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Commitments to net zero carbon dioxide (CO2) or greenhouse gas emission targets now cover 88% 

of countries’ emissions. Underlying the accounting behind net zero frameworks is the assumption 

that emissions can be balanced with removals such that their net climate effect is zero. However, 

when considering the full climate impacts of CO2 emissions and removals, there are reasons to 

expect that the two are not equivalent in terms of their climate outcomes. We identify potential 

contributors to non-equivalence, including impermanence, biophysical and non-CO2 greenhouse 

gas effects, and argue that these non-equivalencies need to be accounted for to achieve climate 

goals. Given key uncertainties about the full climate impact of CO2 removal, it is prudent to 

prioritize emission reductions over removals. 
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Many countries, institutions and companies have set targets to reach net zero carbon dioxide (CO2) or 

greenhouse gas (GHG) emissions during this century. These targets, if rigorously set1, aim to contribute to 

the goal of the Paris Agreement to limit warming to well-below 2°C and to pursue efforts to limit 

warming to 1.5°C relative to pre-industrial levels. Net zero CO2 or GHG targets now cover 88% of 

countries’ emissions2. 

Underlying the concept of net zero CO2 is the assumption that a CO2 emission into the atmosphere can be 

balanced by a removal of the same magnitude (“one ton in equals one ton out”), such that the net effect on 

atmospheric CO2 levels and climate is equivalent to that of actual zero emissions. Framing the mitigation 

challenge in terms of net zero allows for residual CO2 emissions to be balanced by removals, recognizing 

that reaching zero CO2 emissions for some sectors (e.g. cement or steel production) will be difficult3. 

From an Earth system perspective, an emission of CO2 into the atmosphere by burning coal, oil or gas 

extracted from the geologic reservoir is a fundamentally different process than removing an equivalent 

amount of CO2 from the atmosphere by biological, geochemical or chemical processes and storing it in 

vegetation, soils, the ocean or even returning it to a geological reservoir4. CO2 stored in biomass and soils 

is part of the fast carbon cycle (average timescale of decades4) and may ultimately be released back into 

the atmosphere, resulting in a storage timescale that will be far shorter than the lifetime of the warming 

induced by CO2 emissions5,6. Furthermore, CO2 emissions and removals have very different non-CO2 

climate effects, such as biophysical effects7–11 and effects of non-CO2 GHGs and aerosols12–17, that are 

unlikely to compensate each other.  

Therefore, it is expected that balancing a fossil fuel CO2 emission with a removal of equal magnitude will 

result in a different climate outcome than would occur in the case of avoiding the fossil fuel emission 

(Figure 1). To ensure that reaching net zero CO2 is successful at stabilizing global temperatures, it is 

essential that net zero policies and accounting frameworks, particularly those that regulate carbon offsets, 

take into consideration the broader climate impacts of CO2 emissions and removals.  

In this Perspective, we review the factors that can lead to non-equivalence of CO2 emissions and 

removals, show the effect of neglecting these factors on warming, and lay out directions for future 

research to inform policy. We limit the discussion to factors that arise from an Earth system science 

perspective, and do not consider other aspects of carbon offsets such as additionality (whether a particular 

project would have occurred without the incentive of an offset program) or leakage (the effect of shifting 
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emissions elsewhere as a result of preventing carbon loss at some location) that could also result in 

ineffective climate mitigation, and have been discussed in detail elsewhere18–20. 

Non-equivalence of CO2 emissions and removals  

There are many reasons to expect that CO2 emissions and CO2 removals (CDR) will not produce 

equivalent climate outcomes. Here, we review four important potential contributors to non-equivalence: 

(1) potential impermanence of CO2 sequestered and stored by CDR; (2) biophysical climate effects of

CDR associated with altered surface characteristics; (3) non-CO2 effects of CDR and fossil-fuel emissions 

resulting from co-emitted GHGs and aerosol precursors; and (4) nonlinearities in the Earth system that 

could result in asymmetric climate responses to CO2 emissions and removals. These effects are reviewed 

from most to least significant, with the magnitude of the effect dependent on the scale and region or 

ecosystem targeted by CDR.  

Permanence of carbon storage 

Each ton of CO2 added to the atmosphere through burning of fossil fuels results in additional warming 

that is irreversible on timescales of centuries to millennia5,21–23. In contrast, carbon that is sequestered in 

non-geologic reservoirs is unlikely to remain permanently removed from the atmosphere24,25. If fossil fuel 

emissions are offset by temporary carbon sequestration that is released after a certain period of time, the 

cumulative CO2 emissions would be higher (by the amount of sequestered CO2 that is re-released) and 

result in additional warming compared to the case where the fossil fuel emissions were avoided.   

To fully balance the climate effects of fossil fuel emissions, CDR needs to result in permanent carbon 

storage, meaning that the carbon needs to remain undisturbed for centuries to millennia. CO2 sequestered 

and stored by biological processes on land and in the ocean, however, can have a storage timescale of 

well less than a century4,26. Carbon stored by land-based CDR methods in the form of above-ground 

biomass is vulnerable to an increasing frequency of climate-related disturbances such as droughts, fires, 

insect and pathogen outbreaks and windthrow24, as well as future land-use and land management 

decisions. For example, drought and heat-induced tree mortality has been observed in many regions of the 

globe27–30. Disturbances are projected to become more frequent and severe in many regions as global 

mean temperature continues to increase29, increasing the risk of loss of carbon stored in biomass. Key 

vulnerable carbon stocks include forests subject to growing drought and fire activity31–33, and carbon in 

coastal ecosystems exposed to a growing frequency of marine heat waves34. Furthermore, carbon 

purposefully stored in biomass or soils is subject to changes in land use and management practices, which 

could lead to the release of the totality or a substantial fraction of the sequestered CO2
35.  
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Similar considerations of permanence apply to ocean-based CDR methods such as nutrient fertilization or 

artificial upwelling of deep waters, which sequester CO2 through the stimulation of ocean productivity 

and subsequent sinking of organic matter. A large fraction of the carbon sequestered by these methods is 

estimated to return to the atmosphere on timescales of less than a century, with the exact time scale of re-

release depending strongly on the depth to which the biomass sinks, and the upwelling pathway of the 

CO2 produced by decomposition in the water column25. Carbon storage in geologic reservoirs may also be 

vulnerable to loss, releasing part of the initially sequestered CO2, if storage is inadequately regulated36. 

Furthermore, if the captured CO2 is sequestered in usable materials, the time scale of sequestration ranges 

from centuries (e.g. for aggregates) to weeks (e.g. for fuels), depending on the utilization pathway37. 

While temporary carbon storage can help mitigate short-term warming if used alongside ambitious 

emission reductions38, offsetting fossil fuel emissions with non-permanent carbon storage would result in 

additional long-term warming compared to a scenario with avoided fossil fuel emissions. 

Biophysical effects of CDR 

A range of CDR methods involve modification of the land surface and associated vegetation cover 

changes. Land surface modifications, when deployed at large scale, affect temperature through so-called 

biophysical effects. These include changes in surface reflectivity (albedo), the partitioning of available 

energy into sensible and latent heat fluxes, and surface roughness. These changes have a direct effect on 

the surface energy balance, as well as indirect effects via changing cloud cover, leading to temperature 

changes at regional and potentially global scales. For instance, replacing a non-forested surface with trees 

decreases albedo, leading to stronger absorption of incoming solar radiation7,8,11,39. This effect is 

particularly pronounced in, but not limited to, regions with seasonal snow cover, where trees “mask” the 

high albedo of snow. Tree growth can also increase evapotranspiration and cloud cover, both of which 

have a cooling effect on Earth’s surface10,40,41. The net effect of reforestation on surface temperature is 

strongly latitude and region dependent. At high latitudes the albedo decrease from forestation tends to 

dominate, resulting in regional warming, while at low latitudes the cooling effect of enhanced 

evapotranspiration tends to exceed the warming effect due to albedo decrease9–11 (Figure 2). At mid 

latitudes, the net effect on temperature is less certain9,10,39,42; a recent study suggests that reforestation in 

temperate regions could result in an increase in cloud cover and surface cooling40. For large-scale 

reforestation, substantial non-local effects on surface air temperature can occur in regions outside of those 

where the land-use change is implemented43,44. 
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While discussed most prominently for measures that change forest cover, other land-based CDR measures 

also generate biophysical effects on climate. Cultivation of herbaceous and woody bioenergy crops for the 

use in bioenergy with carbon capture and storage in agricultural areas is found to have a cooling effect, 

primarily due to enhanced evapotranspiration and larger surface roughness45,46. Agricultural practices 

aimed at enhancing soil carbon sequestration such as reduced- or no-tillage and introduction of cover 

crops during the fallow period have been shown to increase surface albedo and result in local cooling47–49. 

In contrast, application of biochar to agricultural soils can result in lower surface albedo and hence local 

warming50,51. 

Ocean-based CDR methods can affect surface albedo through the stimulation of growth of aquatic plants, 

from microscopic phytoplankton to macro-algae, or addition of limestone particles to seawater in the case 

of ocean alkalinization. These interventions are estimated to result in a negligible or increased albedo, 

with the magnitude of the effect poorly quantified25,52. The most significant biophysical effect from 

ocean-based CDR methods is likely associated with artificial upwelling of deep, cold seawater, which 

would result in widespread cooling53,54. 

The extent to which biophysical effects have an effect on global mean temperature depends on the scale 

of CDR deployment. Most modelling studies implement global or continental-scale changes for the 

biophysical effect to be detectable at a global scale; the scale at which CDR needs to be deployed to have 

a measurable global effect is uncertain. 

Emissions of non-CO2 greenhouse gases and aerosol precursors 

The activities that result in CO2 emissions and removals have very different climate effects related to 

emissions of non-CO2 GHGs and aerosol precursors that are unlikely to compensate each other. 

Deployment of a range of CDR methods can result in increased emissions of nitrous oxide (N2O) and 

methane (CH4), two powerful GHGs, through alteration of biogeochemical cycles. Methods that require 

nitrogen fertilization, such as bioenergy with carbon capture and storage (BECCS), or soil carbon 

sequestration practices that employ nitrogen-fixing cover crop species, organic soil amendments or 

conservation tillage, could result in enhanced N2O emissions48,55,56. Afforestation and reforestation can 

either raise or lower N2O emissions, with the net effect depending on several partially unresolved factors, 

such as the previous land use, selected tree species, use of fertilizers, soil type and climatic factors12–15. 

Expansion of forest cover also increases emissions of Biogenic Volatile Organic Compounds (BVOCs), 

which oxidize quickly in the atmosphere and produce organic aerosols and ozone (O3), and lengthen the 

atmospheric lifetime of methane, with the net effect on temperature subject to uncertainty16,17. Use of 
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biochar as a soil amendment can decrease CH4 emissions in inundated and acid soils such as rice 

fields57,58 and has also been reported to decrease soil N2O emissions59–61. Restoration of seagrass coastal 

ecosystems such as seagrass meadows, as well as ocean-based CDR methods that stimulate marine 

productivity, such as nutrient fertilization and artificial upwelling, are estimated to result in an increase in 

CH4 and N2O emissions62–64. Co-emissions also need to be considered in a CDR strategy using carbon 

capture methods, where capture efficiency might not be 100% and co-emissions occur, both of which are 

particularly relevant for bioenergy with carbon capture and storage or energy production for direct air 

capture65.  

The production and use of fossil fuels not only emits CO2 into the atmosphere, but also a range of other 

gases such as CH4, N2O and sulphur dioxide, a precursor of sulphate aerosols. The exact mix of co-

emitted species depends on the particular type of fuel as well as the production process and the 

management of fugitive emissions. CDR only targets CO2, leaving the other gases unmitigated. Of these 

gases, aerosol-precursor substances such as SO2 are targeted by clean-air legislation due to their 

detrimental health effects, particularly in developed countries. Depending on the mix of gases emitted by 

fossil fuel production and combustion, balancing the CO2 emitted with CO2 removed could result either in 

warming (e.g. when the warming effect of co-emitted GHGs dominates over the climate effects of 

sulphate aerosols) or cooling (if the aerosol effect dominates).  

Asymmetry of carbon-cycle and temperature response  

Non-equivalence between CO2 emissions and removals can also arise because of asymmetries in the 

carbon cycle and climate response. There are three possible sources of asymmetry: inertia in the carbon 

cycle and climate systems, state dependence and nonlinear carbon cycle and climate processes. The first 

two arise when there is a delay between emissions and removals, as is the case for temperature overshoot 

scenarios, where CDR is used to achieve net-negative CO2 emissions and recover a carbon budget 

consistent with a given temperature limit. Because of inertia in the carbon cycle and climate systems, 

largely driven by the slow response time scale of the deep ocean, the temperature response following 

CDR implementation will be partly masked by the lagged response to past emissions66–68. As a result, a 

removal that occurs years after an emission will not fully neutralize the warming immediately. Also, 

atmospheric CO2 and temperature will rise in response to the emission and the climate-carbon cycle 

system will be in a different state when the removal occurs. Because of state-dependencies of carbon 

cycle and physical climate processes4,69 the cooling following the removal will be of different magnitude 

than the warming following the emission.  
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In scenarios where net zero CO2 is achieved and maintained with simultaneous CO2 emissions and 

removals, the climate and carbon cycle can still exhibit asymmetries resulting from nonlinear carbon 

cycle and physical climate processes4,69. For example, the CO2 fertilization effect, by which plants are 

more productive under elevated atmospheric CO2 concentration, declines at higher atmospheric CO2 

levels70. Also, the ability of the ocean to buffer excess CO2 – which is key to its ability to take up 

additional CO2 from the atmosphere – diminishes with increasing atmospheric CO2 levels71. These 

nonlinearities in carbon cycle processes are partly compensated by another nonlinear process – the effect 

of changes in atmospheric CO2 on radiative forcing, which diminishes at higher atmospheric CO2 levels. 

Multi-model simulations with CO2 emissions and removals applied from the same pre-industrial 

equilibrium state suggest that as result of these nonlinearities the surface temperature change following 

CO2 removal is asymmetric, with the magnitude and even sign of the asymmetry exhibiting strong model 

dependence4. Therefore, balancing a CO2 emission with a CO2 removal of the same magnitude could 

result in an imperfect cancellation of the effects and lead to either lower or higher surface temperature 

than avoiding the CO2 emission. While the effect of these asymmetries is likely smaller than that of the 

other non-equivalencies reviewed above, asymmetry effects may not be negligible. 

Warming effects of offsetting fossil-fuel emissions with CDR 

The temperature effect of two of the non-equivalencies of CO2 emissions and removals – impermanent 

carbon storage and biophysical effects – described in the previous section is illustrated relative to a 

scenario that reaches net zero CO2 emissions in 2056 and net negative emissions thereafter (“Baseline”) 

(blue curve, Figure 3A). In this scenario, warming peaks around the year 2040 when the combined 

radiative forcing from CO2 and non-CO2 GHGs and aerosols reaches its maximum. The Baseline scenario 

implicitly includes CDR as the mechanism by which net zero and then net negative CO2 emissions are 

achieved, though here we treat the net emissions from this scenario as the Baseline reference case against 

which to show the effect of implementing additional CDR to offset additional fossil fuel emissions. This 

additional set of scenarios includes additional fossil fuel CO2 emissions and CDR relative to the Baseline 

to attain the same net CO2 emissions as in the Baseline (grey dashed curve, Figure 3A). Each of these 

scenarios represents a type of CDR for which the specified non-equivalency is dominant. For example, 

the Impermanence scenario illustrates a case where CO2 sequestered and stored by CDR is re-released 

into the atmosphere over several decades after net-zero CO2 is reached (see Methods in SI). 

The effect of offsetting fossil-fuel emissions with temporary carbon storage on peak warming depends on 

the time until the CO2 sequestered and stored by CDR is re-released. In a scenario where CO2 is re-

released after the time CO2 emissions reach net zero, impermanence would not affect peak warming but 
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would result in higher end-of-century warming (Figure 3B). If, on the other hand, the sequestered CO2 is 

re-released before CO2 emissions reach net zero, temporary carbon storage would also result in higher 

peak warming. In either case, the temporary carbon storage scenario does not reduce peak warming (as in 

38) because we have applied temporary storage here as an offset to fossil fuel emissions rather than as

CDR that is additional to fossil fuel emissions reductions. 

As discussed previously, biophysical effects of CDR can have either a net warming or cooling effect. A 

net warming effect would result in higher peak warming and year-2100 warming in the case where CDR 

is used to offset additional emissions compared to the case where these emissions are avoided (Figure 

3B). The temperature effects of non-equivalencies have been discussed separately, but in most cases these 

effects are compounded. For example, in the case of reforestation in a region where the biophysical 

effects result in net warming and the (re-)planted forest is impacted by disturbances, warming would 

remain elevated relative to the baseline, first due to the biophysical effects and subsequently due the 

effect of CO2 re-release (Figure 3B). These scenarios illustrate that even if CDR were successfully 

implemented to fully compensate for additional fossil fuel CO2 emissions, peak and year-2100 warming 

could be higher than in a case where these additional emissions are avoided.  

How research can inform policy 

Policy frameworks and accounting systems designed to regulate net zero need to take into account the 

various sources of non-equivalence between fossil-fuel emissions and CO2 removals to ensure mitigation 

policies do not fall short of achieving the climate outcomes intended by net zero targets. While integrated 

assessment models that are used to generate emission pathways consistent with such targets consider 

some aspects of non-equivalence (such as co-emissions of non-CO2 gases and aerosols), they do not take 

into account most other aspects. At smaller scales, such as countries, sub-national jurisdictions or 

companies, most carbon offset protocols consider risks to permanence, e.g. through insurance 

mechanisms that spread risks across a range of projects72, but do not address other sources of non-

equivalence. 

Design of effective policies and protocols needs to be supported by scientific evidence, leveraging 

advances in process-based modeling, large-scale field observations and remote sensing.  

Permanence. Where carbon stocks in terrestrial ecosystems are targeted for CDR, a rigorous risk 

assessment of the vulnerability of these stocks is required. Assessment of permanence risks should be 

region-specific and take into account all potential disturbance factors, including extreme weather and 
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climate events (extreme fire weather, droughts, heat waves, windfall), insect and pathogen 

infestations, as well as anthropogenic disturbances. Natural disturbances are sensitive to climate 

conditions and therefore, changes to the frequency and severity of disturbance events in a warming 

climate must also be considered. A promising research avenue to inform such risk assessments is the 

integration of advances in process-based ecosystem modelling, particularly with regard to ecosystem 

ecology and ecophysiology, large-scale ecological observations, and remote sensing products that are 

now available at high resolution and over increasingly long time periods24,73. However, challenges 

remain, and improving the representation of disturbance processes (e.g. fire, drought, insect 

outbreaks), their impact on vegetation at different stages of maturity, and subsequent vegetation 

dynamics in ecosystem models are all high priority to better capture current and future impacts of 

disturbance regimes on carbon stocks at the regional level and over time. Research into the design of 

CDR governance frameworks that ensure the longevity of land use and land management decisions to 

protect carbon stocks from reversal while addressing sustainable development and land stewardship 

concerns is also key74,75. 

Net zero accounting systems need to take into account the different climate impact of potentially 

temporary and permanent CO2 storage. There is renewed interest in approaches that seek to establish 

equivalency between short-term CO2 storage and CO2 stored permanently (referred to as ton-year 

accounting76). These approaches, however, are not grounded in climate science and are inadequate to 

ensure equivalency of temporary and permanent storage in terms of climate outcomes77,78. 

Recognizing the inherent challenge of establishing equivalency between short-term and permanent 

storage, another approach proposes a clear distinction between CDR methods that store CO2 in soils 

and biomass and those that store CO2 in long-term reservoirs (timescale of thousands to hundred 

thousand years)79,80. According to this “like-for-like” approach, only CDR methods with long-term 

CO2 storage (e.g. direct air capture and BECCS with geologic storage, ocean alkalinization) should be 

used to balance fossil fuel emissions. Correspondingly, CDR methods employing temporary storage 

reservoirs should not be used as offsets for fossil fuel CO2 emissions, but rather quantified as an 

independent contribution to reducing the near-term warming rate and potential peak temperature38. 

Given the mitigation potential of CDR methods targeting biomass and soils81 research is needed into 

novel accounting approaches that take into account risks to permanence while ensuring that 

achievement of climate goals is not compromised82. 

Biophysical effects. Net zero protocols need to account for biophysical effects resulting from CDR 

deployment in addition to biogeochemical effects from changing fluxes of CO2 and other gases. To 
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compare biophysical climate effects of CDR with the effects of CO2 sequestration, region-specific 

estimates of the biophysical effect are required, alongside metrics that translate biophysical effects 

into a CO2 equivalent7,11,83,84. While the effects of forestation on Earth’s surface energy balance have 

been extensively investigated, their net effect on surface temperature remains uncertain in many 

regions, particularly at mid latitudes and in semi-arid regions85. A key uncertainty is the coupling of 

changes in the water cycle due to altered land surface with the atmosphere that can lead to regional 

climate feedbacks4. For other CDR methods (e.g. soil carbon storage, peatland and wetland 

restoration, ocean-based methods) biophysical effects have only recently begun to receive attention 

and remain poorly constrained4,86. Remote sensing and in-situ observations10,41 have been used 

alongside Earth system model simulations7,9,42,44 to derive regional distributions of the biophysical 

effects of land-use changes on the surface energy balance. With the use of metrics that translate either 

the radiative forcing or the surface temperature change from biophysical processes into a CO2 

equivalent, such approaches allow to identify regions where the biophysical and biogeochemical (i.e. 

carbon sequestration) effects are synergistic, and regions where the biophysical effects risks to negate 

the climate benefit of carbon sequestration. These approaches often do not consider non-local effects 

or temporal dynamics, and are based on current climate conditions, and research is needed to improve 

their accuracy at the regional scale. Despite these challenges, an assessment of the potential warming 

or cooling impacts from CDR projects should play an important role in the selection of the types of 

projects and regions in which to be deployed.  

Non-CO2 gas balance. Net zero protocols must also consider the full GHG and aerosol footprint of 

CDR methods and the fossil fuel activities they may offset. Comparing the climate effects of CO2 and 

non-CO2 gases requires the use of metrics that place non-CO2 gases on a CO2 equivalence scale. 

Numerous metrics have been proposed and there is a large body of literature that assesses the 

advantages and disadvantages of these metrics with regard to specific policy goals87–90. A barrier to a 

comprehensive assessment of the full GHG balance of land and ocean-based CDR methods is that 

emissions of non-CO2 GHGs and aerosols (e.g. methane, nitrous oxide, biogenic aerosols) and their 

temporal dynamics are poorly constrained. Expansion of observation networks of GHG fluxes in 

affected ecosystems and data integration across spatial scales is a high priority to better assess the full 

climate impact of CDR methods.  

Asymmetry. Findings suggesting asymmetry in the carbon cycle and climate response to CO2 

emissions and removals are based on a limited number of studies4,69. Confidence in the magnitude and 

sign of the asymmetry, particularly for temperature, is low and existing evidence will need to be 
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corroborated by improved process understanding and simulations with a range of models to establish 

equivalency between CO2 emissions and removals. Trade-offs and balances in ocean heat and carbon 

uptake, for example, need to be better constrained.  

Holistic quantification of the full climate effects of CDR methods requires an ‘Earth systems’ approach, 

which accounts not only for the effects of carbon sequestration, but also non-CO2 effects, as well as their 

interactions and feedbacks. Earth system models (ESMs), configured globally or for specific regions, are 

the tools of choice for quantifying such interactions and feedbacks. State-of-the-art ESMs include 

representation of the land and ocean surface and ecosystem processes, including fluxes of energy, water 

and CO2. Representation of the nitrogen and methane cycles91,92 is at the forefront of ESM development.  

Increasing computing power makes it increasingly feasible to port new developments from stand-alone 

ecosystem models (e.g. ecosystem demographics, disturbance regimes, land management practices) into 

ESMs, with growing potential for ESMs to quantify the full climate effects of CDR in a changing climate. 

Conclusions 

Reaching zero CO2 emissions is a scientific requirement for stabilizing warming21,93. However, it may be 

technologically challenging or too costly to eliminate CO2 emissions from all sectors. Therefore, aiming 

for a certain amount of CO2 emissions to be balanced by CDR to achieve net zero CO2 emissions will 

increase the likelihood of meeting climate goals such as those stipulated by the Paris Agreement. 

However, CO2 emissions and removals are not equivalent in terms of their effects on climate, and 

rigorous and comprehensive quantification of the climate effects of CDR is crucial to ensuring that 

balancing CO2 emissions and removals will be successful at stabilizing warming. This is particularly 

important when CDR is implemented as an offset, as neglecting non-CO2 effects could cause additional 

warming and result in societal harm. Estimation of the full climate effects of CDR requires a holistic 

Earth system approach that integrates advance in Earth system modeling, large-scale field observations 

and remote sensing, while continuing to improve GHG inventories with regionally-based observations. 

To support governments, industry and civil organizations towards a robust and traceable pathway to net 

zero it is essential to strengthen science-policy links and develop science-based climate accounting 

systems. Even with continued scientific advances, many remaining uncertainties about the climate effects 

of CDR are unlikely to be fully resolved in the short timeframe available to design and implement climate 

policies consistent with the Paris Agreement climate targets. This constraint further underscores the need 

to prioritize reducing emissions as rapidly and as much as possible. 



12 

References 

1. Rogelj, J., Geden, O., Cowie, A. & Reisinger, A. Three ways to improve net-zero emissions

targets. Nature 591, 365–368 (2021).

2. John Lang, Camilla Hyslop, Zhi Yi Yeo, Richard Black, Peter Chalkley, Thomas Hale, Frederic

Hans, Nick Hay, Niklas Höhne, Angel Hsu, Takeshi Kuramochi, S. S. Net zero tracker. (2022).

3. IPCC. Global warming of 1.5°C. An IPCC Special Report on the impacts of global warming of

1.5°C above pre-industrial levels and related global greenhouse gas emission pathways, in the

context of strengthening the global response to the threat of climate change,. (Cambrige

University Press, 2018).

4. Canadell, J. G. et al. Global Carbon and other Biogeochemical Cycles and Feedbacks. in Climate

Change 2021: The Physical Science Basis. Contribution of Working Group I to the Sixth

Assessment Report of the Intergovernmental Panel on Climate Change (eds. Masson-Delmotte, V.

et al.) (Cambridge University Press, 2021).

5. Solomon, S., Plattner, G.-K., Knutti, R. & Friedlingstein, P. Irreversible climate change due to

carbon dioxide emissions. Proc. Natl. Acad. Sci. U. S. A. 106, 1704–1709 (2009).

6. Eby, M. et al. Lifetime of anthropogenic climate change: millennial time scales of potential CO2 

and temperature perturbations. J. Clim. 22, 2501–2511 (2009).

7. Betts, R. A. Offset of the potential carbon sink from boreal forestation by decreases in surface

albedo. Nature 408, 187–190 (2000).

8. Jackson, R. B. et al. Protecting climate with forests. Environ. Res. Lett. 3, 044006 (2008).

9. Arora, V. K. & Montenegro, A. Small temperature benefits provided by realistic afforestation

efforts. Nat. Geosci. 4, 514–518 (2011).

10. Bright, R. M. et al. Local temperature response to land cover and management change driven by

non-radiative processes. Nat. Clim. Chang. 7, 296–302 (2017).

11. Windisch, M. G., Davin, E. L. & Seneviratne, S. I. Prioritizing forestation based on

biogeochemical and local biogeophysical impacts. Nat. Clim. Chang. 11, 867–871 (2021).

12. Benanti, G., Saunders, M., Tobin, B. & Osborne, B. Contrasting impacts of afforestation on

nitrous oxide and methane emissions. Agric. For. Meteorol. 198–199, 82–93 (2014).

13. Dou, X., Zhou, W., Zhang, Q. & Cheng, X. Greenhouse gas (CO2, CH4, N2O) emissions from

soils following afforestation in central China. Atmos. Environ. 126, 98–106 (2016).

14. Chen, P. et al. Effects of afforestation on soil CH4 and N2O fluxes in a nsubtropical karst

landscape. Sci. Total Environ. 705, 135974 (2020).

15. McDaniel, M. D., Saha, D., Dumont, M. G., Hernández, M. & Adams, M. A. The effect of land-

use change on soil CH4 and N2O fluxes: a global meta-analysis. Ecosystems 22, 1424–1443



13 

(2019). 

16. Unger, N. Human land-use-driven reduction of forest volatiles cools global climate. Nat. Clim.

Chang. 4, 907–910 (2014).

17. Scott, C. E. et al. Impact on short-lived climate forcers increases projected warming due to

deforestation. Nat. Commun. 9, 157 (2018).

18. Richards, K. R. & Huebner, G. E. Evaluating protocols and standards for forest carbon-offset

programs, Part A: additionality, baselines and permanence. Carbon Manag. 3, 393–410 (2012).

19. Richards, K. R. & Huebner, G. E. Evaluating protocols and standards for forest carbon-offset

programs, Part B: leakage assessment, wood products, validation and verification. Carbon Manag.

3, 411–425 (2012).

20. Nolan, C. J., Field, C. B. & Mach, K. J. Constraints and enablers for increasing carbon storage in

the terrestrial biosphere. Nat. Rev. Earth Environ. 2, 436–446 (2021).

21. Matthews, H. D. & Caldeira, K. Stabilizing climate requires near-zero emissions. Geophys. Res.

Lett. 35, L04705, doi:10.1029/2007GL032388 (2008).

22. Zickfeld, K. et al. Long-Term Climate Change Commitment and Reversibility: An EMIC

Intercomparison. J. Clim. 26, 5782–5809 (2013).

23. MacDougall, A. H. et al. Is there warming in the pipeline? A multi-model analysis of the Zero

Emissions Commitment from CO2. Biogeosciences 17, 2987–3016 (2020).

24. Anderegg, W. R. L. et al. Climate-driven risks to the climate mitigation potential of forests.

Science (2020). doi:10.1126/science.aaz7005

25. National Academies of Sciences, Engineering,  and M. A Research Strategy for Ocean-based

Carbon Dioxide Removal and Sequestration. (The National Academies Press, 2021).

26. Babiker, M., G. Berndes, K. Blok, B. Cohen, A. Cowie, O. Geden, V. Ginzburg, A. Leip, P.

Smith, M. Sugiyama, F. Y. Cross-sectoral perspectives. in IPCC, 2022: Climate Change 2022:

Mitigation of Climate Change. Contribution of Working Group III to the Sixth Assessment Report

of the Intergovernmental Panel on Climate Change (ed. P.R. Shukla, J. Skea, R. Slade, A. Al

Khourdajie, R. van Diemen, D. McCollum, M. Pathak, S. Some, P. Vyas, R. Fradera, M.

Belkacemi, A. Hasija, G. Lisboa, S. Luz, J. MalleyP.R. Shukla, J. Skea, R. Slade, A. Al

Khourdajie, R. van Diemen, D. McCollum, M. Pa, J. M.) (Cambridge University Press, 2022).

27. van Mantgem, P. J. et al. Widespread Increase of Tree Mortality Rates in the Western United

States. Science (80-. ). 323, 521–524 (2009).

28. Allen, C. D. et al. A global overview of drought and heat-induced tree mortality reveals emerging

climate change risks for forests. For. Ecol. Manage. 259, 660–684 (2010).

29. Seidl, R. et al. Forest disturbances under climate change. Nat. Clim. Chang. 7, 395–402 (2017).



14 

30. Senf, C. et al. Canopy mortality has doubled in Europe’s temperate forests over the last three 

decades. Nat. Commun. 9, 4978 (2018).

31. Canadell, J. G. et al. Multi-decadal increase of forest burned area in Australia is linked to climate

change. Nat. Commun. 12, 6921 (2021).

32. Fan, L. et al. Siberian carbon sink reduced by forest disturbances. Nat. Geosci. 16, 56–62 (2023).

33. Zheng, B. et al. Record-high CO2 emissions from boreal fires in 2021. Science (80-. ). 379, 912–

917 (2023).

34. Canadell, J. G. & Jackson, R. B. Ecosystem Collapse and Climate Change. (Springer Nature

Switzerland AG, 2021).

35. Minx, J. C. et al. Negative emissions - Part 1: Research landscape and synthesis. Environ. Res.

Lett. 13, (2018).

36. Alcalde, J. et al. Estimating geological CO2 storage security to deliver on climate mitigation. Nat.

Commun. 9, 2201 (2018).

37. Hepburn, C. et al. The technological and economic prospects for CO2 utilization and removal.

Nature 575, 87–97 (2019).

38. Matthews, H. D. et al. Temporary nature-based carbon removal can lower peak warming in a well-

below 2 °C scenario. Commun. Earth Environ. 3, 65 (2022).

39. Bonan, G. B. Forests and Climate Change: Forcings, Feedbacks, and the Climate Benefits of

Forests. Science (80-. ). 320, 1444–1449 (2008).

40. Cerasoli, S., Yin, J. & Porporato, A. Cloud cooling effects of afforestation and reforestation at

midlatitudes. Proc. Natl. Acad. Sci. U. S. A. 118, 1–7 (2021).

41. Duveiller, G. et al. Revealing the widespread potential of forests to increase low level cloud cover.

Nat. Commun. 12, 1–15 (2021).

42. Mykleby, P. M., Snyder, P. K. & Twine, T. E. Quantifying the trade-off between carbon

sequestration and albedo in midlatitude and high-latitude North American forests. Geophys. Res.

Lett. 44, 2493–2501 (2017).

43. Winckler, J., Lejeune, Q., Reick, C. H. & Pongratz, J. Nonlocal Effects Dominate the Global

Mean Surface Temperature Response to the Biogeophysical Effects of Deforestation. Geophys.

Res. Lett. 46, 745–755 (2019).

44. De Hertog, S. J. et al. The biogeophysical effects of idealized land cover and land management

changes in Earth system models. Earth Syst. Dyn. 14, 629–667 (2023).

45. Georgescu, M., Lobell, D. B. & Field, C. B. Direct climate effects of perennial bioenergy crops in

the United States. Proc. Natl. Acad. Sci. 108, 4307–4312 (2011).

46. Wang, J. et al. Global cooling induced by biophysical effects of bioenergy crop cultivation. Nat.



15 

Commun. 12, 1–9 (2021). 

47. Hirsch, A. L. et al. Biogeophysical Impacts of Land-Use Change on Climate Extremes in Low-

Emission Scenarios: Results From HAPPI-Land. Earth’s Futur. 6, 396–409 (2018).

48. Lugato, E., Leip, A. & Jones, A. Mitigation potential of soil carbon management overestimated by

neglecting N2O emissions. Nat. Clim. Chang. 8, 219–223 (2018).

49. Davin, E. L., Seneviratne, S. I., Ciais, P., Olioso, A. & Wang, T. Preferential cooling of hot

extremes from cropland albedo management. Proc. Natl. Acad. Sci. 111, 9757–9761 (2014).

50. Genesio, L. et al. Surface albedo following biochar application in durum wheat. Environ. Res.

Lett. 7, 014025 (2012).

51. Zhang, Y. et al. Response of surface albedo and soil carbon dioxide fluxes to biochar amendment

in farmland. J. Soils Sediments 18, 1590–1601 (2018).

52. National Academies of Sciences, Engineering,  and M. Negative Emissions Technologies and

Reliable Sequestration: A Research Agenda. (The National Academies Press, 2018).

53. Oschlies, A. Climate engineering by artificial ocean upwelling: channelling the sorcerer’s

apprentice. Geophys. Res. Lett. 37, (2010).

54. Keller, D. P., Feng, E. Y. & Oschlies, A. Potential climate engineering effectiveness and side

effects during a high carbon dioxide-emission scenario. Nat. Commun. 5, 1–11 (2014).

55. Mei, K. et al. Stimulation of N2O emission by conservation tillage management in agricultural

lands: A meta-analysis. Soil Tillage Res. 182, 86–93 (2018).

56. Guenet, B. et al. Can N2O emissions offset the benefits from soil organic carbon storage? Glob.

Chang. Biol. 27, 237–256 (2021).

57. Jeffery, S., Verheijen, F. G. A., Kammann, C. & Abalos, D. Biochar effects on methane emissions

from soils: A meta-analysis. Soil Biol. Biochem. 101, 251–258 (2016).

58. Huang, Y. et al. Methane and Nitrous Oxide Flux after Biochar Application in Subtropical Acidic

Paddy Soils under Tobacco-Rice Rotation. Sci. Rep. 9, 17277 (2019).

59. Cayuela, M. L. et al. Biochar’s role in mitigating soil nitrous oxide emissions: A review and meta-

analysis. Agric. Ecosyst. Environ. 191, 5–16 (2014).

60. Kammann, C. et al. Biochar as a Tool to teduce the Agricultural Greenhouse-gas Burden –

Knowns, Unknowns and Future Research Needs. J. Environ. Eng. Landsc. Manag. 25, 114–139

(2017).

61. Paustian, K., Larson, E., Kent, J., Marx, E. & Swan, A. Soil C Sequestration as a Biological

Negative Emission Strategy. Front. Clim. 1, 8 (2019).

62. Law, C. S. & Ling, R. D. Nitrous oxide flux and response to increased iron availability in the

Antarctic Circumpolar Current. Deep Sea Res. Part II Top. Stud. Oceanogr. 48, 2509–2527



16 

(2001). 

63. Oschlies, A., Koeve, W., Rickels, W. & Rehdanz, K. Side effects and accounting aspects of

hypothetical large-scale Southern Ocean iron fertilization. Biogeosciences 7, 4017–4035 (2010).

64. Oreska, M. P. J. et al. The greenhouse gas offset potential from seagrass restoration. Sci. Rep. 10,

7325 (2020).

65. Creutzig, F. et al. The mutual dependence of negative emission technologies and energy systems.

Energy Environ. Sci. 12, 1805–1817 (2019).

66. Boucher, O. et al. Reversibility in an Earth System model in response to CO_2 concentration

changes. Env. Res. Lett. 7, 24013 (2012).

67. Zickfeld, K., MacDougall, A. H. & Matthews, H. D. On the proportionality between global

temperature change and cumulative CO 2 emissions during periods of net negative CO 2

emissions. Environ. Res. Lett. 11, 055006 (2016).

68. Koven, C. D., Sanderson, B. M. & Swann, A. L. S. Much of zero emissions commitment occurs

before reaching net zero emissions. Environ. Res. Lett. 18, 14017 (2023).

69. Zickfeld, K., Azevedo, D., Mathesius, S. & Matthews, H. D. Asymmetry in the climate-carbon

cycle response to positive and negative CO2 emissions. 11, 613–617 (2021).

70. Walker, A. P. et al. Integrating the evidence for a terrestrial carbon sink caused by increasing

atmospheric CO2. New Phytol. 229, 2413–2445 (2021).

71. Sarmiento, J. L., Le Quéré, C. & Pacala, S. W. Limiting future atmospheric carbon dioxide.

Global Biogeochem. Cycles 9, 121–137 (1995).

72. California Air Resources Board. No Title. Compliance Offset Program Available at:

https://ww2.arb.ca.gov/our-work/programs/compliance-offset-program. (Accessed: 13th

December 2022)

73. McDowell, N. G. et al. Pervasive shifts in forest dynamics in a changing world. Science (80-. ).

368, eaaz9463 (2020).

74. Ruseva, T. et al. Rethinking standards of permanence for terrestrial and coastal carbon:

implications for governance and sustainability. Curr. Opin. Environ. Sustain. 45, 69–77 (2020).

75. Walker, W. S. et al. The role of forest conversion, degradation, and disturbance in the carbon

dynamics of Amazon indigenous territories and protected areas. Proc. Natl. Acad. Sci. 117, 3015–

3025 (2020).

76. Parisa, Z., Marland, E., Sohngen, B., Marland, G. & Jenkins, J. The time value of carbon storage.

For. Policy Econ. 144, 102840 (2022).

77. Kirschbaum, M. U. F. Temporary Carbon Sequestration Cannot Prevent Climate Change. Mitig.

Adapt. Strateg. Glob. Chang. 11, 1151–1164 (2006).



17 

78. Chay, F., Badgley, G., Martin, K., Freeman, J., Hamman, J., Cullenward, D. Unpacking ton-year

accounting. Carbon Plan (2022). Available at: https://carbonplan.org/research/ton-year-explainer.

79. Fankhauser, S. et al. The meaning of net zero and how to get it right. Nat. Clim. Chang. 12, 15–21

(2022).

80. Allen, M. R. et al. Net Zero: Science, Origins, and Implications. Annu. Rev. Environ. Resour. 47,

849–887 (2022).

81. Griscom, B. W. et al. Natural climate solutions. Proc. Natl. Acad. Sci. 114, 11645–11650 (2017).

82. Matthews, H. D., Zickfeld, K., Koch, A. & Luers, A. Accounting for the climate benefit of

temporary carbon storage in nature. Nat. Commun. 14, 5485 (2023).

83. Bright, R. M., Bogren, W., Bernier, P. & Astrup, R. Carbon-equivalent metrics for albedo changes

in land management contexts: Relevance of the time dimension. Ecol. Appl. 26, 1868–1880

(2016).

84. Drever, C. R. et al. Natural climate solutions for Canada. Sci. Adv. 7, eabd6034 (2022).

85. Peng, S.-S. et al. Afforestation in China cools local land surface temperature. Proc. Natl. Acad.

Sci. 111, 2915–2919 (2014).

86. Gattuso, J.-P., Williamson, P., Duarte, C. M. & Magnan, A. K. The Potential for Ocean-Based

Climate Action: Negative Emissions Technologies and Beyond   . Frontiers in Climate   2, (2021).

87. Szopa, S. et al. Short-Lived Climate Forcers. in Climate Change 2021: The Physical Science

Basis. Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental

Panel on Climate Change (eds. Masson-Delmotte, V. et al.) 817–922 (Cambridge University

Press, 2021). doi:10.1017/9781009157896.008

88. Allen, M. R. et al. New use of global warming potentials to compare cumulative and short-lived

climate pollutants. Nat. Clim. Chang. 6, 773–776 (2016).

89. Rogelj, J. & Schleussner, C.-F. Unintentional unfairness when applying new greenhouse gas

emissions metrics at country level. Environ. Res. Lett. 14, 114039 (2019).

90. Collins, W. J., Frame, D. J., Fuglestvedt, J. S. & Shine, K. P. Stable climate metrics for emissions

of short and long-lived species—combining steps and pulses. Environ. Res. Lett. 15, 24018 (2020).

91. Folberth, G. A. et al. Description and Evaluation of an Emission-Driven and Fully Coupled

Methane Cycle in UKESM1. J. Adv. Model. Earth Syst. 14, e2021MS002982 (2022).

92. Nzotungicimpaye, C.-M. et al. WETMETH 1.0: a new wetland methane model for implementation

in Earth system models. Geosci. Model Dev. 14, 6215–6240 (2021).

93. IPCC. Summary for Policymakers. in Climate Change 2021: The Physical Science Basis.

Contribution of Working Group I to the Sixth Assessment Report of the Intergovernmental Panel

on Climate Change (eds. Masson-Delmotte, V. et al.) 3−32 (Cambridge University Press, 2021).



18 

doi:10.1017/9781009157896.001 

94. IPCC. Annex VII: Glossary [Matthews, J.B.R., V. Möller, R. van Diemen, J.S. Fuglestvedt, V.

Masson-Delmotte, C. Méndez, S. Semenov, A. Reisinger (eds.)]. in Climate Change 2021: The

Physical Science Basis. Contribution of Working Group I to the Sixth Assessment Report of the

Intergovernmental Panel on Climate Change (eds. Masson-Delmotte, V. et al.) 2215–2256

(Cambridge University Press, 2021). doi:10.1017/9781009157896.022

95. Mengis, N. et al. Evaluation of the University of Victoria Earth System Climate Model version

2.10 (UVic ESCM 2.10). Geosci. Model Dev. 13, 4183–4204 (2020).

Acknowledgements: K.Z., A.J.M. and H.D.M. acknowledge support from the Natural Sciences and 

Engineering Research Council of Canada’s Discovery Grant Program (RGPIN-2018-06881, RGPIN-

2017-04159) and the Government of Canada’s Climate Action and Awareness Fund (1000497419). 

J.G.C. thanks the Australian National Environmental Science Program – Climate Systems Hub—for 

support. R.B.J. acknowledges support from the U.N. Environment Programme. C.D.J. was supported by 

the Joint UK BEIS/Defra Met Office Hadley Centre Climate Programme (GA01101). C.D.J, J.R. and S.Z. 

were supported by the European Union's Horizon 2020 research and innovation programme under Grant 

Agreement No 101003536 (ESM2025 - Earth System Models for the Future). G.P.P. and S.Z. were 

supported by the European Union's Horizon 2020 research and innovation programme under Grant 

Agreement No 821003 (4C - Climate-Carbon Interactions in the Current Century). A.L. was supported by 

the ACCC Flagship funded by the Academy of Finland (Grant numbers 337549 and 337552 for 

University of Helsinki and Finnish Meteorological Institute, respectively). 

Author contributions: K.Z. conceived the manuscript and led the drafting. All authors contributed to the 

content, framing and structure of the manuscript. A.J.M. executed the UVic ESCM simulations and 

produced Figures 1 and 3.  

Competing Interests: The authors declare that they have no competing interests. 



19 

Figure 1: Carbon versus climate neutrality. a) Net-zero CO2 emissions or carbon neutrality, whereby 

CO2 emissions are balanced by CO2 removals globally94. b) Because of additional climate effects of CO2 

emissions and removals (co-emissions of non-CO2 GHGs and aerosol precursors, biophysical effects, 

asymmetry in the climate response), carbon neutrality will not necessarily result in climate neutrality, that 

is, a situation in which the net effect of CO2 emissions and removals on global mean surface temperature 

is zero. In both cases illustrated above, carbon and climate neutrality are represented as an instantaneous 

balance of carbon flows or temperature drivers; however, the potential impermanence of removals adds 

an additional temporal non-equivalence such that instantaneous carbon or climate neutrality does not 

guarantee neutrality over time. Orange icons indicate a warming effect and blue icons indicate a cooling 

effect. 
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Figure 2: Synergy and opposing effects between the biogeophysical (BGP) and biogeochemical 

(BGC) effects of forestation. Biogeochemical here refers to the effect of CO2 sequestration. Sites in 

which the BGP influence opposes the response to BGC annually/in boreal winter are coloured in 

dark/light red. Areas of synergy between both effects (exceeding the mean plus standard deviation in both 

simultaneously) are shown in yellow. Emphasized by dashed lines are the lowest northern latitudes at 

which the latitudinal median BGP effect opposes the carbon uptake annually (56.1° N, dark red) and 

during boreal winter (39.2° N, light red). Further, the latitudinal bounds that envelope 98% of all 

synergetic areas (<22.9° N, >29.2° S) are shown by the dashed yellow lines. Source: Windisch et al., 

202111. 
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Figure 3: Effect of non-equivalencies on peak and end-of century warming. a) Net total (fossil fuel 

and land-use) CO2 emissions in a reference scenario (“Baseline”) that reaches net zero CO2 emissions in 

year 2056 and net negative emissions thereafter (blue curve), and a scenario with additional CO2 

emissions (grey dashed curve) offset by CDR to reach the same CO2 emissions as in the Baseline. b) 

Global mean surface air temperature change from pre-industrial (1850-1900). The difference relative to 

the Baseline (blue curve) illustrates the temperature effect of various non-equivalencies: impermanent 

carbon storage with CO2 sequestered by CDR re-released within several decades after peak warming is 
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reached (red curve), biophysical effects of large-scale afforestation (yellow curve), and the combined 

effect of CO2 re-release and biophysical effect (purple dashed curve). The temporal evolution and 

magnitude of the temperature effects is based on simulations with the University of Victoria Earth System 

Climate Model (UVic ESCM95) forced with idealized CDR scenarios (see Methods in SI). 


