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Solar Energy Input

How much energy does the earth receive from the sun?

To maintain balance, Earth must also emit at the same rate of
1.7 × 1017 J/s

Divide by surface area: 342 W/m2.

The solar constant, a long-term annual average.
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Lecture Question

How much of this sunlight is (a) reflected immediately, (b) absorbed by
the atmosphere, or (c) absorbed by Earth’s surface?

30% reflected back to space

25% absorbed by atmosphere
(see figure)

45% absorbed by surface land
and water
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Earth’s Energy Balance: Blackbody Radiation

Contrast Earth’s incoming and outgoing radiation.

The sun and the earth are reasonable blackbody radiators

Blackbody radiator: light emitted is determined almost entirely by temperature of the
radiator

See figure: hotter sun emits 10% uv, 40% vis, 50% near-IR, while Earth emits entirely
in the mid-IR at 5–50µm.
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Lecture Question

What is the greenhouse effect?

90% of IR light emitted
by the surface/clouds
is re-absorbed by GHGs

GHGs re-emit some IR
light back to the
surface
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The Greenhouse Effect

Is there direct evidence of the greenhouse effect?

IR window

90% (avg) emitted light
is absorbed and
re-emitted

But some light escapes
without heating air
through an IR Window

IR window is dynamic,
depends on composition
(esp water vapor)

main window is
8–14 µm

more windows in
0.2–5.5 µm
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Lecture Questions

What are greenhouse gases, GHGs? Name the five most important
GHGs present naturally in the atmosphere.

Greenhouse gases are those that absorb in the region, 5–50 µm, emitted by
the earth’s surface. The most important natural GHGs are:

water, H2O

carbon dioxide, CO2

ozone, O3

methane, CH4

nitrous oxide, N2O
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The Greenhouse Effect

Give a more detailed description of Earth’s current energy balance.

National Aeronautics and Space Administration

www.nasa.gov
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The Greenhouse Effect

Compare the heat inputs of the atmosphere and surface.

The atmosphere receives: 540 W/m2:

sunlight (14%)

‘thermals’ (3%)

latent heat (16%)

absorption of IR light by GHGs
(66%)

The surface receives: 504 W/m2:

sunlight (32%)

re-emitted IR light from GHGs
(68%). This is the greenhouse
effect.
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The Global Carbon Cycle

What is a Keeling Curve? Explain the trends and fluctuations.
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The Global Carbon Cycle

What is a biogeochemical cycle?

A biogeochemical cycle is a description of the major reservoirs of a
substance, and the processes that exchange that substance between the
reservoirs.

Each reservoir has a stock of substance in it, and each exchange process
causes a flow of substance from one reservoir to another.

Processes are biological/chemical/geological, and can operate on greatly
different time scales

Biogeochemical cycles can be local or global
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Figure 6.1 |  Simplified schematic of the global carbon cycle. Numbers represent reservoir mass, also called ‘carbon stocks’ in PgC (1 PgC = 1015 gC) and annual carbon exchange 
fluxes (in PgC yr–1). Black numbers and arrows indicate reservoir mass and exchange fluxes estimated for the time prior to the Industrial Era, about 1750 (see Section 6.1.1.1 for 
references). Fossil fuel reserves are from GEA (2006) and are consistent with numbers used by IPCC WGIII for future scenarios. The sediment storage is a sum of 150 PgC of the 
organic carbon in the mixed layer (Emerson and Hedges, 1988) and 1600 PgC of the deep-sea CaCO3 sediments available to neutralize fossil fuel CO2 (Archer et al., 1998). Red 
arrows and numbers indicate annual ‘anthropogenic’ fluxes averaged over the 2000–2009 time period. These fluxes are a perturbation of the carbon cycle during Industrial Era 
post 1750. These fluxes (red arrows) are: Fossil fuel and cement emissions of CO2 (Section 6.3.1), Net land use change (Section 6.3.2), and the Average atmospheric increase of 
CO2 in the atmosphere, also called ‘CO2 growth rate’ (Section 6.3). The uptake of anthropogenic CO2 by the ocean and by terrestrial ecosystems, often called ‘carbon sinks’ are 
the red arrows part of Net land flux and Net ocean flux. Red numbers in the reservoirs denote cumulative changes of anthropogenic carbon over the Industrial Period 1750–2011 
(column 2 in Table 6.1). By convention, a positive cumulative change means that a reservoir has gained carbon since 1750. The cumulative change of anthropogenic carbon in the 
terrestrial reservoir is the sum of carbon cumulatively lost through land use change and carbon accumulated since 1750 in other ecosystems (Table 6.1). Note that the mass balance 
of the two ocean carbon stocks Surface ocean and Intermediate and deep ocean includes a yearly accumulation of anthropogenic carbon (not shown). Uncertainties are reported 
as 90% confidence intervals. Emission estimates and land and ocean sinks (in red) are from Table 6.1 in Section 6.3. The change of gross terrestrial fluxes (red arrows of Gross 
photosynthesis and Total respiration and fires) has been estimated from CMIP5 model results (Section 6.4). The change in air–sea exchange fluxes (red arrows of ocean atmosphere 
gas exchange) have been estimated from the difference in atmospheric partial pressure of CO2 since 1750 (Sarmiento and Gruber, 2006). Individual gross fluxes and their changes 
since the beginning of the Industrial Era have typical uncertainties of more than 20%, while their differences (Net land flux and Net ocean flux in the figure) are determined from 
independent measurements with a much higher accuracy (see Section 6.3). Therefore, to achieve an overall balance, the values of the more uncertain gross fluxes have been adjusted 
so that their difference matches the Net land flux and Net ocean flux estimates. Fluxes from volcanic eruptions, rock weathering (silicates and carbonates weathering reactions 
resulting into a small uptake of atmospheric CO2), export of carbon from soils to rivers, burial of carbon in freshwater lakes and reservoirs and transport of carbon by rivers to the 
ocean are all assumed to be pre-industrial fluxes, that is, unchanged during 1750–2011. Some recent studies (Section 6.3) indicate that this assumption is likely not verified, but 
global estimates of the Industrial Era perturbation of all these fluxes was not available from peer-reviewed literature. The atmospheric inventories have been calculated using a 
conversion factor of 2.12 PgC per ppm (Prather et al., 2012).

Lecture Question

Describe the carbon cycle and how we have affected it.
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The Global Carbon Cycle: Fast and Slow Carbon Pools

Explain the difference between ‘fast’ and ‘slow’ carbon cycles.
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The Global Carbon Cycle

Explain what happens to the CO2 humans emit.

544

Chapter 6 Carbon and Other Biogeochemical Cycles

6

Frequently Asked Questions  

FAQ 6.2 |  What Happens to Carbon Dioxide After It Is Emitted into the Atmosphere?

Carbon dioxide (CO2), after it is emitted into the atmosphere, is firstly rapidly distributed between atmosphere, the 
upper ocean and vegetation. Subsequently, the carbon continues to be moved between the different reservoirs 
of the global carbon cycle, such as soils, the deeper ocean and rocks. Some of these exchanges occur very slowly. 
Depending on the amount of CO2 released, between 15% and 40% will remain in the atmosphere for up to 2000 
years, after which a new balance is established between the atmosphere, the land biosphere and the ocean. Geo-
logical processes will take anywhere from tens to hundreds of thousands of years—perhaps longer—to redistribute 
the carbon further among the geological reservoirs. Higher atmospheric CO2 concentrations, and associated climate 
impacts of present emissions, will, therefore, persist for a very long time into the future.

CO2 is a largely non-reactive gas, which is rapidly mixed throughout the entire troposphere in less than a year. 
Unlike reactive chemical compounds in the atmosphere that are removed and broken down by sink processes, such 
as methane, carbon is instead redistributed among the different reservoirs of the global carbon cycle and ultimately 
recycled back to the atmosphere on a multitude of time scales. FAQ 6.2, Figure 1 shows a simplified diagram of the 
global carbon cycle. The open arrows indicate typical timeframes for carbon atoms to be transferred through the 
different reservoirs.

Before the Industrial Era, the global carbon cycle was 
roughly balanced. This can be inferred from ice core 
measurements, which show a near constant atmo-
spheric concentration of CO2 over the last several 
thousand years prior to the Industrial Era. Anthro-
pogenic emissions of carbon dioxide into the atmo-
sphere, however, have disturbed that equilibrium. As 
global CO2 concentrations rise, the exchange process-
es between CO2 and the surface ocean and vegetation 
are altered, as are subsequent exchanges within and 
among the carbon reservoirs on land, in the ocean 
and eventually, the Earth crust. In this way, the added 
carbon is redistributed by the global carbon cycle, 
until the exchanges of carbon between the different 
carbon reservoirs have reached a new, approximate 
balance.

Over the ocean, CO2 molecules pass through the 
air-sea interface by gas exchange. In seawater, CO2

interacts with water molecules to form carbonic acid, 
which reacts very quickly with the large reservoir of 
dissolved inorganic carbon—bicarbonate and carbon-
ate ions—in the ocean. Currents and the formation of 

sinking dense waters transport the carbon between the surface and deeper layers of the ocean. The marine biota 
also redistribute carbon: marine organisms grow organic tissue and calcareous shells in surface waters, which, after 
their death, sink to deeper waters, where they are returned to the dissolved inorganic carbon reservoir by dissolu-
tion and microbial decomposition. A small fraction reaches the sea floor, and is incorporated into the sediments.

The extra carbon from anthropogenic emissions has the effect of increasing the atmospheric partial pressure of CO2, 
which in turn increases the air-to-sea exchange of CO2 molecules. In the surface ocean, the carbonate chemistry 
quickly accommodates that extra CO2. As a result, shallow surface ocean waters reach balance with the atmosphere 
within 1 or 2 years. Movement of the carbon from the surface into the middle depths and deeper waters takes 
longer—between decades and many centuries. On still longer time scales, acidification by the invading CO2 dis-
solves carbonate sediments on the sea floor, which further enhances ocean uptake. However, current understand-
ing suggests that, unless substantial ocean circulation changes occur, plankton growth remains roughly unchanged 
because it is limited mostly by environmental factors, such as nutrients and light, and not by the availability of 
inorganic carbon it does not contribute significantly to the ocean uptake of anthropogenic CO2. (continued on next page)

FAQ 6.2, Figure 1 |  Simplified schematic of the global carbon cycle showing 
the typical turnover time scales for carbon transfers through the major reservoirs.
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The Global Carbon Cycle

How about some numbers this time?

Less than half (46%) of emitted carbon stays in air

Dissolution in ocean causes acidification: CO2 + H2O H2CO3

Land sink has the highest uncertainty, subject of much current research

Global Climate Change 16 / 30 Radiative Forcing



Lecture Questions

How much has atmospheric CO2 increased since 1750?
What is the recovery time if all anthropogenic CO2 emissions ceased?

473
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6

6.1.1.2 Methane Cycle

CH4 absorbs infrared radiation relatively stronger per molecule com-
pared to CO2 (Chapter 8), and it interacts with photochemistry. On 
the other hand, the methane turnover time (see Glossary) is less than 
10 years in the troposphere (Prather et al., 2012; see Chapter 7). The 
sources of CH4 at the surface of the Earth (see Section 6.3.3.2) can be 
thermogenic including (1) natural emissions of fossil CH4 from geolog-
ical sources (marine and terrestrial seepages, geothermal vents and 
mud volcanoes) and (2) emissions caused by leakages from fossil fuel 
extraction and use (natural gas, coal and oil industry; Figure 6.2). There 
are also pyrogenic sources resulting from incomplete burning of fossil 
fuels and plant biomass (both natural and anthropogenic fires). The 
biogenic sources include natural biogenic emissions predominantly 
from wetlands, from termites and very small emissions from the ocean 
(see Section 6.3.3). Anthropogenic biogenic emissions occur from rice 

Box 6.1 (continued) 

Phase 2. In the second stage, within a few thousands of years, the pH of the ocean that has decreased in Phase 1 will be restored by 
reaction of ocean dissolved CO2 and calcium carbonate (CaCO3) of sea floor sediments, partly replenishing the buffer capacity of the 
ocean and further drawing down atmospheric CO2 as a new balance is re-established between CaCO3 sedimentation in the ocean and 
terrestrial weathering (Box 6.1, Figure 1c right). This second phase will pull the remaining atmospheric CO2 fraction down to 10 to 25% 
of the original CO2 pulse after about 10 kyr (Lenton and Britton, 2006; Montenegro et al., 2007; Ridgwell and Hargreaves, 2007; Tyrrell 
et al., 2007; Archer and Brovkin, 2008).

Phase 3. In the third stage, within several hundred thousand years, the rest of the CO2 emitted during the initial pulse will be removed 
from the atmosphere by silicate weathering, a very slow process of CO2 reaction with calcium silicate (CaSiO3) and other minerals of 
igneous rocks (e.g., Sundquist, 1990; Walker and Kasting, 1992).

Involvement of extremely long time scale processes into the removal of a pulse of CO2 emissions into the atmosphere complicates 
comparison with the cycling of the other GHGs. This is why the concept of a single, characteristic atmospheric lifetime is not applicable 
to CO2 (Chapter 8).

Box 6.1, Figure 1 |  A percentage of emitted CO2 remaining in the atmosphere in response to an idealised instantaneous CO2 pulse emitted to the atmosphere in 
year 0 as calculated by a range of coupled climate–carbon cycle models. (Left and middle panels, a and b) Multi-model mean (blue line) and the uncertainty interval 
(±2 standard deviations, shading) simulated during 1000 years following the instantaneous pulse of 100 PgC (Joos et al., 2013). (Right panel, c) A mean of models 
with oceanic and terrestrial carbon components and a maximum range of these models (shading) for instantaneous CO2 pulse in year 0 of 100 PgC (blue), 1000 PgC 
(orange) and 5000 PgC (red line) on a time interval up to 10 kyr (Archer et al., 2009b). Text at the top of the panels indicates the dominant processes that remove the 
excess of CO2 emitted in the atmosphere on the successive time scales. Note that higher pulse of CO2 emissions leads to higher remaining CO2 fraction (Section 6.3.2.4) 
due to reduced carbonate buffer capacity of the ocean and positive climate–carbon cycle feedback (Section 6.3.2.6.6).

paddy agriculture, ruminant livestock, landfills, man-made lakes and 
wetlands and waste treatment. In general, biogenic CH4 is produced 
from organic matter under low oxygen conditions by fermentation pro-
cesses of methanogenic microbes (Conrad, 1996). Atmospheric CH4 is 
removed primarily by photochemistry, through atmospheric chemistry 
reactions with the OH radicals. Other smaller removal processes of 
atmospheric CH4 take place in the stratosphere through reaction with 
chlorine and oxygen radicals, by oxidation in well aerated soils, and 
possibly by reaction with chlorine in the marine boundary layer (Allan 
et al., 2007; see Section 6.3.3.3).

A very large geological stock (globally 1500 to 7000 PgC, that is 2 x 
106 to 9.3 x 106 Tg(CH4) in Figure 6.2; Archer (2007); with low confi-
dence in estimates) of CH4 exists in the form of frozen hydrate deposits 
(‘clathrates’) in shallow ocean sediments and on the slopes of con-
tinental shelves, and permafrost soils. These CH4 hydrates are stable 

CO2:
280→ 400 ppm
(and rising)

We have
emitted 555 GtC
to date

Figure shows
predicted
recovery after
CO2 ‘pulse’

IPCC: ‘Depending on the [future emission] scenario, 15 to 40% of emitted
CO2 will remain in the atmosphere longer than 1000 years.’
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Lecture Question

What GHGs have increased since 1750?

GHG 1750 Recent GWP Lifetime, yr RF, W/m2

CO2 280 ppm 400 ppm 1 100-300 1.68

CH4 722 ppb 1825 ppb 28 12 0.97
N2O 270 ppb 325 ppb 265 121 0.17
O3 237 ppb 337 ppb n/a short *

CFC-11 0 235 pptr 4,660 45 0.18 (all)
CFC-12 0 527 pptr 10,200 100

CFC-113 0 74 pptr 5,820 85
HCFC-22 0 220 pptr 1,760 11.9

GWP is the global warming potential relative to CO2 over a 100 yr period

Lifetime is for the troposphere; it is not well defined for CO2

There are a number of other halogenated compounds not included in the table:
HCFCs, HFCs, halons, CCl4, SF6
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The Methane Cycle

What human activities have lead to the increase in CH4?

0 20 40 60 80 100

Livestock

Rice cultivation

Landfills & waste

Fossil fuels

Biomass burning

89

36

75

96

35

Methane emissions, Tg/yr

Note unit change compared to CO2 emissions

Total anthropogenic flux: 330 Tg/yr (50–65% of total flux from all sources)

Main natural source: wetlands (about 200 Tg/yr)
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Part of the Nitrogen Cycle

What human activities have lead to the increase in N2O?

0 1 2 3 4 5

Fossil fuels

Agriculture

Biomass burning

Human waste

Rivers estuaries

Atmospheric deposition

0.7

4.1

0.7

0.2

0.6

0.6

N2O emissions, Tg/yr

Current anthropogenic flux: 7 Tg/yr (35–40% of total from all sources)

Main natural sources: soils (6.6 Tg/yr) and oceans (3.8 Tg/yr)
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Lecture Question

What is radiative forcing?

2nd panel adds an atmosphere
with GHGs (some flows omitted)

3rd panel shows an imbalance of
4 W/m2 due to a doubling of CO2

concentration

Radiative forcing, RF, is this
quantitative measure of the
radiative energy imbalance

RF = incoming− outgoing

4th panel shows a restored energy
balance after global warming has
occurred



What factors are currently causing radiative forcing?

SPM

Summary for Policymakers

14

from black carbon absorption of solar radiation. There is high confidence that  aerosols and their interactions with clouds 
have offset a substantial portion of global mean forcing from well-mixed greenhouse gases. They continue to contribute 
the largest uncertainty to the total RF estimate. {7.5, 8.3, 8.5}

• The forcing from stratospheric volcanic aerosols can have a large impact on the climate for some years after volcanic 
eruptions. Several small eruptions have caused an RF of –0.11 [–0.15 to –0.08] W m–2 for the years 2008 to 2011, which 
is approximately twice as strong as during the years 1999 to 2002. {8.4}

• The RF due to changes in solar irradiance is estimated as 0.05 [0.00 to 0.10] W m−2 (see Figure SPM.5). Satellite obser-
vations of total solar irradiance changes from 1978 to 2011 indicate that the last solar minimum was lower than the 
previous two. This results in an RF of –0.04 [–0.08 to 0.00] W m–2 between the most recent minimum in 2008 and the 
1986 minimum. {8.4}

• The total natural RF from solar irradiance changes and stratospheric volcanic aerosols made only a small contribution to 
the net radiative forcing throughout the last century, except for brief periods after large volcanic eruptions. {8.5}

Figure SPM.5 |  Radiative forcing estimates in 2011 relative to 1750 and aggregated uncertainties for the main drivers of climate change. Values are 
global average radiative forcing (RF14), partitioned according to the emitted compounds or processes that result in a combination of drivers. The best esti-
mates of the net radiative forcing are shown as black diamonds with corresponding uncertainty intervals; the numerical values are provided on the right 
of the figure, together with the confidence level in the net forcing (VH – very high, H – high, M – medium, L – low, VL – very low). Albedo forcing due to 
black carbon on snow and ice is included in the black carbon aerosol bar. Small forcings due to contrails (0.05 W m–2, including contrail induced cirrus), 
and HFCs, PFCs and SF6 (total 0.03 W m–2) are not shown. Concentration-based RFs for gases can be obtained by summing the like-coloured bars. Volcanic 
forcing is not included as its episodic nature makes is difficult to compare to other forcing mechanisms. Total anthropogenic radiative forcing is provided 
for three different years relative to 1750. For further technical details, including uncertainty ranges associated with individual components and processes, 
see the Technical Summary Supplementary Material. {8.5; Figures 8.14–8.18; Figures TS.6 and TS.7}
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Lecture Question

What are the recent temperature trends?

SPM

Summary for Policymakers

6

Figure SPM.1 |  (a) Observed global mean combined land and ocean surface temperature anomalies, from 1850 to 2012 from three data sets. Top panel: 
annual mean values. Bottom panel: decadal mean values including the estimate of uncertainty for one dataset (black). Anomalies are relative to the mean 
of 1961−1990. (b) Map of the observed surface temperature change from 1901 to 2012 derived from temperature trends determined by linear regression 
from one dataset (orange line in panel a). Trends have been calculated where data availability permits a robust estimate (i.e., only for grid boxes with 
greater than 70% complete records and more than 20% data availability in the first and last 10% of the time period). Other areas are white. Grid boxes 
where the trend is significant at the 10% level are indicated by a + sign. For a listing of the datasets and further technical details see the Technical Summary 
Supplementary Material. {Figures 2.19–2.21; Figure TS.2}
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Besides the increase in global mean temperature, what other changes
have been observed?

SPM

Summary for Policymakers

10

Global average sea level change
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Figure SPM.3 |  Multiple observed indicators of a changing global climate: (a) Extent of Northern Hemisphere March-April (spring) average snow cover; (b) 
extent of Arctic July-August-September (summer) average sea ice; (c) change in global mean upper ocean (0–700 m) heat content aligned to 2006−2010, 
and relative to the mean of all datasets for 1970; (d) global mean sea level relative to the 1900–1905 mean of the longest running dataset, and with all 
datasets aligned to have the same value in 1993, the first year of satellite altimetry data. All time-series (coloured lines indicating different data sets) show 
annual values, and where assessed, uncertainties are indicated by coloured shading. See Technical Summary Supplementary Material for a listing of the 
datasets. {Figures 3.2, 3.13, 4.19, and 4.3; FAQ 2.1, Figure 2; Figure TS.1}

Oceans absorbed most (90+%) of the heat
dumped into the system in the last 40 yr

Precipitation has increased (NH mid-latitude)

Extreme events: heat waves, droughts, heavy
precipitation events

Glaciars have shrunk worldwide

Antarctic and Greenland ice sheets have lost mass
for two decades

Arctic ice sheet and NH snow cover (see figure)

Sea levels have risen by 0.19 m since 1901 (figure)

Non-climate: ocean pH has decreased by 0.11
(30% increase in [H3O+])
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Climate Modeling

What are General Circulation Models (GCMs)?

Math model of the circulation
of air or ocean to
describe/simulate climate

Divides fluid up into 3-d grid

Mathematically describes flow
of energy and mass between
grids using set of differential
equations solved numerically

Complete climate model
requires coupled air/ocean
GCMs plus other components
(eg ice sheet model)
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Model Validation

Can we attribute temperature increases to human activities?

Global Climate Change 26 / 30 Climate Change



Climate Modeling

What are feedback effects? Examples?

Response to a change that either opposes further change (negative
feedback) or amplifies it (positive feedback).

Can lead to non-linear equations that are harder to model.

Possible carbon cycle feedbacks:

CO2 solubility decreases with increasing temperature (positive)
carbon fertilization effect (negative)
increased rate of decomposition with temperature (positive)
melting of permafrost releases stored methane (positive)

Hydrologic cycle feedback: water vapor pressure increases with
temperature (positive)

Earth’s albedo:

increases due to increased cloud cover (negative)
decreases due to reduced snow/ice cover (positive)

Changes in air/ocean circulation causes local feedback effects
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Lecture Question

How does the IPCC use models to predict future climate effects?

SPM

Summary for Policymakers

21

Figure SPM.7 | CMIP5 multi-model simulated time series from 1950 to 2100 for (a) change in global annual mean surface temperature relative to 
1986–2005, (b) Northern Hemisphere September sea ice extent (5-year running mean), and (c) global mean ocean surface pH. Time series of projections 
and a measure of uncertainty (shading) are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey shading) is the modelled historical evolution 
using historical reconstructed forcings. The mean and associated uncertainties averaged over 2081−2100 are given for all RCP scenarios as colored verti-
cal bars. The numbers of CMIP5 models used to calculate the multi-model mean is indicated. For sea ice extent (b), the projected mean and uncertainty 
(minimum-maximum range) of the subset of models that most closely reproduce the climatological mean state and 1979 to 2012 trend of the Arctic sea 
ice is given (number of models given in brackets). For completeness, the CMIP5 multi-model mean is also indicated with dotted lines. The dashed line 
represents nearly ice-free conditions (i.e., when sea ice extent is less than 106 km2 for at least five consecutive years). For further technical details see the 
Technical Summary Supplementary Material {Figures 6.28, 12.5, and 12.28–12.31; Figures TS.15, TS.17, and TS.20}
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Future Carbon Emission Scenarios

Explain the IPCC future emission scenarios.

SPM
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• A lower warming target, or a higher likelihood of remaining below a specific warming target, will require lower cumulative 
CO2  emissions. Accounting for warming effects of increases in non-CO2 greenhouse gases, reductions in aerosols, or the 
release of greenhouse gases from permafrost will also lower the cumulative CO2 emissions for a specific warming target 
(see Figure SPM.10). {12.5}

• A large fraction of anthropogenic climate change resulting from CO2 emissions is irreversible on a multi-century to 
millennial time scale, except in the case of a large net removal of CO2 from the atmosphere over a sustained period. 
Surface temperatures will remain approximately constant at elevated levels for many centuries after a complete cessation 
of net anthropogenic CO2 emissions. Due to the long time scales of heat transfer from the ocean surface to depth, ocean 
warming will continue for centuries. Depending on the scenario, about 15 to 40% of emitted CO2 will remain in the 
atmosphere longer than 1,000 years. {Box 6.1, 12.4, 12.5} 

• It is virtually certain that global mean sea level rise will continue beyond 2100, with sea level rise due to thermal 
expansion to continue for many centuries. The few available model results that go beyond 2100 indicate global mean 
sea level rise above the pre-industrial level by 2300 to be less than 1 m for a radiative forcing that corresponds to CO2 
concentrations that peak and decline and remain below 500 ppm, as in the scenario RCP2.6. For a radiative forcing that 
corresponds to a CO2 concentration that is above 700 ppm but below 1500 ppm, as in the scenario RCP8.5, the projected 
rise is 1 m to more than 3 m (medium confidence). {13.5}

Figure SPM.10 |  Global mean surface temperature increase as a function of cumulative total global CO2 emissions from various lines of evidence. Multi-
model results from a hierarchy of climate-carbon cycle models for each RCP until 2100 are shown with coloured lines and decadal means (dots). Some 
decadal means are labeled for clarity (e.g., 2050 indicating the decade 2040−2049). Model results over the historical period (1860 to 2010) are indicated 
in black. The coloured plume illustrates the multi-model spread over the four RCP scenarios and fades with the decreasing number of available models 
in RCP8.5. The multi-model mean and range simulated by CMIP5 models, forced by a CO2 increase of 1% per year (1% yr–1 CO2 simulations), is given by 
the thin black line and grey area. For a specific amount of cumulative CO2 emissions, the 1% per year CO2 simulations exhibit lower warming than those 
driven by RCPs, which include additional non-CO2 forcings.  Temperature values are given relative to the 1861−1880 base period, emissions relative to 
1870. Decadal averages are connected by straight lines. For further technical details see the Technical Summary Supplementary Material. {Figure 12.45; 
TS TFE.8, Figure 1}
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Lecture Question

What changes are predicted for temperature and sea level?

Summary for Policymakers

23

• The high latitudes and the equatorial Pacific Ocean are likely to experience an increase in annual mean precipitation by 
the end of this century under the RCP8.5 scenario. In many mid-latitude and subtropical dry regions, mean precipitation 
will likely decrease, while in many mid-latitude wet regions, mean precipitation will likely increase by the end of this 
century under the RCP8.5 scenario (see Figure SPM.8). {7.6, 12.4, 14.3}

• Extreme precipitation events over most of the mid-latitude land masses and over wet tropical regions will very likely
become more intense and more frequent by the end of this century, as global mean surface temperature increases (see 
Table SPM.1). {7.6, 12.4}

• Globally, it is likely that the area encompassed by monsoon systems will increase over the 21st century. While monsoon 
winds are likely to weaken, monsoon precipitation is likely to intensify due to the increase in atmospheric moisture. 
Monsoon onset dates are likely to become earlier or not to change much. Monsoon retreat dates will likely be delayed,
resulting in lengthening of the monsoon season in many regions. {14.2}

• There is high confidence that the El Niño-Southern Oscillation (ENSO) will remain the dominant mode of interannual 
variability in the tropical Pacific, with global effects in the 21st century. Due to the increase in moisture availability, ENSO-
related precipitation variability on regional scales will likely intensify. Natural variations of the amplitude and spatial 
pattern of ENSO are large and thus confidence in any specific projected change in ENSO and related regional phenomena 
for the 21st century remains low. {5.4, 14.4}

Table SPM.2 |  Projected change in global mean surface air temperature and global mean sea level rise for the mid- and late 21st century relative to the 
reference period of 1986–2005. {12.4; Table 12.2, Table 13.5}

2046–2065 2081–2100

Scenario Mean Likely range Mean Likely range

Global Mean Surface 
Temperature Change (°C)

RCP2.6 1.0 0.4 to 1.6 1.0 0.3 to 1.7

RCP4.5 1.4 0.9 to 2.0 1.8 1.1 to 2.6

RCP6.0 1.3 0.8 to 1.8 2.2 1.4 to 3.1

RCP8.5 2.0 1.4 to 2.6 3.7 2.6 to 4.8

Scenario Mean Likely range Mean Likely range

Global Mean Sea Level 
Rise (m)

RCP2.6 0.24 0.17 to 0.32 0.40 0.26 to 0.55

RCP4.5 0.26 0.19 to 0.33 0.47 0.32 to 0.63

RCP6.0 0.25 0.18 to 0.32 0.48 0.33 to 0.63

RCP8.5 0.30 0.22 to 0.38 0.63 0.45 to 0.82

Notes:
a Based on the CMIP5 ensemble; anomalies calculated with respect to 1986–2005. Using HadCRUT4 and its uncertainty estimate (5−95% confidence interval), the 

observed warming to the reference period 1986−2005 is 0.61 [0.55 to 0.67] °C from 1850−1900, and 0.11 [0.09 to 0.13] °C from 1980−1999, the reference period 
for projections used in AR4. Likely ranges have not been assessed here with respect to earlier reference periods because methods are not generally available in the 
literature for combining the uncertainties in models and observations. Adding projected and observed changes does not account for potential effects of model biases 
compared to observations, and for natural internal variability during the observational reference period {2.4; 11.2; Tables 12.2 and 12.3}

b Based on 21 CMIP5 models; anomalies calculated with respect to 1986–2005. Where CMIP5 results were not available for a particular AOGCM and scenario, they 
were estimated as explained in Chapter 13, Table 13.5. The contributions from ice sheet rapid dynamical change and anthropogenic land water storage are treated as 
having uniform probability distributions, and as largely independent of scenario. This treatment does not imply that the contributions concerned will not depend on the 
scenario followed, only that the current state of knowledge does not permit a quantitative assessment of the dependence. Based on current understanding, only the 
collapse of marine-based sectors of the Antarctic ice sheet, if initiated, could cause global mean sea level to rise substantially above the likely range during the 21st 
century. There is medium confidence that this additional contribution would not exceed several tenths of a meter of sea level rise during the 21st century.

c Calculated from projections as 5−95% model ranges. These ranges are then assessed to be likely ranges after accounting for additional uncertainties or different levels 
of confidence in models. For projections of global mean surface temperature change in 2046−2065 confidence is medium, because the relative importance of natural 
internal variability, and uncertainty in non-greenhouse gas forcing and response, are larger than for 2081−2100. The likely ranges for 2046−2065 do not take into 
account the possible influence of factors that lead to the assessed range for near-term (2016−2035) global mean surface temperature change that is lower than the 
5−95% model range, because the influence of these factors on longer term projections has not been quantified due to insufficient scientific understanding. {11.3}

d Calculated from projections as 5−95% model ranges. These ranges are then assessed to be likely ranges after accounting for additional uncertainties or different levels 
of confidence in models. For projections of global mean sea level rise confidence is medium for both time horizons.

Ranges are 90% confidence intervals
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