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 32 
Global emission reduction efforts continue to be insufficient to meet the temperature goal 33 
of the Paris Agreement. This makes the systematic exploration of so-called overshoot 34 
pathways that draw temperatures back down to safer levels in the long term a priority for 35 
science and policy. Here we show that global and regional climate change in a post-36 
overshoot world would be substantially different from a world that avoided overshoot, 37 
bearing profound implications for adaptation needs. Irrespective of the peak warming, we 38 
find that achieving declining global temperature remains critical for limiting long-term 39 



climate risks including sea-level rise and cryosphere changes. Reversal of warming by 40 
deploying carbon dioxide removal (CDR) at scale, however, is not guaranteed. In addition 41 
to uncertain technical and sustainability limitations of CDR, we find that a preventive CDR 42 
capacity of several hundred gigatonnes might be desirable to hedge against strong Earth 43 
system feedbacks that amplify warming. Aiming for temperature decline is thus not a 44 
robust strategy to achieve a climate objective, but rather one part of a broader approach 45 
towards managing long-term climate risks. It is no replacement for stringent near-term 46 
emission reductions to limit risks at peak warming in the first place. 47 
 48 
The possibility of exceeding dangerous levels of global warming and subsequently returning 49 
below those levels in the long run has been discussed in the scientific literature for decades1–3. A 50 
central motivation has always been mitigation cost considerations, i.e. whether a delay in 51 
mitigating emissions and later ‘making-up-for-it’ is economically beneficial4,5.  The potentially 52 
important role of large-scale carbon dioxide removal (CDR) in achieving such a reversal of 53 
climate change was identified early on6. With the adoption of the Paris Agreement and its long 54 
term temperature goal in 2015,7 the issue of potentially reversing climate change has risen to 55 
further prominence. The Paris Agreement long-term temperature goal allows for a certain level 56 
of ambiguity in its interpretation8, but establishes 1.5°C as the long-term upper limit for global 57 
temperature increase even after a temporary exceedance (or overshoot) of that level9,10.  58 
 59 
Although we are focussing here on temperature overshoot, we acknowledge that the concept of 60 
overshoot is not limited to global mean temperatures. It was originally applied to atmospheric 61 
CO2 concentrations1, and is prominent in climate change mitigation scenarios that limit radiative 62 
forcing levels11 or aim to stay within a remaining carbon budget12. Temperature overshoot 63 
pathways were for the first time comprehensively assessed in the Special Report on Global 64 
Warming on 1.5°C of the Intergovernmental Panel on Climate Change (IPCC)13,14.  65 
  66 
Given the outstanding importance of assessments of emission pathways, and in particular 67 
emission reduction and net-zero benchmarks derived based on them, transparent and policy-68 
relevant classes of pathway are required. A range of different pathway types can be identified 69 
based on their temperature and emission characteristics (Table 1). Achieving the Paris 70 
Agreement climate objectives, including global net-zero greenhouse gas (GHG) emissions 71 
(assessed using GWP100) as implied by Article 4.1, would lead to declining temperatures (central 72 
estimate) in the  long term15,16. This also applies to pathways in which anthropogenic global 73 
warming (assessed as global mean temperature increase averaged over 20 or 30-years) may 74 
never exceed the 1.5°C limit following sufficiently stringent near-term GHG emission reductions. 75 
Notably, the Paris Agreement does not establish the idea of temperature stabilisation, but rather 76 



establishes upper limits. Based on these considerations, we establish a broad category of peak 77 
and decline (PD) pathways in which global warming is gradually reversed after peaking (Table 1). 78 
The class of pathways that is commonly referred to as “temperature overshoot” is a specific case 79 
of this broader conceptual category, but is specifically designed to return warming below a 80 
certain warming level (with a given probability) after a temporary exceedance.  81 
 82 
Several classes of pathways have been proposed in the scientific literature that can be 83 
considered a part of the overarching PD category15,17 (Table 1).  A prominent example is the 84 
latest Working Group III (WGIII) contribution to the Sixth Assessment Report (AR6) of the 85 
Intergovernmental Panel on Climate Change (IPCC), which includes two pathway categories that 86 
explicitly refer to the term overshoot in their name (that is, categories C1 and C2, which are 87 
consistent with a 50% chance of limiting 2100 temperatures to 1.5°C after no/limited overshoot 88 
or a high overshoot, respectively). The end-of-century time horizon for an overshoot in these 89 
categories is a pragmatic, yet subjective choice which has no legal basis in the Paris Agreement 90 
or subsequent decisions15. Although defined in terms of probabilities of temporarily exceeding 91 
1.5°C of global warming, the IPCC pathway categories are also quite concrete in terms of the 92 
implied absolute level of overshooting. As part of the category definitions, the IPCC states that 93 
limited overshoot refers to exceeding the specified limit by up to about 0.1°C, while in high 94 
overshoot pathways it does so by up to 0.3°C17 (Table 1).  95 
 96 
These levels of temperature overshoot highlighted in this definition refer to the median warming 97 
outcome under these pathways, and can give rise to the impression that the temperature 98 
overshoot risk under such scenarios is constrained to a few tenths of a degree14. This is 99 
potentially misleading, however, as the geophysical uncertainties surrounding the global 100 
warming outcome of emission pathways imply a possibility of peak warming half a degree or 101 
more above the median (central) estimate12. The possibility of high warming outcomes applies 102 
to all emission pathways, but the strong focus on very specific temperature outcomes under 103 
overshoot, also reflected in name and description (Table 1), renders it particularly relevant in this 104 
context. We identify the strong focus on median outcomes as an area of overconfidence in 105 
perceptions of the risks implied by overshoot pathways.  106 
 107 
Table 1 | Conceptual and literature categories of peak and decline emission pathways.  108 

Pathway Category Temperature Characteristics Emission Characteristics (Best Estimates) 

Conceptual Categories 

PD:  Peak and decline 
pathways 

Pathways that aim to achieve temperature 
peak and a sustained long-term 
temperature decline 

Emission reductions in all GHGs towards 
achieving net-zero CO2 emissions, and net-
negative CO2 emissions thereafter 



PD-OS: Overshoot 
pathways  

PD-pathways that aim to limit warming to a 
targeted warming level at some point in 
the far future but allow for a high likelihood 
to exceed it over the near term in the 
conviction that warming can be reversed at 
a later stage to again land below the 
targeted limit 
  

As peak and decline pathways, but rate of 
emission reduction, timing of net-zero CO2 and 
amount of net-negative emissions all depend on 
the characteristics of the envisaged overshoot 

PD-EP: Enhanced 
protection pathways 

PD-Pathways that aim to keep peak global 
warming as low as possible and gradually 
reverse warming thereafter to reduce 
climate risks  

Stringent and rapid GHG emission reduction to 
reduce emissions as much and as early as 
possible, achieving net-zero CO2 emissions as 
soon as possible while minimising residual 
emissions, and achieving sustainable levels of net-
negative CO2 emissions thereafter 

Literature Categories  

Pathways  that limit 
warming to 1.5°C 
(>50%) with no or 
limited overshoot 
(C1)17 

 

Pathways  that limit warming to 1.5°C in 
2100 with a likelihood of greater than 50%, 
and reach or exceed warming of 1.5°C 
during the 21st century with a likelihood of 
67% or less.  
 
Limited overshoot refers to exceeding 1.5°C 
global warming by up to about 0.1°C and 
for up to several decades. C1 pathways that 
achieve net-zero GHG are included in the 
category C1a. 

2030 reductions of total GHG emissions relative 
to 2019:  
43% [34-60 %, 5th-95th percentile range] 
 
Timing of net-zero CO2: 2050-2055 [2035-2070] 
 
Timing of net-zero GHG (only category C1a 
pathways): 2070-2075 [2050-2090] 
 
Cumulative net-negative CO2 after net-zero:  
220 GtCO2 [20-660]  
 

Pathways that return 
warming to 1.5°C 
(>50%) after a high 
overshoot (C2)17 

 

Pathways  that limit warming to 1.5°C in 
2100 with a likelihood of greater than 50%, 
and exceed warming of 1.5°C during the 
21st century with a likelihood of greater 
than 67%.  
 
High overshoot refers to temporarily 
exceeding 1.5°C global warming by 0.1-
0.3°C for up to several decades  

2030 reductions of total GHG emissions relative 
to 2019: 23% [0-44 %, 5th-95th percentile range] 
 
Timing of net-zero CO2: 2055-2060 [2045-2070] 
 
Timing of net-zero GHG : 2070-2075 [2055-...] 
 
Cumulative net-negative CO2 after net-zero:  
360 GtCO2 [60-680]  

Paris Agreement 
compatible pathways15  

Pathways that reach or exceed warming of 
1.5°C during the 21st century with a 
likelihood of 67% or less, and 
simultaneously do not exceed 2°C during 
the 21st century with a likelihood of 90% or 
more. 
Achieve long-term declining temperature 
by reaching net-zero GHGs. Similar to 
pathways in category C1a.  

2030 reductions of total GHG emissions relative 
to 2019:  41% [38-44 %, interquartile range] 
 
Timing of net-zero CO2: 2050 [2045-205] 
 
Timing of net-zero GHG : 2065 [2060-2075] 
 
Cumulative net-negative CO2 after net-zero:  
453 GtCO2 [127 - 690] 

 109 
 110 
In the following, we provide a comprehensive perspective on future climate outcomes under 111 
peak and decline pathways (see Table 1 and Fig 1 for a conceptual overview). In emission space, 112 



these pathways are differentiated by the stringency of emission reduction efforts in the near-113 
term and up to achieving net-zero CO2 emissions and the potential of net-negative CO2 114 
emissions in the long term. The former approximately determines the time of peak warming for 115 
median climate outcomes, while the latter determines the pace of temperature reversal.9 116 
Following ref. 12, we separate the dynamics into two phases: the ‘warming phase’ until around 117 
net-zero CO2 emissions, and the ‘long-term state’ after net-zero CO2.    118 
 119 
We first look into uncertainties in global temperature outcomes and their implications for the 120 
required net-negative CO2 emissions to achieve the intended reversal of warming. We then 121 
discuss potential feasibility constraints to deploying gigatonne-scale carbon dioxide removal 122 
(CDR). Next, we explore if and how global mean temperature reversal translates into reversal of 123 
local climatic impact-drivers18 and subsequent impacts and risks. Finally, we discuss the 124 
implications of a potential temperature overshoot for climate change adaptation. Based on this 125 
comprehensive perspective, we argue for redirecting the discussion towards managing climate 126 
risks both in the near and long-term, and to avoid overconfidence in climate overshoot 127 
outcomes. 128 



129 
Fig 1 | Illustrative climate outcomes under different conceptual categories of overshoot pathways. 130 
a Different classes of peak- and decline global mean temperature pathways (compare Table 1). Stylised 131 
individual pathways (dashed lines) are highlighted to illustrate specific impact, adaptation and carbon 132 
dioxide removal dimensions associated with the different categories. b, An overview of key factors 133 
affecting pathway and potential overshoot outcomes along the impact chain for the warming phase until 134 
net-zero CO2 and for the long term beyond net-zero.   135 



Global climate response uncertainty and reversal 136 
The cumulative CO2 emissions until net-zero and the level of reduction of non-CO2 GHGs and 137 
other short-lived climate forcers determine the level of peak warming, and the amount of net-138 
negative CO2 emissions (NNCE) required to reverse global mean temperature to a given level 139 
increase under an overshoot pathway17. The later peaking of global GHG emissions is achieved, 140 
and the less stringent the emission reductions that follow, the higher peak warming will be.  141 
Most estimations of the amount of NNCE required to reverse warming under overshoot, 142 
including in the IPCC AR6 WG3, focus on median warming outcomes only19. A comprehensive 143 
appraisal of overshoot risks, however, needs to consider uncertainties in the climate response 144 
during the warming phase as well as in the long-term state. Relevant dimensions of uncertainty 145 
include: (1) potential high warming outcomes due to strong amplifying climate warming 146 
feedbacks up to net-zero CO2 20,21, (2) potential continued warming past net-zero, as captured 147 
by the zero-emissions commitment (ZEC)22,23, and (3) the response of the climate system to net-148 
negative CO2 emissions24–26. These geophysical uncertainties are relevant for estimating the net-149 
negative CO2 emissions necessary to bring down warming in peak and decline pathways. 150 
Even under a stringent emission reduction scenario that achieves net-zero CO2 around mid-151 
century and aims to limit median peak warming close to 1.5°C above pre-industrial levels without 152 
relying on net-negative emissions, markedly higher warming outcomes are possible (the PD-EP 153 
pathway PROVIDE REN_NZCO2, Fig. 2a). We explore the range of physically plausible warming 154 
responses based on 2237 outcomes generated using the simple carbon cycle and climate model 155 
FaIR configured to resemble key climate metrics assessed by IPCC AR6 WG120 (Methods).    156 
 157 
Considering the range of physically plausible outcomes generated by FaIR we identify relatively 158 
lower-risk futures, where warming at the time of net-zero is lower than the median estimate and 159 
is followed by a further reduction of warming in the long-run (Fig. 2b, bottom left quadrant). In 160 
these cases, deployment of net-negative emissions is not strictly necessary, assuming stringent 161 
mitigation in line with the assessed pathway. 162 
However, in cases where the warming at net-zero is higher than 1.5°C and when the expected 163 
warming after CO2 emissions cease is either positive (Fig. 2b, top right quadrant) or negative, 164 
but not sufficient to reach 1.5°C (Fig. 2b; top left quadrant), net-negative CO2 emissions may 165 
need to be deployed at scale to return warming back below 1.5°C in 2100. In case of a long-166 
term increase in temperatures despite net-zero CO2 emissions27, even a lower-than-median 167 
near-term warming can imply continued increase of climate risks (Fig. 2b, bottom right 168 
quadrant), potentially. Warming outcomes characterised by continued warming after net-zero 169 
CO2 is achieved (Fig. 2b - top right quadrant) are of particular concern. 170 
 171 
We estimate the net-negative CO2 emissions required to return warming for each modelled FaIR 172 
GMT outcome to 1.5°C in 2100 (Methods). As a result of the heavy-tailed climate response 173 



uncertainty distribution20, the need for very large net-negative CO2 deployment cannot be ruled 174 
out while net negative CO2 requirements at the lower end are bound to zero (Fig. 2c). We find 175 
that the potential scale implied by geophysical uncertainty (interquartile range: 0 to -400 Gt CO2 176 
cumulatively, or, 0 to -10 Gt CO2 per year after 2060) is of the same order of magnitude as the 177 
spread of deployed net negative CO2  across the scenarios assessed in IPCC AR6 WG3 (Fig. 178 
2c)19,28. While the dominant contribution to net-negative CO2 deployment requirements is a 179 
consequence of the need for temperature draw-down after high peak warming outcomes, a 180 
need for net-negative CO2 deployment of up to 200 Gt CO2 (or -5 Gt CO2 per year, upper 95% 181 
quantile, Fig. 2c) to prevent further warming past net-zero cannot be ruled out. These results 182 
suggest that a narrow focus on scenario uncertainty and median warming alone is insufficient 183 
when assessing potential CDR deployment requirements in the 21st century.  184 
 185 
It is important to emphasise that our simple illustrative approach has a number of limitations 186 
that should be carefully explored in future research, including dedicated Earth System Model 187 
experiments29. Of particular relevance would be the exploration of potential asymmetries in the 188 
response of the climate system to positive and negative CO2 emissions (Methods)25,26. We note 189 
that due to the lack of appropriate training data, the response of the simple climate model FaIR 190 
to net negative CO2 emissions is not well constrained. Moreover, the earth system models used 191 
to calibrate FaIR may miss non-linear responses in the climate system including abrupt 192 
destabilisation of natural carbon sinks such as  permafrost CO2 and CH4 release30, peat carbon 193 
loss from climate and anthropogenic land use change31, extreme fires and drought mortality of 194 
forests with high biomass density32–34. We explore permafrost and peatland responses to 195 
overshoot below (Fig. 4).  196 
Notwithstanding the identified need for further modelling efforts to address this research gap, it 197 
is important to consider that such research efforts may not be ultimately conclusive as there is 198 
no observational evidence available to constrain the modelled response to net-negative CO2 199 
emissions. It therefore appears plausible that substantial residual uncertainties about the Earth 200 
System response will remain beyond the time net-zero CO2 is reached, implying the need for a 201 
preventive approach to hedge against undesirable warming outcomes in the long term.  202 
 203 



 204 
 205 
Figure 2: Estimating cumulative net-negative CO2 emissions (NNCE) needs when accounting for 206 
climate response uncertainty. a, Net CO2 emissions for the PROVIDE REN_NZCO2 pathway (black line) 207 
and the warming outcome uncertainty (derived using FaIR v1.6.235). The median warming outcome is the 208 
red solid line, with each subsequent plume of varying transparency representing, in order, the 25th - 75th 209 
percentile, 5th - 95th percentile, and minimum to maximum ranges respectively. b, Peak warming at the 210 
time of net-zero CO2 versus the change in temperature between net-zero CO2 and 2100. c, Estimated net-211 
negative CO2 emissions to return warming for each peak warming outcome shown in b to 1.5°C in 2100 212 
(see Methods). These estimates reflecting net-negative CO2 emissions implied by geophysical uncertainty 213 
of the warming outcome based on the REN_NZCO2 pathway are compared to the scenario uncertainty 214 
across the C1 and C2 categories from the IPCC AR6 WG3 report. 215 
 216 
Relying on Carbon Dioxide Removal  217 
Achieving net-negative CO2 emissions will require the deployment of CDR that exceeds residual 218 
emissions in hard-to-abate sectors. Scenarios assessed by IPCC WGIII deploy CDR in different 219 
ways and to different extents17. Near-term scale-up of both conventional methods (i.e., methods 220 
that capture and store carbon in the land reservoir) and novel CDR methods36 is the most rapid 221 
in pathways with the lowest peak warming (low or no overshoot 1.5°C pathways, C1). CDR levels 222 
by the end of the century tend to be higher in high overshoot C2 pathways (central estimate), 223 
but the overall range is relatively similar to the C1 pathways. Also, pathways that are likely below 224 
2°C, but do not limit warming to 1.5°C in 2100 (C3) see a substantial ramp-up of CDR in the 225 
second half of the 21st century reaching levels comparable to C1 pathways by 2080 (Fig. S3). 226 



The total amount of removals deployed in emissions reduction pathways depends 227 
predominantly on the effective reduction of residual positive CO2 emissions and mitigation of 228 
non-CO2 GHGs by mid-century, rather than on peak warming targets15.  229 
 230 
Reliance on gigatonne-scale CDR deployment in scenarios comes with challenges that strongly 231 
affect the overall feasibility of such scale up. There are multiple areas where overshoot scenarios 232 
might be overconfident in their use of CDR (Table 2).  A myriad of factors ranging from lack of 233 
policy support and business models over technological uncertainty to public opposition often 234 
connected to external effects may constrain upscaling considerably. For example, insufficient 235 
technological readiness may be a critical bottleneck, as current removal rates from CDR methods 236 
other than afforestation and reforestation are miniscule (~2 Mt CO2/yr)37 and imply a more than 237 
1000-fold increase by 205036.  Beyond technological concerns, an array of unintended or 238 
unforeseen permanence issues and system feedbacks (Table 2) might reduce or offset CDR’s 239 
contribution to mitigation37,38. Also, under scenarios of future declining CO2 concentrations, a 240 
continuous weakening and eventual reversal of the ocean and land sinks needs to be expected, 241 
thereby increasing the need for CDR39. 242 
This highlights the importance of developing systems for monitoring, reporting, and verification 243 
(MRV) of CDR that are genuinely fit-for-purpose. An over-reliance on removals may lead to 244 
catastrophic outcomes if CDR fails to deliver at the expected scale. Even if technical removal 245 
potentials prove to be large, sustainability and equity considerations may constrain acceptable 246 
deployment scales40. There is thus a risk of overconfidence and overreliance on both the 247 
potential scale-up and effectiveness of CDR to achieve climate objectives.  248 
 249 
Squaring these feasibility concerns with the potential need for gigatonne scale CDR deployment 250 
to address climate uncertainty (Fig. 2) will be a challenging exercise.  251 
We argue that deployment pathways that address this challenge should be guided by the 252 
principle of “harm prevention”51 . This principled approach requires two complementary actions: 253 
(1) reduce gross CO2 emissions rapidly to reduce the potential CDR needs to address climate 254 
uncertainty, (2) address feasibility concerns to facilitate deployment of CDR to hedge against 255 
potentially high warming outcomes. 256 
 257 
  258 



Table 2 | Overview of constraints of large-scale CDR 259 
  Description of constraints and potential for overconfidence 
Readiness Current removal capacities are far from what is required to be compatible with the Paris 

Agreement. In the coming years, removal scales need to go up while costs need to come 
down – both at highly ambitious levels. Implementation gaps already arise, potentially 
precluding reliance on CDR to steer back from overshoot 36. 

Permanence & 
resilience 

Permanent and secure storage of removed carbon is key. Overconfidence may arise from 
neglected uncertainty of the geological storage potential41 and overestimated storage 
durability under progressing climate change. Carbon stored in soils and vegetation is 
especially susceptible to climate or non-climatic impacts, including fires or pest infestation, 
and may be constrained further by uncertain sink saturation38,42–44.  

System feedbacks Mitigation effects of CDR may be offset by weakened and potentially reversed land and 
ocean carbon sinks, and other undesired system feedbacks39, e.g., unfavorable albedo 
changes, or emissions due to direct or (unintended) indirect land use change. Carbon 
uptake potential of land-based CDR is highly uncertain, depending on bioenergy crop 
yields in the case of bioenergy and carbon capture and storage (BECCS) and soil carbon 
response to land-use change and the rate of forest regrowth in the case of 
afforestation45,46. 

Policy response & 
governance 

Betting on CDR effectiveness may lead to insufficient emission reductions if CDR fails, or 
physical climate feedbacks are stronger than expected. The mere outlook of CDR may 
evoke a moral hazard, meaning that required gross emission reductions may be delayed 
and/or weakened47. Lacking monitoring and liability of removal additionality and 
permanence may pose an additional constraint 36. 

Sustainability & 
Acceptability 

The extensive land use footprint associated with large-scale CDR may threaten 
environmental integrity43,44 and/or agricultural production42.  However, some types of CDR 
(for example, via restoration of natural ecosystems and their associated carbon) would be 
more synergistic. CDR often requires public acceptance – an aspect not reflected in current 
scenarios. Consensus is critical, as CDR can lead to undesired distributional impacts (e.g., 
concerning land tenure or food prices if large areas are allocated for CDR). Further 
constraints arise when considering (transnational) equity criteria, as the burden of CDR may 
not be evenly distributed between polluters, regions, and generations40,48. Even with strong 
CDR deployment by high-income countries, equitable mitigation outcomes may not be 
achieved49,50. 

 260 
Regional climate change reversibility 261 
The promise of overshoot pathways is to return global warming back below a certain level, i.e. 262 
1.5°C, in the long run. Since the narrative on climate overshoot is focussed on global mean 263 
temperature outcomes, it can lead to the impression that achieving a climate objective after an 264 
overshoot is just a different trajectory to arrive at the same end-point. Yet this will not 265 
necessarily be the case in terms of regional climatic impact-drivers 52.   266 
Even if global warming were to be stabilised at a certain level, the climate system would 267 
continue to change as components of the climate system continue to adjust and equilibrate53–56. 268 
Continued changes in sea-surface temperature patterns, and resulting atmospheric feedbacks 269 
will affect regional and potentially also the global temperature trajectory on a multi-century 270 
time-scale27,57.  271 



 272 
Comparing climatic impact-drivers before and after overshoot can help to illustrate the 273 
implications on the regional level. We provide an analysis for overshoot scenarios from the 274 
Coupled Model Intercomparison Project (CMIP6) model simulations (Methods) focussing on 275 
annual temperature and precipitation and comparing the differences between spatial patterns 276 
before and after peak warming. The most apparent difference in annual mean temperature 277 
patterns is a stronger cooling over land after overshoot, as the land-ocean contrast is reduced58 278 
(Fig. 3a). Furthermore, in the period after peak warming, the fast response to a reduction in 279 
atmospheric CO2 is superimposed on lagged effects of the increase in CO2 decades earlier. Due 280 
to the differences in fast and slow response patterns, a warming of the Southern Ocean relative 281 
to the rest of the globe is expected59,60. Similarly, a warming signal after overshoot over regions 282 
with high present day aerosol loading is apparent (South and East Asia), in line with what would 283 
be expected from a reduction in regionally reduced aerosol loadings under stringent mitigation 284 
pathways61. Strong regional features emerge over the high northern latitude oceans in line with 285 
a time-lagged response of the Atlantic Meridional Overturning Circulation62, although 286 
substantial inter-model differences remain over this region.  A continued Pacific warming signal 287 
is apparent, possibly related to a continuous intensification of extreme El Niño events even 288 
under declining temperatures63. So even for the regional temperature changes that generally 289 
align well with mean temperature at the global scale, some notable differences emerge.   290 
This is even more the case for annual mean precipitation, where even a continuation of regional 291 
trends despite declining global temperatures is apparent, such as the Sahel drying and East 292 
Asian wetting signals. Some of these changes are related to a shift in the Inter-Tropical 293 
Convergence Zone (ITCZ) that could result from a warming of the Southern Hemisphere relative 294 
to the Northern Hemisphere after peak warming64. On the global scale, the differences between 295 
regional precipitation patterns before and after overshoot are comparable in magnitude with 296 
the response to a 0.2°C GMT difference. This indicates that changes in regional precipitation 297 
cannot be approximated well by GMT change after overshoot.  298 



 299 

Fig 3| Evolution of regional climate signals before and after overshoot. a 30-year averages of annual 300 
mean surface air temperature for different global mean temperatures going from -0.2K below peak 301 
warming (before the overshoot) to peak warming to -0.2K below peak warming after the overshoot. 302 
Relative differences to peak warming are shown for the ensemble median of 12 CMIP6 Earth system 303 
models and the SSP5-34-OS and the SSP1-19 scenarios. On the right-hand side, the difference between 304 
after and before peak warming at the same level of Global Mean Temperature is shown. b as a but for 305 
annual precipitation.  Areas where at least three quarters of the ESMs agree on the sign of difference are 306 
indicated by black hatching. Adapted from ref. 65

. 307 
 308 
Time-lagged and irreversible impacts  309 
For a range of climate impact drivers and impacts, there is no expectation of immediate 310 
reversibility after overshoot. This includes changes in the deep ocean, marine biogeochemistry, 311 
biodiversity and fisheries66–68, land-based biomes, carbon stocks and crop yields for which CO2 312 
fertilisation effects play a significant role69, but also biodiversity impacts including species loss 313 
on land70,71, leading to an erosion of ecosystem services and climate resilience. Overshoot will 314 
also increase the probability of crossing stability thresholds of polar ice sheets and other 315 
potential Earth System tipping elements72,73, including risk of large scale forest loss in the 316 
Amazon and boreal regions.   317 



 318 
Fig 4| Long-term irreversible permafrost, peatland and sea-level rise impacts of overshoot. a,  319 
Feedback on 2300 global mean temperature increase by permafrost and peatland emissions (blue markers 320 
and left axis) and 2300 global median sea-level rise (right axis) as a function of overshoot duration. b, 321 
Additional global mean temperature from warming induced permafrost and peatland emissions and sea-322 
level rise increase implied by stabilising temperatures at peak warming by achieving net-zero CO2 323 
emissions compared to a long-term temperature decline implied by achieving and maintaining net-zero 324 
GHGs.  325 
 326 
Global and regional sea levels will continue to rise for centuries to millennia as a result of 327 
anthropogenic warming today, even if long-term temperatures are in decline74,75.  328 
 329 
The irreversible nature of many climate impact drivers and impacts poses important questions 330 
for research, including the quantification of long-term risks arising from a temporary overshoot. 331 
But at the same time, the question of potential benefits of long-term temperature decline 332 
compared to stabilisation at higher temperature levels also requires a closer look. For global 333 
sea-level rise, we find that every 100 years of overshoot above 1.5°C lead to an additional sea-334 
level rise commitment of around 40 cm by 2300 relative to a baseline of about 80 cm without 335 
overshoot (Fig. 4a). Achieving and maintaining net-zero GHGs and thereby long-term 336 
temperature decline avoids about 40 cm of 2300 sea-level rise compared to stabilisation at peak 337 
warming in the case of net-zero CO2 (Fig. 4b).  338 
A similar pattern emerges for 2300 permafrost thaw and northern peatland warming leading to 339 
increased soil carbon decomposition and CO2 release (Fig.4). The effect of  permafrost and 340 
peatland emissions on 2300 temperatures increases by 0.02°C per 100 years of overshoot, while 341 



achieving long-term declining temperatures implied by net-zero GHGs would reduce the 342 
additional 2300 temperature effect by about 0.017°C.  343 
Any temperature overshoot will thereby leave a substantial climate impact legacy  compared to 344 
a no overshoot outcome. However, achieving long-term declining temperatures will also 345 
robustly reduce risks for time-lagged processes such as sea-level rise or for triggering 346 
irreversible dynamics in large scale tipping elements of the Earth system73.  347 
 348 
Socio-economic impacts  349 
The severity of climate risks for human systems under overshoot will significantly depend on 350 
their adaptive capacity76,77, as well as the potential transgression of limits to adaptation78. An 351 
overshoot above 1.5°C would likely emerge during the first half of the 21st century, a period still 352 
characterised by comparably low adaptive capacity in large parts of the globe even under 353 
optimistic scenarios of socio-economic development76,77. These temporal dynamics imply that 354 
climate risks arising under an overshoot pathway may be amplified by high vulnerability and low 355 
adaptive capacity. This has profound consequences for the ability of achieving climate resilient 356 
development outcomes under overshoot in particular for the most vulnerable countries, 357 
communities and peoples79.  358 
 359 
While geophysical effects of overshoot may be partially reversible, socio-economic impacts are 360 
typically irreversible. Climate impacts on health, mortality, ecosystem services, livelihoods, and 361 
education typically can leave lasting and intergenerational negative effects on people's well-362 
being80. Overshoots might also leave a long-term legacy in the economic performance of 363 
countries, at least if impacts of climate change on growth are assumed81.  364 
Such climate impacts fall most heavily on the poor, while climate change exacerbates poverty82. 365 
Thus allowing for an overshoot emissions pathway entails deeply ethical questions of how much 366 
additional climate-related loss and damage people, and especially the world's poor, would need 367 
to endure. Climate justice frameworks offer many ways to consider these questions83. 368 
 369 
Adaptation decision-making and overshoot  370 
In contrast with the prominence of overshoot pathways in the mitigation literature, their 371 
implications for adaptation planning have not been widely explored84. It poses the question: is 372 
overshoot, i.e. the possibility of impact reversal in the far future, relevant for adaptation 373 
decisions taken today and in the near future?  374 
 375 



 376 
Fig 5| Adaptation relevant timescales and overshoot. a, Stylised temporal evolution of a reversible 377 
climate impact driver under a peak-and-decline scenario. Dashed lines indicate a low and high overshoot 378 
outcome. b, A range of adaptation relevant timescales starting in 2030 illustrating very different lifetimes 379 
of individual adaptation measures (from years to decades), the planning horizons for adaptation planning 380 
(decades) and the effect of applying discounting (reflecting societal preferences towards intergenerational 381 
equity) to future damages and adaptation benefits.  382 
 383 
Reversing global temperatures after peak warming would be substantially slower than current 384 
warming (across a range of different emission scenarios, median long-term decline would be on 385 
the order of around 0.05°C per decade12, compared to around 0.2°C of recent decadal 386 
warming85). So even under the optimistic assumption of full reversibility of a climate impact 387 
driver, a planning horizon of 50 years or more might be required for the prospects of long-term 388 
impact decline to affect adaptation decisions  (Fig. 5).  389 
Not many adaptation plans and policies operate on such timescales: for example, the EU 390 
Adaptation Strategy spans three decades86, other national adaptation plans have similar or even 391 
shorter time horizons87.  In practice, infrastructure planning encompasses a wide range of often 392 
overlapping time scales; for example, a major hydropower dam may operate for a century or 393 
more, while the management of that dam (and whether management should include flood 394 
control as an objective) would occur in concession or contract periods (decades) as well as 395 
annual and sub-annual budget cycles.  396 



The application of cost-benefit approaches in adaptation measures, and the time-scale over 397 
which  these are assessed, requires decisions on intergenerational equity reflected in the choice 398 
of the intertemporal discount rate88. Higher discount rates limit the time horizon relevant for 399 
economic adaptation decision-making to a few decades (Fig. 5). 400 
 401 
We have explored an illustrative example of the implications of incorporating overshoot into 402 
adaptation benefit cost analysis under a low and high overshoot pathway (Supplementary 403 
Material Section 4, Fig. S4). Our findings suggest that for adaptation measures with higher 404 
benefit/cost ratios, adapting to peak warming is preferable to adapting to a lower long-term 405 
outcome, making them non-regret options (Fig. S5). We find the magnitude of peak warming to 406 
be more important than post-peak reversibility. Our example further supports the conclusion 407 
that potential long-term impact driver reversibility after overshoot may be of relevance only in 408 
specific cases of adaptation decision-making. A notable exception is adaptation against time-409 
lagged irreversible impacts such as sea-level rise for which overshoots will affect the long-term 410 
outlook (Fig. 4) and thereby decision-making under dynamic adaptation pathways89.  411 
 412 
Limits to adaptation, both soft and hard, constrain the option space available for adaptation78,90. 413 
This includes “hard” limits to adaptation strategies reliant on systems that are themselves 414 
negatively impacted by climate change, e.g. ecosystem-based measures reliant on coral reefs or 415 
mangroves91, as well as “soft” limits to the adaptation portfolio due to socio-economic 416 
constraints (i.e. lack of resources of governance systems)77. Transgressing “hard” limits under 417 
overshoot, i.e. the destruction of sensitive ecosystems, implies that these measures may also not 418 
be available for implementation under warming reversal, reducing the available pool of 419 
adaptation measures compared to a no-overshoot case. It is the risk of transgressing adaptation 420 
limits, rather than uncertain prospects of long-term reversibility, that we find to be most 421 
consequential for adaptation decision-making. 422 
    423 
Reframing the overshoot discussion  424 
We have identified a range of areas where a framing of overshoot as ‘another way’ to achieve 425 
the same (or at least a similar) climate outcome in the long run appears to be misguided. 426 
Specifically, there is a risk of overconfidence when focussing on median climate projections 427 
alone in particular with the precision of a tenth of a degree. 428 
 429 
From a climate impact perspective, it is clear that the world “after” an overshoot will be different 430 
from before, and from a no-overshoot world, as impacts’ reversibility is not a given. Even if it 431 
was, the time scales involved may exceed usual decision-making horizons of adaptation 432 
planning. This implies that the expected peak warming, rather than the long-term outlook, will 433 
drive most adaptation decisions over the coming decades and should inform estimates of global 434 



adaptation needs assessments92. From a climate justice perspective, overshoot entails further 435 
socio-economic impacts and climate-related loss and damage that are typically irreversible and 436 
fall most severely on the world's poor. This ethical dimension should be explicitly discussed 437 
when considering overshoot emissions pathways.  438 
 439 
As we have shown, whether or not a long-term decline in global temperatures can be achieved 440 
depends on uncertain physical climate system feedbacks, but nevertheless needs to rely on large 441 
scale carbon dioxide removal. Whether or not the scaling up of such CDR techniques can be 442 
achieved sustainably, and at what costs, is an open question. We note that these considerations 443 
of both physical and CDR uncertainties also raise questions about proposals of “peak-shaving” 444 
of overshoot by deploying hypothetical solar radiation modification intervention techniques26. A 445 
central motivation to pursue a long-term temperature draw-down is to reduce climate impacts 446 
both in the near-term as well as in the long run. We have shown that benefits can be clearly 447 
identified for time lagged impacts over centuries including cryospheric changes, sea-level rise, 448 
and deep ocean changes. Given the consequences of a potential multimeter long-term sea-level 449 
rise commitment for coastal regions globally, drawing down global temperatures is desirable. 450 
Similarly, the probability of crossing irreversible thresholds may remain substantial in the long-451 
term unless global mean temperatures are brought back down below 1°C above pre-industrial 452 
levels73.  453 
 454 
Based on these insights, we argue for a reframing of the science and policy discourse on 455 
overshoot away from a potentially overconfident focus on median outcomes, and rather towards 456 
a perspective on minimising climate risks in peak and decline temperature pathways (Table 1). 457 
Overshooting of 1.5°C (or even 2°C) is not something that can be planned for with certainty - it 458 
is a question of probabilities and might prove impossible due to physical climate system 459 
feedbacks under a range of emission pathways.  460 
An enhanced protection pathway to limit those risks would thereby first and foremost focus on 461 
near-term emission reductions to slow-down warming and reduce peak warming as much as 462 
possible, taking into consideration a wide range of physically possible outcomes at peak 463 
warming.  464 
 465 
After peak warming, a range of new questions arise for the long-term phase. A long-term 466 
temperature decline after net-zero CO2 emissions is a distinct possibility22. In a less optimistic 467 
case, some level of net-negative CO2 emissions might be required to even ensure peaking of 468 
global temperatures in case of strong climate feedbacks. Similarly, high peak warming outcomes 469 
may require significant amounts of net-negative CDR to draw temperatures down again (Fig. 2c). 470 
We argue that such high risk outcomes like high peak warming or continued warming after net-471 
zero CO2, and the resulting net-negative CO2 emissions required to counter such outcomes, 472 



need to be systematically considered in the design of mitigation pathways. This should happen 473 
in line with core obligations under environmental law, such as the principle of “harm prevention” 474 
that requires taking preventive measures to avoid certain risk outcomes51.  475 
 476 
Based on these considerations, we suggest that there is a need for an environmentally 477 
sustainable “preventive CDR capacity” to hedge against long-term high risk outcomes resulting 478 
from stronger than expected climate feedbacks. Such a need for a preventive capacity has 479 
substantial implications for the use of CDR in stringent emission reduction pathways in light of 480 
constraints that limit the overall CDR deployment93. Pathways relying on large amounts of CDR 481 
to even achieve net-zero CO2 often exhaust or exceed sustainability limits already by design19, 482 
leaving little room for course adjustments in case of high warming outcomes. On the other 483 
hand, pathways that deploy very little CDR may fail to build up the technological solutions 484 
required to establish a preventive CDR capacity. Incorporating preventive CDR in pathway 485 
design requires further reflections, including on avoiding long-term climate risks, and probability 486 
levels reflecting risk aversion, policy design94, but also how responsibilities could be assigned to 487 
different emitters for providing for this preventive CDR capacity40,48.  Finally, it is vital that this 488 
preventative capacity be designed to exploit potential synergies with other mitigation strategies 489 
and sustainable development goals and reduce competition for resources. 490 
 491 
As a consequence of ever delayed emission reductions, there is a high chance of exceeding 492 
global warming of 1.5°C, and even 2°C, under emission pathways reflecting current policy 493 
ambitions95. Even if global temperatures are brought down below those levels in the long-term, 494 
such an overshoot will come with irreversible consequences. Only stringent, immediate emission 495 
reductions can effectively limit climate risks.  496 
 497 
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Methods  722 
Evaluating net–negative CO2 emissions needs reflecting climate uncertainty 723 
In our illustrative analysis we assess the net-negative CO2 emissions (NNCE) for the PROVIDE 724 
REN_NZCO2 scenario96. The REN_NZCO2 scenario follows the emission trajectory of the 725 
Illustrative Mitigation Pathway (IMP) “REN” from the IPCC’s 6th Assessment Report (AR6)97,98 until 726 
the year of net-zero CO2 (2060 for this scenario). After the year of net-zero CO2, emissions (of both 727 
GHGs and aerosol precursors) are kept constant. 728 
 729 
Deriving climate response metrics 730 
For this analysis we need to derive three metrics that capture different elements of the climate 731 
response during the warming phase and the long-term phase. These are: 732 
 733 

1. The effective transient response to cumulative emissions (up), or eTCREup: This metric 734 
captures the expected warming for a given quantity of cumulative emissions until net-zero 735 
CO2; 736 

2. The effective transient response to cumulative emissions (down), or eTCREdown: This 737 
metric captures the expected warming or cooling for a given quantity of cumulative net-738 
negative emissions after net-zero CO2. This is a purely diagnostic metric and incorporates 739 
also the effects of the effective Zero Emissions Commitment (eZEC).  740 

3. The effective zero emissions commitment (eZEC): The continued temperature response 741 
after net-zero CO2 emissions are achieved and sustained22. Here, eZEC is evaluated over 742 
40 years (between 2060 and 2100). 743 

 744 
To estimate eTCREup (Equation 1), we directly use the warming outcomes reported in the 745 
PROVIDE ensemble. The warming outcomes are evaluated using the simple climate and carbon 746 
cycle model FaIR v.1.6.235 in a probabilistic setup with 2237 ensemble members. Each ensemble 747 
member has a specific parameter configuration that allows for the assessment of ensemble 748 
member specific properties like the climate metrics introduced above across different emission 749 
scenarios. This probabilistic setup of FaIR is consistent with assessed ranges of equilibrium climate 750 
sensitivity, historical global average surface temperature and other important metrics assessed by 751 
IPCC AR6 WG120. 752 
 753 

𝑒𝑇𝐶𝑅𝐸!"(𝑛) =
𝑇#$%$(𝑛) −	𝑇#$$$(𝑛)

∑ 𝐸&!#$%$
#$$$

	(1) 754 

 755 
 756 
Where, n refers to the ensemble member from FaIR, t’ is the time step, Et’ is the net CO2 emissions 757 
in time step t’, and Tt’(n) refers to the warming in the time step t’ for a given ensemble member. 758 
 759 



We need to take a different approach to estimating the second metric (eTCREdown), since the 760 
PROVIDE REN_NZCO2 does not have NNCE by design. We adapt this scenario with different floor 761 
levels of NNCE ranging from 5 Gt CO2/yr to 25 Gt CO2/yr (Fig. S1) that are applied from 2061 to 762 
2100. The scenario is unchanged before 2060. We then calculate the warming outcomes for each 763 
of these scenarios applying the same probabilistic FaIR setup and identify the scenario (in this 764 
case, REN_NZCO2 with 20 Gt CO2/yr net removals) for which all ensemble members are cooling 765 
between 2060 and 2100 (Fig. S1). This is required to get an appropriate measure of NNCE 766 
emissions. From this adapted scenario, we evaluate the eTCREdown for each ensemble member 767 
using Equation 2. 768 

 769 

𝑒𝑇𝐶𝑅𝐸'()*(𝑛) =
𝑇#+$$(𝑛) −	𝑇#$%$(𝑛)

∑ 𝐸&!#+$$
#$%$

	(2) 770 

 771 
Calculating cumulative NNCE for each ensemble member: Each ensemble member demonstrates 772 
a different level of peak warming that depends on eTCREup (Figure 2c). We calculate the cumulative 773 
NNCE (per ensemble member) that is necessary to ensure post-peak cooling to 1.5°C in 2100 774 
using Equation 3 depending on the case: 775 
 776 

𝑁𝑁𝐶𝐸(𝑛) = 0	𝑖𝑓	𝑇2060	(𝑛) < 1.5	𝑒𝑙𝑠𝑒		
	1.5	 − 	𝑇2060(𝑛)
𝑒𝑇𝐶𝑅𝐸'()*(𝑛)

	(3)	 777 

 778 
Estimating the effective zero emissions commitment (eZEC) allows us to separate the stabilisation 779 
and decline components of 𝑁𝑁𝐶𝐸. We evaluate eZEC using the post-2060 warming outcome of 780 
the original PROVIDE REN_NZCO2 scenario (Equation 4) 781 

 782 
𝑒𝑍𝐸𝐶(𝑛) = 𝑇#+$$(𝑛) −	𝑇#$%$(𝑛)	(4) 783 

 784 
We assess the component of NNCE(n) to compensate for a positive eZEC using Equation (5). 785 

 786 

𝑁𝑁𝐶𝐸-&./010-.&0(*(𝑛) = 	0	𝑖𝑓	𝑇2060(𝑛) < 	1.5	𝑒𝑙𝑠𝑒	
𝑒𝑍𝐸𝐶(𝑛)

𝑒𝑇𝐶𝑅𝐸'()*(𝑛)
	(5) 787 

 788 
We then assess the component of this NNCE(n) for cooling after stabilisation using Equation (6). 789 
 790 

𝑁𝑁𝐶𝐸'2310*2(𝑛) = 	𝑁𝑁𝐶𝐸(𝑛) −	𝑁𝑁𝐶𝐸-&./010-.&0(*(𝑛)(6) 791 
 792 
 793 
Overshoot reversibility for annual mean temperature and precipitation 794 



We analyse climate projections for the SSP5-34-OS and the SSP1-19 scenario by 12 Earth 795 
System models of the Coupled Model Intercomparison Project Phase 699: CESM2-WACCM, 796 
CanESM5, EC-Earth3, FGOALS-g3, GFDL-ESM4, GISS-E2-1-G, IPSL-CM6A-LR, MIROC-ES2L, 797 
MIROC6, MPI-ESM1-2-LR, MRI-ESM2-0, UKESM1-0-LL. 798 
 799 
We smooth GMT time series by applying a 31-year running average. In each simulation run we 800 
identify peak warming as the year where this smoothed GMT reaches its maximum. Next, we 801 
select the years before and after peak warming where the smoothed GMT is closest to -0.1 and -802 
0.2 K below peak warming. There is a substantial, model dependent asymmetry in the average 803 
time between the rate of change in GMT before and after peak warming65. In each run we 804 
average yearly temperatures and precipitation for the 31 years around the above described 805 
years of interest. Finally, for each ESM these 31-year periods are averaged over all available runs 806 
of the ESM and an ensemble median for the 12 ESMs is computed for the displayed differences. 807 
 808 
2300 projections for sea-level rise, permafrost and peatland 809 
We project sea-level rise, permafrost and peatland carbon emissions with two sets of scenario 810 
ensembles as documented in ref 100. Both sets of scenarios stabilise temperature rise below 2°C, 811 
with one set of scenarios achieving and maintaining the net-zero GHG emission goal of the Paris 812 
Agreement and the other set achieving net-zero CO2 emissions only. 813 
sea-level rise projections are taken from ref 100, based on a combination of a reduced-complexity 814 
model of global-mean temperature with a component based simple sea-level model to evaluate 815 
the implications of different emission pathways on sea-level rise until 2300. We project carbon 816 
dynamics for permafrost and northern peatlands for the aforementioned scenario set using the 817 
permafrost module of the compact earth systems model OSCAR101, and a peatland emulator 818 
calibrated on previously published peatland intercomparison project102. The forcing data used to 819 
drive the permafrost and peatland modules are GMT change and the atmospheric CO2 820 
concentration change relative to pre-industrial levels. Firstly, we simulated the CO2 fluxes and 821 
CH4 fluxes from both permafrost and northern peatlands (see Fig S3 for the responses of 822 
individual components). Next, we computed the net climate effects of these two systems using 823 
the GWP* following the method described in ref 102. We use Equation 7 to derive the CO2-824 
warming-equivalent emissions (𝐸4526)2∗) of the CH4 emissions, taking into account the delayed 825 
response of temperature to past changes in the CH4 emission rate: 826 
 827 

𝐸4526)2∗ = 𝐺𝑊𝑃8 × <𝑟 ×
9:"#4
9&

× 𝐻 + 𝑠 × 𝐸484@       (7)  828 

 829 

Where 𝛥𝐸484 is the change in the emission rate of 𝐸484 over the 𝛥𝑡 preceding years;  is the CH4 830 

emission rate for the year under consideration; r and s are the weights given to the impact of 831 



changing the CH4 emission rate and the impact of the CH4 stock. Following ref 102, we use 𝛥𝑡 =832 
20. Because of the dependency on the emission’s historical trajectory and carbon cycle 833 
feedbacks, the values of r and s are scenario dependent. Here we use the r = 0.68 and s = 0.32 834 
(the values used in ref 102 for RCP2.6), with H = 100 years, GWP100 of 29.8 for permafrost and 835 
GWP100 of 27.0 for peatland20.  836 

We then estimate the global temperature change (𝛥𝑇) due to permafrost and peatland CO2 and 837 
CH4 emissions as the product of the cumulative anthropogenic CO2-we emissions from 838 
permafrost and northern peatlands and the TCRE: 839 

 𝛥𝑇"2;<.=;(-&&"2.&1.*' = 𝑇𝐶𝑅𝐸 × C∑ 	C𝐸452,2300	–	𝐸452,";2E
2300
1861 +∑ C𝐸4526)2∗,2300 	−

#?$$
1861840 

𝐸4526)2∗,";2EE (8) 841 

Where 𝐸452,2300 and  𝐸452,";2 are CO2 emission rates from permafrost and northern peatlands in 842 
2300 and in the pre-industrial era, respectively;  𝐸4526)2∗,2300 and 𝐸4526)2∗,";2 are CO2-we* due 843 
to permafrost and northern peatland CH4 emissions in 2300 and in the pre-industrial era, 844 
respectively. For TCRE, we take the median value of 0.45°C per 1000 GtCO2 20. 845 
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