

model experiments1,4 are not designed for this purpose. 43 

Main 44 

Since the Paris Agreement of 2015, in which signatories agreed to “Holding the increase in 45 

global average temperature to well below 2°C above pre-industrial levels and to pursue 46 

efforts to limit the temperature increase to 1.5°C above pre-industrial levels”, there have been 47 

many analyses examining the implications of 1.5°C and 2°C of global warming, some of 48 

which are summarised in the Intergovernmental Panel on Climate Change special report on 49 

1.5°C (IPCC SR1.55). Many different methods6 and experiments have been used to better 50 

understand the differences between 1.5°C and 2°C of global warming above pre-industrial 51 

levels including: timeslice extraction from coupled climate model ensembles7,8, use of single 52 



coupled model ensembles3,9, multi-model atmosphere-only ensembles2, and pattern 53 

scaling10,11. 54 

It is not explicitly stated in the Paris Agreement text whether the warming levels refer to 55 

equilibrium or transient levels of global warming, however, it is generally inferred that these 56 

targets refer to stabilised climate12. Most of the analyses designed to understand the 57 

consequences of these global warming targets, especially those focussed on atmospheric 58 

variables, use transient model experiments (analyses of sea level rise13 and other oceanic 59 

variables often use longer coupled-model experiments). For example, timeslice extractions 60 

under high greenhouse gas emissions scenarios from the fifth phase of the Coupled Model 61 

Intercomparison Project experiment (CMIP51) sample a world rapidly warming through the 62 

Paris Agreement limits. Specially designed experiments, such as the Community Earth 63 

System Model ensemble3, are run to emulate 1.5°C and 2°C warmer worlds with evolving 64 

radiative forcings for two centuries to generate climates that are, in a globally averaged sense 65 

for surface air temperature, in a quasi-equilibrium state. The atmosphere-only simulations 66 

that form the 1.5°C and 2°C climates in the Half a degree Additional warming, Prognosis and 67 

Projected Impacts (HAPPI2) experiment are forced by warming recent observed sea surface 68 

temperatures using transient CMIP5 simulations. These different experiments and methods 69 

each have differing degrees of transience and none are in full equilibrium. While they all 70 

have value, a robust comparison between transient and equilibrium climates has not been 71 

possible due to fundamental differences in model design.  72 

Previous work comparing transient and equilibrium climates has typically used single global 73 

climate models14,15 or a small ensemble of models, so agreement and consistency between 74 

models may be investigated16. As a result, some differences between transient and 75 

equilibrium climates may be inherent to the model, or models, used in these prior analyses. In 76 



addition, many transient simulations of a single model are needed to adequately sample 77 

across phases of internal variability to make a robust comparison. 78 

In this study we demonstrate that transient and quasi-equilibrium climates may be compared 79 

using extended medium-emissions and short-term high emissions simulations from the 80 

CMIP51 multi-model ensemble. Our “timeshift technique”17 allows multiple models to be 81 

analysed concurrently, so that large samples of model years are generated for both the 82 

transient and quasi-equilibrium climate states. We demonstrate that for projections of mean 83 

and extreme temperatures, the use of transient or quasi-equilibrium climate states has a 84 

substantial effect on the outcomes. 85 

We use the extended mid-range greenhouse gas emissions simulations to 2300 (ECP4.5) from 86 

the CMIP5 ensemble1 (Table S1) to generate a quasi-equilibrium ensemble that may be 87 

directly compared to transient warming through the equivalent model’s level of global 88 

warming under a high emissions scenario (RCP8.5). The model-simulated global mean 89 

warming is subtracted from each models’ distribution of global-average temperatures to 90 

generate ensembles for the comparison of transient and quasi-equilibrium climate states (Fig. 91 

1) with regional average and extreme temperatures subsequently investigated. The robustness 92 

of this method, particularly the efficacy of comparing transient and quasi-equilibrium 93 

climates derived from a selection of models across global warming levels, and associated 94 

sensitivity tests are discussed in the Methods and Supplementary Information. Specifically, 95 

we demonstrate that the difference between transient and quasi-equilibrium warming patterns 96 

shows little dependence on the level of global warming itself (Supplementary Information) 97 

which differs by almost 2°C across the models analysed here (Table S1). We use this result to 98 

allow for the difference between transient and quasi-equilibrium climates to be compared 99 

with the 0.5°C increment of warming between the Paris Agreement warming levels. 100 



From the ensembles of transient and equivalent quasi-equilibrium climates we may infer 101 

differences between these climate states. For most land areas of the world the average boreal 102 

summer (June-August, JJA) and winter (December-February, DJF) temperatures are 103 

substantially higher in the transient climate relative to the equivalent quasi-equilibrium 104 

climate with strong model agreement. This is especially true in boreal summer over 105 

continental climate zones in the northern hemisphere (Fig. 2a, b). In contrast, over the 106 

Southern Ocean and the North Atlantic there are large areas where a quasi-equilibrium 107 

climate is on average at least 0.5°C warmer than the equivalent transient climate. In the 108 

quasi-equilibrium world, the passage of time has resulted in heat redistribution such that the 109 

land regions are cooler and the extratropical oceans are warmer14,18. This result aligns with 110 

previous work showing that ocean warming lags that over the land surface19. The 111 

quantification of these differences is important, especially given the recent focus on inferring 112 

differences in future warmer climates. As land regions are warmer in the transient climate 113 

state, most of the world’s people would experience higher average local temperatures than in 114 

a quasi-equilibrium world. In boreal summer, 91% of the world’s population20 (90% 115 

confidence interval of 76-97%) would experience warmer average temperatures in the 116 

transient climate state. Many people in North America and Eurasia would experience at least 117 

a 0.5°C warmer local climate in a transient climate than in the quasi-equilibrium equivalent 118 

state. In boreal winter, 85% of the global population (90% CI: 70-92%) are in locations 119 

where the transient climate is warmer than the quasi-equilibrium climate. In total, over 600 120 

million people in boreal summer and over 200 million in boreal winter live in locations where 121 

a rapidly warming climate is at least 0.5°C warmer than the equivalent equilibrium climate. 122 

In comparison, fewer than 20 million people live in locations where an equilibrium climate is 123 

on average more than 0.5°C warmer than the transient equivalent for either boreal summer or 124 

winter. 125 



The difference between transient and quasi-equilibrium climate states is substantial relative to 126 

the difference between the projected 1.5°C and 2°C warmer worlds8,11 (Fig. 3). Over the 127 

Southern Ocean and North Atlantic, where the regional projected warming from 1.5°C to 2°C 128 

of global warming is lower than elsewhere, the difference between transient and quasi-129 

equilibrium climates exceeds the difference in regional temperatures between the Paris 130 

Agreement levels. Both these regions play major roles in the uptake and transport of carbon 131 

and heat21 as they warm at much slower rates relative to other parts of the world. 132 

Overall, around 15% of the world’s surface area has a bigger difference between the transient 133 

and quasi-equilibrium climates than between the Paris Agreement warming levels. This 134 

includes both slow-warming ocean areas, where the quasi-equilibrium 1.5°C world is warmer 135 

than a transient 2°C world, and continental land regions, where the transient 1.5°C world is 136 

warmer than a quasi-equilibrium 2°C world. For a typical location on the world’s surface, the 137 

absolute difference between transient and quasi-equilibrium climates amounts to around 40% 138 

of the absolute difference between the Paris warming limits. 139 

The difference between transient and equilibrium climates extends to temperature extremes. 140 

The probability ratio of moderate heat extremes22, such as one-in-ten hot seasons (Fig. 4a,b), 141 

shows broad regions where in the transient climate a heat event is twice as likely (i.e. a one-142 

in-five year event instead) compared to a quasi-equilibrium climate state. This is particularly 143 

true in boreal summer where, for almost all land regions of the world the likelihood of a hot 144 

season is significantly higher in a transient climate than the equivalent quasi-equilibrium 145 

state. Regions with at least a doubling in the probability of hot summers in a transient climate 146 

compared to a quasi-equilibrium world of equivalent global warming encompass major cities 147 

including New York City, Istanbul, Baghdad, Seoul, and Tokyo. While this is a global-scale 148 

analysis, one could infer that for these densely populated locations, the heat-related impacts 149 



of human-induced climate change would be lessened in a stabilised climate relative to a 150 

rapidly warming climate at the same level of global warming.   151 

A similar pattern of results is found when examining cold extremes, with far fewer cold 152 

seasons (below the 10th percentile extracted from the quasi-equilibrium climate) in the 153 

transient climate state in northern hemisphere land areas (Fig. S5). Overlaying gross domestic 154 

product (GDP) per capita estimates20 shows that poorer areas of the world tend to experience 155 

greater probability of hot seasons in a transient climate than a quasi-equilibrium equivalent 156 

(in DJF the correlation is -0.39, although in JJA it is negligible). There is a large benefit of 157 

climate stabilisation in terms of reduced frequency of hot extremes, relative to a rapidly 158 

warming climate at the same global warming level, and this is particularly true for the 159 

developing world where the likelihood of hot seasons is reduced year-round. 160 

Many analyses written for the IPCC SR1.5 have focussed on understanding changes in hot 161 

and cold extremes between the Paris Agreement global warming limits8,23,24. The results 162 

presented in this study demonstrate that the difference in the frequency of hot and cold 163 

extremes between a transient and quasi-equilibrium climate state at a given level of global 164 

warming is also large for many populated regions of the world. The frequency of hot 165 

summers for global-average temperature passing through a global warming level relative to 166 

equilibrating at that level is starkly different in the Middle East, much of Eurasia and northern 167 

Africa, and North America. Results from some studies of future extremes, such as ref.23, may 168 

apply to transient 1.5°C and 2°C warmer worlds, but would likely represent substantial 169 

overestimates for changes in the frequency of heat extremes for equilibrium 1.5°C and 2°C 170 

climates relative to the present. 171 

The comparison of RCP8.5 and ECP4.5 simulations from a multi-model ensemble allows us 172 

to isolate the effects of the transient and quasi-equilibrium nature of the different model 173 



experiments. This allows us to address a fundamental question about the nature of the Earth’s 174 

climate system: what differences in climate would we expect between transient and 175 

equilibrium warmer worlds for a given level of global warming? This is a vitally important 176 

question in the context of international agreements such as the Paris Agreement, where 177 

analyses using transient and equilibrium climate model experiments may yield different 178 

results and lead to the formation of different conclusions and policy pathways. It is worth 179 

noting that some of the largest differences between transient and quasi-equilibrium climate 180 

states are identified for regions which are poorly observed and where model biases exist, such 181 

as the Southern Ocean25. As a result, projections for the Southern Ocean should be treated 182 

with caution, although they generally align with our understanding of the climate system19. 183 

For further discussion of the results over the Southern Ocean see Supplementary Material. 184 

The differences between transient and equilibrium climate states have important implications 185 

in impacts modelling. For example, some empirical impacts models, such as damage 186 

functions26, are based on global-average warming, but in reality one would expect different 187 

economic costs to occur between transient and equilibrium warmer worlds for both the globe 188 

as a whole26 and individual countries,27 especially developing countries in the tropics, due to 189 

the different patterns of regional warming. Differences in methods used to simulate future 190 

climates and their impacts have the potential to lead to decision-makers receiving inadequate 191 

information about the nature of possible future climates for their region of interest. This may 192 

result in the development of ineffective policy, especially in building resilience for future 193 

extreme heat events, which is already more challenging in the developing world28.   194 

Many of our results suggest that the differences between transient and quasi-equilibrium 195 

climates are substantial. A future 1.5°C or 2°C quasi-equilibrium warmer climate reached 196 

after overshoot (where global warming has exceeded these limits but then fallen) would 197 

likely look very different to the equivalent transient 1.5°C or 2°C climate that the world is 198 



likely to experience in the coming decades29,30. Indeed, a transient warmer world represents a 199 

poor predictor for an equivalent equilibrium world in many populated land regions where the 200 

difference in average seasonal temperatures is at least 0.5°C and the likelihood of hot 201 

extremes is at least twice as high in some places under the transient state. Studies of the 202 

implications of future global warming must be very clear in their framing of results with 203 

respect to the transience of the experiments used for their conclusions to be relevant for 204 

policy development. 205 

Current multi-model projection efforts, such as CMIP51 and the subsequent CMIP64 projects, 206 

do not incorporate experiments that explicitly address the needs of policy-makers following 207 

the Paris Agreement. Multi-model experiments that may be used to examine climate change 208 

at stabilised 1.5°C and 2°C warmer climates would be invaluable in meeting the needs of 209 

decision-makers given that the Paris Agreement is implicitly targeting stabilised global 210 

warming levels12 and we have demonstrated here that the rate of global warming has a large 211 

effect on the warming pattern across the globe. While single-model experiments have been 212 

performed3, these are not a substitute for multi-model projections that can more 213 

comprehensively examine the impacts of the Paris Agreement global warming levels. 214 

Our study highlights the striking differences in model-simulated transient and quasi-215 

equilibrium climate states. We find that these differences are significant and substantial 216 

across many regions of the world, such that they must be considered in the design of both 217 

model studies on the implications of future global warming, and in the design of future multi-218 

model experiments following CMIP5 and CMIP6. Studies must be clear in the precise 219 

definition of temperature targets and the framework given the differing implications of a 220 

given level of global warming depending on the transience of the climate state. 221 
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Methods 313 



Model simulations and population data 314 

Simulations from 13 CMIP51 models were used in this analysis (see Table S1). Simulations 315 

from the historicalNat experiment were used to calculate a natural climate reference, while 316 

ECP4.5 simulations to 2300 were used to construct an approximation for an equilibrium 317 

climate and RCP8.5 simulations to 2100 were used to construct a transient ensemble. The 318 

surface air temperature ‘tas’ variable was used for all calculations. All model data were 319 

interpolated onto a regular 2° grid to allow for comparative analysis between models. 320 

Population and GDP estimates for 2010 were downloaded from the Global Carbon Project 321 

(http://www.cger.nies.go.jp/gcp/population-and-gdp.html)20 and also interpolated onto a 2° 322 

grid. Estimates for 2010 were used as uncertainties are lower than for projections, although 323 

we note that the pattern of projected population and wealth does not change greatly up until 324 

the mid-21st century and previous work shows low dependence on use of different population 325 

and GDP projections for global analyses31.  326 

Construction of transient and quasi-equilibrium ensembles 327 

Firstly, a natural climate reference point was constructed for each model by taking the 328 

average global-average temperature in historicalNat simulations for 1901-2005. There are 329 

many ways of defining a pre-industrial or counterfactual natural climate32,33. In the case of 330 

this analysis, it is of more use to have a model-based reference point rather than one 331 

constrained by observation-based data as all subsequent analysis is only model-based. Also, 332 

the use of a century-long window in the historicalNat simulations provides a well-constrained 333 

baseline from a period of relatively few major volcanic eruptions (compared to the often-used 334 

late 19th century). This definition for a natural climate reference point has been used 335 

previously8,11,23. 336 



The quasi-equilibrium climate is constructed using the extended RCP4.5 simulations to 2300 337 

and is calculated as the 2200-2299 average global-average temperature in each model. The 338 

level of global warming in each model from its own natural reference climate to its quasi-339 

equilibrium state is shown (Fig. S1, Table S2). In the 23rd century of the ECP4.5 simulations 340 

the climate is not in full equilibrium with changes still evident in the oceans. However, the 341 

atmosphere is relatively close to equilibrium and the global-average temperature exhibits 342 

relatively weak trends in the 23rd century compared to the transient RCP8.5 simulations (Fig. 343 

1). Model drift is commonly accounted for in analysis of multi-century pre-industrial control 344 

simulations34, however, removal of model drift was not adopted here as substantial trends are 345 

possible over the course of a single century due to internal variability and we would not 346 

desire this effect to be removed. Note that a range of changes, in addition to those studied 347 

here, would have occurred in a warmer equilibrium climate of the 23rd century. These 348 

include, but are not limited to, higher sea level and reduced ice sheets13,35. Many of these 349 

additional changes, and their associated feedbacks on the climate system, are represented 350 

with a wide range of uncertainty in the extended CMIP5 simulations13. 351 

The transient climate is constructed using the high greenhouse gas emissions RCP8.5 352 

simulations to 2100 (Table S1). Decadal-average global-average temperatures are calculated 353 

in moving windows for 2006-2100. All the years within decades where the global-average 354 

temperature is within 0.05°C of the same model’s quasi-equilibrium level of global warming 355 

are extracted. 356 

The transient and quasi-equilibrium ensembles are then constructed by subtracting the level 357 

of global warming in each model (Fig. 1). This generates ensembles of 1300 model years in 358 

the quasi-equilibrium climate and 369 model years in the transient climate. 359 



There are numerous choices made in the definition of the transient climate state including the 360 

length of the moving window for which the global-average temperature is computed (in the 361 

main analysis this is ten years) and the leeway given to annual global-average temperature for 362 

which years are included in the ensemble (in the main analysis this is +/-0.05°C). Sensitivity 363 

of results to these choices is discussed in Supplementary Material. 364 

Analysis of transient and quasi-equilibrium ensembles  365 

The transient and quasi-equilibrium climates were first compared for seasonal-average 366 

temperatures (Fig. 2). The median-average seasonal-average temperature difference was 367 

computed in each model at each gridbox. The ensemble-median was then calculated at each 368 

gridbox as the median of each modelled average difference (so as to evenly weight models 369 

and account for the different numbers of transient years in each model). The number of 370 

models where the average difference between transient and quasi-equilibrium climates was 371 

positive or negative was also computed (Fig. 2, Fig. S6). The population as a function of the 372 

average difference between transient and quasi-equilibrium climate states was computed by 373 

overlaying the population data onto the ensemble-average difference between the climate 374 

states and then aggregating the population. Confidence intervals were calculated through 375 

bootstrapping sub-ensembles of the models and re-computing the median average difference 376 

between transient and quasi-equilibrium climates across each sub-ensemble at each gridbox 377 

1000 times. The population was again aggregated for each difference between transient and 378 

quasi-equilibrium sub-ensembles and the 5th and 95th percentile estimates were extracted. The 379 

population was also aggregated for the level of model-agreement in the sign of the transient 380 

and quasi-equilibrium temperature difference (Fig. S6c,d). 381 

Comparison with 1.5°C and 2°C warmer worlds 382 



To relate the difference between the transient and quasi-equilibrium climates to policy-383 

relevant global warming levels, the ratio of the difference between transient and quasi-384 

equilibrium seasonal-average temperatures and the difference between seasonal-average 385 

temperatures at the Paris Agreement 1.5°C and 2°C global warming limits was computed at 386 

each location. The 1.5°C and 2°C climates were constructed following the method described 387 

in ref8 and the difference in seasonal-average temperatures is shown in Figure 1f,i of ref11. 388 

The method for constructing the 1.5°C and 2°C climates uses timeslices, much like the 389 

transient ensemble described previously, but using simulations under all available greenhouse 390 

gas emissions scenarios and a larger leeway for global decadal-average temperatures. 391 

The ratio of the absolute difference in seasonal-average temperatures between transient and 392 

quasi-equilibrium climates and the absolute difference in seasonal-average temperatures 393 

between 1.5°C and 2°C warmer worlds was computed at each location. The statistical 394 

distribution of this ratio as a function of global area coverage was then computed by area-395 

weighting each gridbox and aggregating the areas. 396 

We note that the 1.5°C warmer world tends to sample earlier periods in the 21st century 397 

compared with the 2°C warmer worlds. This results in a different balance of forcings with 398 

reduced anthropogenic aerosol concentrations in the 2°C world relative to the 1.5°C world in 399 

locations such as East Asia11,36. This means that the difference between the 1.5°C and 2°C 400 

warmer worlds is not entirely related to anthropogenic greenhouse gas concentrations as there 401 

is a small aerosol component to the difference also. 402 

Analysis of extremes 403 

The difference in hot and cold extremes between the transient and quasi-equilibrium climates 404 

was also investigated by examining hot and cold seasonal-average temperatures above the 405 

90th and below the 10th percentile respectively at each location. The percentiles were 406 



extracted from the quasi-equilibrium climate ensemble as it is larger than the transient 407 

equivalent such that the tails of the distributions are better constrained. Only these moderate 408 

extremes were examined due to the sample sizes involved. 409 

The probability ratios of extremes in the transient climate above and below the 90th and 10th 410 

percentiles derived from the quasi-equilibrium climate were calculated. Probability ratios 411 

(sometimes known as risk ratios) are widely used in the analysis of changing extremes22,37 412 

and are a useful tool in comparing extremes between two climate states (often current and 413 

pre-industrial climates, but in this case transient and quasi-equilibrium climates).    414 

As the transient ensemble has more spread in global-average annual-average temperatures 415 

than the quasi-equilibrium ensemble (Fig. 1), there is a risk of over-estimating the likelihood 416 

of local-scale extremes in the transient climate relative to the quasi-equilibrium climate. To 417 

account for this a scaling factor was applied to the probability ratios based on the global-418 

average temperature at the 10th and 90th percentiles in the transient ensemble relative to the 419 

quasi-equilibrium ensemble.  420 

𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟 (𝑐𝑜𝑙𝑑) =
100 − 𝑃10

90
, 421 

𝑆𝑐𝑎𝑙𝑖𝑛𝑔 𝐹𝑎𝑐𝑡𝑜𝑟 (ℎ𝑜𝑡) =
𝑃90

90
 422 

where P10 and P90 are the percentiles of the transient distribution of global annual 423 

temperatures equivalent to the temperatures at the 10th and 90th percentiles in the quasi-424 

equilibrium distribution of global annual temperatures respectively. The scaling factors are 425 

subsequently applied to the probability ratios computed at every location. Note that the 426 

weight of the tails of the distributions may have a higher-order effect on the probability ratios 427 

that is not accounted for with this scaling factor, but that this effect is small as demonstrated 428 

by the subsequent analysis on the effect of using a scaling factor. 429 



Note, a sensitivity test on the use of a scaling factor was conducted using a smaller ensemble 430 

of transient model years with shorter 6-year timeslices. This alternate transient ensemble 431 

produces a much narrower distribution of global annual average temperatures (Fig. S7) which 432 

is statistically indistinguishable from the distribution of global annual average temperatures 433 

from the quasi-equilibrium ensemble (Kolmogorov-Smirnov test with p>0.1). This allows for 434 

the extremes analysis to be repeated, without any scaling factor required, using the smaller 435 

transient ensemble. The resulting maps of probability ratios are very similar between the use 436 

of the larger ensemble with scaling and smaller ensemble with no scaling (pattern 437 

correlations in excess of 0.89 for JJA and DJF hot and cold extremes; Fig. S10). 438 

The multi-model ensemble median probability ratio for hot and cold was computed at each 439 

location (Fig. 4a,b, Fig. S5). Sample uncertainty estimates were computed by bootstrapping 440 

50% of the model ensemble 1000 times and recalculating the probability ratio at each 441 

gridbox. If at least 90% of the probability ratios were above or below one then there is at least 442 

90% confidence in the probability of a hot or cold extreme being higher in either the transient 443 

or quasi-equilibrium ensemble. This commonly used method provides an estimate of the 444 

influence of sampling uncertainty on the best-estimate results. We note that a range of 445 

methods are available for this purpose in addition to the “bootstrap percentile” used here and 446 

that the use of moderate thresholds, and the methodological design which prevents extreme 447 

probability ratios, avoids the largest limitations associated with this method38.    448 

The GDP per capita estimates for 2010 were derived by simply dividing the gridded GDP 449 

estimates by the population estimates. The GDP per capita estimates at each location were 450 

plotted against the median probability ratio for that location (Fig. 4c,d). Four large sub-451 

continental regions39 primarily composed of locations in the developing world were 452 

highlighted (Central America [116°W-83°W, 10°N-30°N]. West Africa [20°W-22°E, 12°S-453 

18°N], Sahara [20°W-65°E,18°N-30°N], and Southeast Asia [95°E-155°E, 11°S-20°N]). 454 



Note that Central America and Sahara in particular include a few locations in the developed 455 

world.  456 

The relationship between the gridbox median probability ratio and the corresponding gridbox 457 

GDP per capita was examined using a Spearman rank correlation coefficient. A non-458 

parametric test was required due to the highly non-Gaussian nature of the statistical 459 

distribution of GDP per capita.  460 

A sensitivity test using future population and GDP estimates (under Shared Socioeconomic 461 

Pathway 140) was performed, but, as the global distribution of wealth does not exhibit a major 462 

change, the results are very similar31 (not shown). 463 

Data availability 464 

The model data used in this study are available in public repositories, for example at 465 

https://esgf-node.llnl.gov/projects/esgf-llnl/. The model data used here were stored on the 466 

Australian node of the Earth System Grid (the National Computational Infrastructure). 467 

Population and GDP data were downloaded from the Global Carbon Project 468 

(http://www.cger.nies.go.jp/gcp/population-and-gdp.html). The figures and the IDL code 469 

used in this analysis is available: https://zenodo.org/record/3471030#.XaVve-gzbIU 470 

(doi:10.5281/zenodo.3471029). Raw figure data are available here: 471 

https://melbourne.figshare.com/articles/Source_figures_for_publication_on_transient_and_eq472 

uilibrium_climate_change/10250954. For assistance using the code or figures contact the 473 

authors. 474 
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Figures 504 

 505 

Figure 1. Illustration of our technique for the comparison of transient and quasi-506 

equilibrium climates. The transient and quasi-equilibrium warmer worlds are compared 507 

through time-slicing the transient RCP8.5 simulations at the equivalent level of global 508 

warming as the same model average warming in the quasi-equilibrium ECP4.5 simulations 509 

for the 23rd century (left panel). Each model’s own 23rd century average global warming is 510 

subtracted from both the quasi-equilibrium and transient climates to extract annual global 511 

temperature anomalies (shown as probability density graphs in the right panel). The grey bars 512 

show the years extracted with the depth of grey indicative of the number of models for which 513 

that year was extracted. For details on which years are extracted from which models see 514 

Figure S1. 515 
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  517 



 518 

Figure 2. Transient climates are warmer over land regions resulting in human 519 

populations experiencing more local warming. a, b The difference in local-average JJA 520 

and DJF temperatures respectively between the multi-model median transient and equilibrium 521 

climates. Stippling indicates at least three-quarters of models agree on the sign of the 522 

difference. c, d Distributions of the population experiencing differences between transient 523 

and quasi-equilibrium climates. The grey shading indicates a 90% confidence interval 524 

(derived from bootstrapping model simulations only) and the black line represents a best 525 

estimate.  526 



 527 

Figure 3. The difference between transient and quasi-equilibrium climates is substantial 528 

relative to the difference between the Paris Agreement warming limits. a, b The ratio of 529 

the absolute difference between transient and quasi-equilibrium climates relative to the 530 

absolute difference in climates between 1.5°C and 2°C global warming for JJA and DJF 531 

respectively. c Distribution of the area of the world by the ratio of the absolute difference 532 

between transient and quasi-equilibrium climates and the Paris Agreement warming limits for 533 

JJA (red) and DJF (black). The red and black dashed lines show the median differences in 534 

JJA and DJF respectively.  535 



 536 

Figure 4. Greater probability of very warm seasons over land and especially less 537 

developed regions under transient warming relative to quasi-equilibrium warming. a, b 538 

The probability ratio of JJA and DJF seasons above the 90th percentile between the transient 539 

and quasi-equilibrium climates. The maps show the best estimates while stippling indicates at 540 

least 90% confidence in the ratio being above or below one derived from a bootstrap 541 

percentile method. c, d Scatter plots of local probability ratio and GDP per capita (2010 PPP 542 

USD) for JJA and DJF respectively. Points lying within four large regions (boxes shown in a) 543 

are highlighted: Central America (black), West Africa (blue), Sahara (orange), and Southeast 544 

Asia (red) with all other points shown in grey. The black dashed line represents PR of one 545 

(i.e. no difference in frequency of extremes between transient and quasi-equilibrium 546 

climates). 547 
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