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Technical information

 http://www.pa.op.dlr.de/~RobertSausen/vorlesung/index.html
 Most recent update on the lecture
 Slides of the lecture (with some delay)

 See also LSF https://lsf.verwaltung.uni-muenchen.de/

 Contact: robert.sausen@dlr.de

 Further information:
 www.ipcc.ch
 www.de-ipcc.de
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Statements in the Executive Summary 
It is unequivocal that emissions of the well-mixed greenhouse gases (GHG) carbon dioxide 
(CO2), methane (CH4) and nitrous oxide (N2O) from human activities are the main driver of 
increases in atmospheric GHG concentrations since the pre-industrial period. 

The accumulation of GHGs in the atmosphere is determined by the balance between 
anthropogenic emissions, anthropogenic removals, and physical-biogeochemical source and 
sink dynamics on land and in the ocean. 

This chapter assesses how physical and biogeochemical processes of the carbon and nitrogen 
cycles affect the variability and trends of GHGs in the atmosphere as well as ocean 
acidification and deoxygenation. 

It identifies physical and biogeochemical feedbacks that have affected or could affect future 
rates of GHG accumulation in the atmosphere, and therefore, influence climate change and its 
impacts. 

This chapter also assesses the remaining carbon budget to limit global warming within various 
goals, as well as the large-scale consequences of carbon dioxide removal (CDR) and solar 
radiation modification (SRM) on biogeochemical cycles {Figures 5.1, 5.2}.

24.05.2022
IPCC 2021, Chap. 5
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Key compartments, processes and pathways that govern historical and future 
CO2 concentrations and carbon–climate feedbacks
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Statements in the Executive Summary 

The Human Perturbation of the Carbon and Biogeochemical cycles

Global mean concentrations for well-mixed GHGs (CO2, CH4 and N2O) in 2019 
correspond to increases of about 47%, 156%, and 23%, respectively, above the levels in 
1750 (representative of the pre-industrial) (high confidence). Current atmospheric 
concentrations of the three GHGs are higher than at any point in the last 800,000 years, and in 
2019 reached 409.9 ppm of CO2, 1866.3 ppb of CH4, and 332.1 ppb of N2O (very high 
confidence). Current CO2 concentrations in the atmosphere are also unprecedented in the last 
2 million years (high confidence). In the past 60 Myr, there have been periods in Earth’s 
history when CO2 concentrations were significantly higher than at present, but multiple lines of 
evidence show that the rate at which CO2 has increased in the atmosphere during 1900–2019 
is at least 10 times faster than at any other time during the last 800,000 years (high 
confidence), and 4-5 times faster than during the last 56 million years (low confidence). {5.1.1, 
2.2.3; Figures 5.3, 5.4; Cross-Chapter Box 2.1}

24.05.2022

IPCC 2021, Chap. 4
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Atmospheric CO2 concentrations and growth rates
for the past 60 million years and projections to 2100
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Atmospheric concentrations of CO2, CH4 and N2O in air bubbles and clathrate 
crystals in ice cores (800,000 BCE to 1990 CE)
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Statements in the Executive Summary 

Contemporary Trends of Greenhouse Gases (1)

It is unequivocal that the increase of CO2, CH4, and N2O in the atmosphere over the 
industrial era is the result of human activities (very high confidence). This assessment is 
based on multiple lines of evidence including atmospheric gradients, isotopes, and inventory 
data. During the last measured decade, global average annual anthropogenic emissions of 
CO2, CH4, and N2O, reached the highest levels in human history at 10.9 ± 0.9 PgC yr-1

(2010–2019), 335–383 Tg CH4 yr-1 (2008–2017), and 4.2–11.4 TgN yr-1 (2007–2016), 
respectively (high confidence). {5.2.1, 5.2.2, 5.2.3, 5.2.4; Figures 5.6, 5.13, 5.15}.
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Statements in the Executive Summary 

Contemporary Trends of Greenhouse Gases (2)

The CO2 emitted from human activities during the decade of 2010–2019 (decadal 
average 10.9 ± 0.9 PgC yr-1) was distributed between three Earth system components: 
46% accumulated in the atmosphere (5.1 ± 0.02 PgC yr-1), 23% was taken up by the 
ocean (2.5 ± 0.6 PgC yr-1) and 31% was stored by vegetation in terrestrial ecosystems 
(3.4 ± 0.9 PgC yr-1) (high confidence). Of the total anthropogenic CO2 emissions, the 
combustion of fossil fuels was responsible for 81–91%, with the remainder being the net CO2

flux from land-use change and land management (e.g., deforestation, degradation, regrowth 
after agricultural abandonment or peat drainage). {5.2.1.2, 5.2.1.5; Table 5.1; Figures 5.5, 5.7, 
5.12}
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Global anthropogenic CO2 emissions
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Global anthropogenic CO2 emissions
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Statements in the Executive Summary 

Contemporary Trends of Greenhouse Gases (3)

Over the past six decades, the average fraction of anthropogenic CO2 emissions that 
has accumulated in the atmosphere (referred to as the airborne fraction) has remained 
nearly constant at approximately 44%. The ocean and land sinks of CO2 have continued to 
grow over the past six decades in response to increasing anthropogenic CO2 emissions (high 
confidence). Interannual and decadal variability of the regional and global ocean and land 
sinks indicate that these sinks are sensitive to climate conditions and therefore to climate 
change (high confidence). {5.2.1.1, 5.2.1.3, 5.2.1.4.2; Figures 5.7, 5.8, 5.10}
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Time series of CO2 concentrations and related measurements in ambient air
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Time series of CO2 concentrations and related measurements in ambient air
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Airborne fraction and
anthropogenic (fossil fuel and land use change) CO2 emissions
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Statements in the Executive Summary 

Contemporary Trends of Greenhouse Gases (4)

Recent observations show that ocean carbon processes are starting to change in 
response to the growing ocean sink, and these changes are expected to contribute 
significantly to future weakening of the ocean sink under medium- to high-emission 
scenarios. However, the effects of these changes is not yet reflected in a weakening trend of 
the contemporary (1960–2019) ocean sink (high confidence). {5.1.2, 5.2.1.3, 5.3.2.1; Figures 
5.8, 5.20; Cross-Chapter Box 5.3}
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Multi-decadal trends for the ocean sink of CO2
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Multi-decadal trends for the ocean sink of CO2
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Regional characteristics of the mean decadal (1994–2007)
sea-air CO2 flux (Fnet) and ocean storage of anthropogenic CO2.
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Regional characteristics of the mean decadal (1994–2007)
sea-air CO2 flux (Fnet) and ocean storage of anthropogenic CO2.
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Trends of the net land CO2 sink
and related vegetation observations during 1980–2019
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Trends of the net land CO2 sink
and related vegetation observations during 1980–2019
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Global carbon (CO2) budget (2010-2019)
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Statements in the Executive Summary 

Contemporary Trends of Greenhouse Gases (4)

Recent observations show that ocean carbon processes are starting to change in 
response to the growing ocean sink, and these changes are expected to contribute 
significantly to future weakening of the ocean sink under medium- to high-emission 
scenarios. However, the effects of these changes is not yet reflected in a weakening trend of 
the contemporary (1960–2019) ocean sink (high confidence). {5.1.2, 5.2.1.3, 5.3.2.1; Figures 
5.8, 5.20; Cross-Chapter Box 5.3}

Atmospheric concentration of CH4 grew at an average rate of 7.6 ± 2.7 ppb yr-1 for the 
last decade (2010–2019), with a faster growth of 9.3 ± 2.4 ppb yr-1 over the last six 
years (2014–2019) (high confidence). The multi-decadal growth trend in atmospheric CH4 is 
dominated by anthropogenic activities (high confidence), and the growth since 2007 is largely 
driven by emissions from both fossil fuels and agriculture (dominated by livestock) sectors 
(medium confidence). The interannual variability is dominated by El Niño–Southern Oscillation 
cycles, during which biomass burning and wetland emissions, as well as loss by reaction with 
tropospheric hydroxyl radical OH play an important role. {5.2.2; Figures 5.13, 5.14; Table 5.2; 
Cross-Chapter Box 5.2}
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Time series of CH4 concentrations, growth rates and isotopic composition
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Global methane (CH4) budget (2008–2017)
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Methane sources and sinks for four decades
from atmospheric inversions with the budget imbalance
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Methane sources and sinks for four decades
from atmospheric inversions with the budget imbalance
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Anomalies in global and regional methane (CH4) emissions for 1988–2017
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Statements in the Executive Summary 

Contemporary Trends of Greenhouse Gases (5)

Atmospheric concentration of N2O grew at an average rate of 0.85 ± 0.03 ppb yr-1

between 1995 and 2019, with a further increase to 0.95 ± 0.04 ppb yr-1 in the most 
recent decade (2010–2019). This increase is dominated by anthropogenic emissions, which 
have increased by 30% between the 1980s and the most recent observational decade (2007–
2016) (high confidence). Increased use of nitrogen fertilizer and manure contributed to about 
two-thirds of the increase during the 1980–2016 period, with the fossil fuels/industry, biomass 
burning, and wastewater accounting for much of the rest (high confidence). {5.2.3; Figures 
5.15, 5.16, 5.17}
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Changes in atmospheric nitrous oxide (N2O)
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Changes in atmospheric nitrous oxide (N2O)

S
a

u
se

n
, 

K
lim

a
ä
n

d
e
ru

n
g
 2

.5

24.05.2022

IP
C

C
 2

0
2

1
, C

h
a

p
. 5



49

Decadal mean nitrous oxide (N2O) emissions for 2007–2016
and its change since 1850 based on process-model projections. 
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Global nitrous oxide (N2O) budget (2007–2016)
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Contributions of carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O)
and halogenated species to the total effective radiative forcing (ERF) increase 

since 1850 and 1960, and for 2000 to 2009
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Regional distributions of net fluxes of carbon dioxide (CO2), methane (CH4), 
nitrous oxide (N2O) on the Earth’s surface
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Regional distributions of net fluxes of carbon dioxide (CO2), methane (CH4), 
nitrous oxide (N2O) on the Earth’s surface
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Ocean Acidification and Ocean Deoxygenation (1)

Ocean acidification is strengthening as a result of the ocean continuing to take up CO2

from human-caused emissions (very high confidence). This CO2 uptake is driving changes 
in seawater chemistry that result in the decrease of pH and associated reductions in the 
saturation state of calcium carbonate, which is a constituent of skeletons or shells of a variety 
of marine organisms. These trends of ocean acidification are becoming clearer globally, with a 
very likely rate of decrease in pH in the ocean surface layer of 0.016 to 0.020 per decade in 
the subtropics and 0.002 to 0.026 per decade in subpolar and polar zones since the 1980s. 
Ocean acidification has spread deeper in the ocean, surpassing 2000 m depth in the northern 
North Atlantic and in the Southern Ocean. The greater projected pH declines in CMIP6 models 
are primarily a consequence of higher atmospheric CO2 concentrations in the Shared Socio-
economic Pathways (SSPs) scenarios than their CMIP5-RCP analogues {5.3.2.2, 5.3.3.1; 
5.3.4.1; Figures 5.20, 5.21}
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Multi-decadal trends of pH in surface layer at various sites of the oceans and 
a global distribution of annual mean pH adjusted to the year 2000
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Spread of ocean acidification from the surface into the interior of ocean
since pre-industrial times
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Ocean Acidification and Ocean Deoxygenation (2)

Ocean deoxygenation is projected to continue to increase with ocean warming (high 
confidence). Earth system models (ESMs) project a 32–71% greater subsurface (100–600 m) 
oxygen decline, depending on scenario, than reported in the Special Report on the Ocean and 
Cryosphere (SROCC) for the period 2080–2099. This is attributed to the effect of larger 
surface warming in CMIP6 models, which increases ocean stratification and reduces 
ventilation (medium confidence). There is low confidence in the projected reduction of oceanic 
N2O emissions under high emission scenarios because of greater oxygen losses simulated in 
ESMs in CMIP6, uncertainties in the process of oceanic N2O emissions, and a limited number 
of modelling studies available {5.3.3.2; 7.5}
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Future Projections of Carbon Feedbacks on Climate Change (1)

Oceanic and terrestrial carbon sinks are projected to continue to grow with increasing 
atmospheric concentrations of CO2, but the fraction of emissions taken up by land and 
ocean is expected to decline as the CO2 concentration increases (high confidence). 
ESMs suggest approximately equal global land and ocean carbon uptake for each of the SSPs 
scenarios. However, the range of model projections is much larger for the land carbon sink. 
Despite the wide range of model responses, uncertainty in atmospheric CO2 by 2100 is 
dominated by future anthropogenic emissions rather than uncertainties related to carbon–
climate feedbacks (high confidence). {5.4.5; Figure 5.25, 5.26}
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CMIP6 Earth system model (ESM) concentration-driven historical simulations 
for 1850 to 2014,compared to observation-based estimates

from the global carbon project (GCP)
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Comparison of modelled zonal distribution of contemporary carbon sinks 
against atmospheric inversion estimates for 2000–2009
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Comparison of modelled zonal distribution of contemporary carbon sinks 
against atmospheric inversion estimates for 2000–2009
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Modelled evolution of the global land and ocean carbon sinks for 1850 to 2100 
in concentration-driven CMIP6 Earth system model (ESM) scenario runs
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Maps of net carbon changes under four Shared Socioeconomic Pathway 
(SSP) scenarios, as evaluated from nine CMIP6 Earth system models
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Future Projections of Carbon Feedbacks on Climate Change (2)

Increases in atmospheric CO2 lead to increases in land carbon storage through CO2

fertilization of photosynthesis and increased water use efficiency (high confidence). 
However, the overall change in land carbon also depends on land-use change and on the 
response of vegetation and soil to continued warming and changes in the water cycle, 
including increased droughts in some regions that will diminish the sink capacity. Climate 
change alone is expected to increase land carbon accumulation in the high latitudes (not 
including permafrost), but also to lead to a counteracting loss of land carbon in the tropics 
(medium confidence, Figure 5.25). More than half of the latest CMIP6 ESMs include nutrient 
limitations on the carbon cycle, but these models still project increasing tropical land carbon 
(medium confidence) and increasing global land carbon (high confidence) through the 21st 
century. {5.4.1, 5.4.3, 5.4.5; Figure 5.27; Cross-Chapter Box 5.1}
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Estimates of the biogeochemical climate feedback parameter (α)

S
a

u
se

n
, 

K
lim

a
ä
n

d
e
ru

n
g
 2

.5

24.05.2022

IP
C

C
 2

0
2

1
, C

h
a

p
. 5



73

S
a

u
se

n
, 

K
lim

a
ä
n

d
e
ru

n
g
 2

.5

24.05.2022

IP
C

C
 2

0
2

1
, C

h
a

p
. 5



74

S
a

u
se

n
, 

K
lim

a
ä
n

d
e
ru

n
g
 2

.5

Statements in the Executive Summary 

Future Projections of Carbon Feedbacks on Climate Change (3)

Future trajectories of the ocean CO2 sink are strongly emissions-scenario dependent 
(high confidence). Emission scenarios SSP4-6.0 and SSP5-8.5 lead to warming of the 
surface ocean and large reductions of the buffering capacity, which will slow the growth of the 
ocean sink after 2050. Scenario SSP1-2.6 limits further reductions in buffering capacity and 
warming, and the ocean sink weakens in response to the declining rate of increasing 
atmospheric CO2. There is low confidence in how changes in the biological pump will influence 
the magnitude and direction of the ocean carbon feedback. {5.4.2, 5.4.4, Cross-Chapter Box 
5.3}
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Future Projections of Carbon Feedbacks on Climate Change (4)

Beyond 2100, land and ocean may transition from being a carbon sink to a source 
under either very high emissions or net negative emissions scenarios, but for different 
reasons. Under very high emissions scenarios such as SSP5-8.5, ecosystem carbon losses 
due to warming lead the land to transition from a carbon sink to a source (medium 
confidence), while the ocean is expected to remain a sink (high confidence). For scenarios in 
which CO2 concentration stabilizes, land and ocean carbon sinks gradually take up less 
carbon as the increase in atmospheric CO2 slows down. In scenarios with moderate net 
negative CO2 emissions and CO2 concentrations declining during the 21st century (e.g., 
SSP1-2.6), the land sink transitions to a net source in decades to a few centuries after CO2

emissions become net negative, while the ocean remains a sink (low confidence). Under 
scenarios with large net negative CO2 emissions and rapidly declining CO2 concentrations 
(e.g., SSP5-3.4-OS (overshoot)), both land and ocean switch from a sink to a transient source 
during the overshoot period (medium confidence). {5.4.10, 5.6.2.1.2; Figures 5.30, 5.33}
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Trajectories of carbon cycle dynamics for models beyond 2100
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Trajectories of carbon cycle dynamics for models beyond 2100
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Future Projections of Carbon Feedbacks on Climate Change (5)

Thawing terrestrial permafrost will lead to carbon release (high confidence), but there is 
low confidence in the timing, magnitude and the relative roles of CO2 versus CH4 as 
feedback processes. CO2 release from permafrost is projected to be 3–41 PgC per 1ºC of 
global warming by 2100, based on an ensemble of models. However, the incomplete 
representation of important processes such as abrupt thaw, combined with weak observational 
constraints, only allow low confidence in both the magnitude of these estimates and in how 
linearly proportional this feedback is to the amount of global warming. It is very unlikely that 
gas clathrates in terrestrial and subsea permafrost will lead to a detectable departure from the 
emissions trajectory during this century. {5.4.9; Box 5.1}

24.05.2022

IP
C

C
 2

0
2

1
, C

h
a

p
. 4



79

The Arctic permafrost is a big pool of carbon
that is sensitive to climate change
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Future Projections of Carbon Feedbacks on Climate Change (6)

The net response of natural CH4 and N2O sources to future warming will be increased 
emissions (medium confidence). Key processes include increased CH4 emissions from 
wetlands and permafrost thaw, as well as increased soil N2O emissions in a warmer climate, 
while ocean N2O emissions are projected to decline at centennial time scale. The magnitude of 
the responses of each individual process and how linearly proportional these feedbacks are to 
the amount of global warming is known with low confidence due to incomplete representation 
of important processes in models combined with weak observational constraints. Models 
project that over the 21st century the combined feedback of 0.02–0.09 W m-2 oC-1 is 
comparable to the effect of a CO2 release of 5-18 PgCeq oC-1 (low confidence). {5.4.7, 5.4.8; 
Figure 5.29}
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Future Projections of Carbon Feedbacks on Climate Change (7)

The response of biogeochemical cycles to the anthropogenic perturbation can be 
abrupt at regional scales, and irreversible on decadal to century time scales (high 
confidence). The probability of crossing uncertain regional thresholds (e.g., high severity fires, 
forest dieback) increases with climate change (high confidence). Possible abrupt changes and 
tipping points in biogeochemical cycles lead to additional uncertainty in 21st century GHG 
concentrations, but these are very likely to be smaller than the uncertainty associated with 
future anthropogenic emissions (high confidence). {5.4.9}
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Remaining Carbon Budgets to Climate Stabilization (1)

There is a near-linear relationship between cumulative CO2 emissions and the increase 
in global mean surface air temperature (GSAT) caused by CO2 over the course of this 
century for global warming levels up to at least 2oC relative to pre-industrial (high 
confidence). Halting global warming would thus require global net anthropogenic CO2

emissions to become zero. The ratio between cumulative CO2 emissions and the consequent 
GSAT increase, which is called the transient climate response to cumulative emissions of CO2

(TCRE), likely falls in the 1.0oC–2.3oC per 1000 PgC range. The narrowing of this range 
compared to AR5 is due to a better integration of evidence across the science in this 
assessment. Beyond this century, there is low confidence that the TCRE remains an accurate 
predictor of temperature changes in scenarios of very low or net negative CO2 emissions 
because of uncertain Earth system feedbacks that can result in further warming or a path-
dependency of warming as a function of cumulative CO2 emissions. {5.4, 5.5.1}
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Illustration of relationship between cumulative emissions of CO2 and global 
mean surface air temperature increase and conceptual schematic of the 

assessment of the remaining carbon budget from its constituting components
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Illustration of relationship between cumulative emissions of CO2 and global 
mean surface air temperature increase and conceptual schematic of the 

assessment of the remaining carbon budget from its constituting components
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Remaining Carbon Budgets to Climate Stabilization (2)

Mitigation requirements over this century for limiting maximum warming to specific 
levels can be quantified using a carbon budget that relates cumulative CO2 emissions 
to global mean temperature increase (high confidence). For the period 1850–2019, a total 
of 655 ± 65 PgC (2390 ± 240 GtCO2) of anthropogenic CO2 has been emitted. Remaining 
carbon budgets (starting from 1 January 2020) for limiting warming to 1.5oC, 1.7oC, and 2.0oC 
are 140 PgC (500 GtCO2), 230 PgC (850 GtCO2) and 370 PgC (1350 GtCO2), respectively, 
based on the 50th percentile of TCRE. For the 67th percentile, the respective values are 110 
PgC (400 GtCO2), 190 PgC (700 GtCO2) and 310 PgC (1150 GtCO2). These remaining carbon 
budgets may vary by an estimated ± 60 PgC (220 GtCO2) depending on how successfully 
future non-CO2 emissions can be reduced. Since AR5 and SR1.5, estimates have undergone 
methodological improvements, resulting in larger, yet consistent estimates. {5.5.2, 5.6; Figure 
5.31; Table 5.8}
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Illustration of relationship between cumulative emissions of CO2 and global 
mean surface air temperature increase and conceptual schematic of the 

assessment of the remaining carbon budget from its constituting components
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Remaining Carbon Budgets to Climate Stabilization (3)

Several factors affect the precise value of remaining carbon budgets, including 
estimates of historical warming, future emissions from thawing permafrost, and 
variations in projected non-CO2 warming. Remaining carbon budget estimates can increase 
or decrease by 150 PgC (550 GtCO2, likely range) due to uncertainties in the level of historical 
warming, and by an additional ± 60 PgC (±220 GtCO2, likely range) due to geophysical 
uncertainties surrounding the climate response to non-CO2 emissions such as CH4, N2O, and 
aerosols. Permafrost thaw is included in the estimates together with other feedbacks that are 
often not captured by models. Despite the large uncertainties surrounding the quantification of 
the effects of additional Earth system feedback processes, such as emissions from wetlands 
and permafrost thaw, these feedbacks represent identified additional amplifying risk factors 
that scale with additional warming and mostly increase the challenge of limiting warming to 
specific temperature thresholds. These uncertainties do not change the basic conclusion that 
global CO2 emissions would need to decline to at least net zero to halt global warming. {5.4, 
5.5.2}
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Biogeochemical Implications of Carbon Dioxide Removal and Solar Radiation 
Modification (1)

Land- and ocean-based carbon dioxide removal (CDR) methods have the potential to 
sequester CO2 from the atmosphere, but the benefits of this removal would be partially 
offset by CO2 release from land and ocean carbon stores (very high confidence). The 
fraction of CO2 removed that remains out of the atmosphere, a measure of CDR effectiveness, 
decreases slightly with increasing amount of removal (medium confidence) and decreases 
strongly if CDR is applied at lower CO2 concentrations (medium confidence). {5.6.2.1; Figures 
5.32, 5.33, 5.34}
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Schematic representation of carbon fluxes
between atmosphere, land, ocean and geological reservoirs
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Biogeochemical Implications of Carbon Dioxide Removal and Solar Radiation 
Modification (2)

The century-scale climate–carbon cycle response to a CO2 removal from the 
atmosphere is not always equal and opposite to the response to a CO2 emission 
(medium confidence). For simultaneously cumulative CO2 emissions and removals of greater 
than or equal to 100 PgC, CO2 emissions are 4 ± 3% more effective at raising atmospheric 
CO2 than CO2 removals are at lowering atmospheric CO2. The asymmetry originates from 
state-dependencies and non-linearities in carbon cycle processes and implies that an extra 
amount of CDR is required to compensate for a positive emission of a given magnitude to 
attain the same change in atmospheric CO2. The net effect of this asymmetry on the global 
surface temperature is poorly constrained due to low agreement between models (low 
confidence). {5.6.2.1; Figure 5.35}
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Carbon cycle response to instantaneous carbon dioxide (CO2) removal
from the atmosphere
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Carbon cycle response to instantaneous carbon dioxide (CO2) removal
from the atmosphere
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Carbon sink response in a scenario with net carbon dioxide (CO2) removal 
from the atmosphere
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Carbon sink response in a scenario with net carbon dioxide (CO2) removal 
from the atmosphere
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Biogeochemical Implications of Carbon Dioxide Removal and Solar Radiation 
Modification (3)

Wide-ranging side-effects of CDR methods have been identified that can either weaken 
or strengthen the carbon sequestration and cooling potential of these methods and 
affect the achievement of sustainable development goals (high confidence). Biophysical 
and biogeochemical side-effects of CDR methods are associated with changes in surface albedo, 
the water cycle, emissions of CH4 and N2O, ocean acidification and marine ecosystem productivity 
(high confidence). These side-effects and associated Earth system feedbacks can decrease carbon 
uptake and/or change local and regional climate, and in turn limit the CO2 sequestration and cooling 
potential of specific CDR methods (medium confidence). Deployment of CDR, particularly on land, 
can also affect water quality and quantity, food production and biodiversity, with consequences for 
the achievement of related sustainable development goals (high confidence). These effects are often 
highly dependent on local context, management regime, prior land use, and scale of deployment 
(high confidence). A wide range of co-benefits are obtained with methods that seek to restore natural 
ecosystems or improve soil carbon (high confidence). The biogeochemical effects of terminating 
CDR are expected to be small for most CDR methods (medium confidence). {5.6.2.2; Figure 5.36; 
Cross-Chapter Box 5.1}
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Characteristics of carbon dioxide removal (CDR) methods,
ordered according to the time scale of carbon storage
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Statements in the Executive Summary 

Biogeochemical Implications of Carbon Dioxide Removal and Solar Radiation 
Modification (4)

Solar radiation modification (SRM) would increase the global land and ocean CO2 sinks 
(medium confidence) but would not stop CO2 from increasing in the atmosphere, thus 
exacerbating ocean acidification under continued anthropogenic emissions (high 
confidence). SRM acts to cool the planet relative to unmitigated climate change, which would 
increase the land sink by reducing plant and soil respiration and slow the reduction of ocean 
carbon uptake due to warming (medium confidence). SRM would not counteract or stop ocean 
acidification (high confidence). The sudden and sustained termination of SRM would rapidly 
increase global warming, with the return of positive and negative effects on the carbon sinks 
(very high confidence) {4.6.3; 5.6.3}
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Cumulative carbon dioxide (CO2) uptake by land and ocean carbon sinks
in response to stratospheric sulfur dioxide (SO2) injection
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