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Climate change: 
Main drivers

• Long-lived greenhouse gases

• Changes in land surfaces

• Aerosols

• Volcanism

• Variable sun
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What drives CO2 emissions? 
Kaya Identity
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CO2 emissions from fossil-fuel burning and industrial processes
have been accelerating at a global scale, with their growth rate
increasing from 1.1% y!1 for 1990–1999 to >3% y!1 for 2000–
2004. The emissions growth rate since 2000 was greater than for
the most fossil-fuel intensive of the Intergovernmental Panel on
Climate Change emissions scenarios developed in the late 1990s.
Global emissions growth since 2000 was driven by a cessation or
reversal of earlier declining trends in the energy intensity of gross
domestic product (GDP) (energy/GDP) and the carbon intensity of
energy (emissions/energy), coupled with continuing increases in
population and per-capita GDP. Nearly constant or slightly increas-
ing trends in the carbon intensity of energy have been recently
observed in both developed and developing regions. No region is
decarbonizing its energy supply. The growth rate in emissions is
strongest in rapidly developing economies, particularly China.
Together, the developing and least-developed economies (forming
80% of the world’s population) accounted for 73% of global
emissions growth in 2004 but only 41% of global emissions and
only 23% of global cumulative emissions since the mid-18th cen-
tury. The results have implications for global equity.

carbon intensity of economy ! carbon intensity of energy ! emissions
scenarios ! fossil fuels ! Kaya identity

A tmospheric CO2 presently contributes !63% of the gaseous
radiative forcing responsible for anthropogenic climate

change (1). The mean global atmospheric CO2 concentration has
increased from 280 ppm in the 1700s to 380 ppm in 2005, at a
progressively faster rate each decade (2, 3).‡‡ This growth is
governed by the global budget of atmospheric CO2 (4), which
includes two major anthropogenic forcing fluxes: (i) CO2 emis-
sions from fossil-fuel combustion and industrial processes and
(ii) the CO2 flux from land-use change, mainly land clearing. A
survey of trends in the atmospheric CO2 budget (3) shows these
two fluxes were, respectively, 7.9 gigatonnes of carbon (GtC) y"1

and 1.5 GtC y"1 in 2005 with the former growing rapidly over
recent years, and the latter remaining nearly steady.

This paper is focused on CO2 emissions from fossil-fuel
combustion and industrial processes, the dominant anthropo-
genic forcing flux. We undertake a regionalized analysis of
trends in emissions and their demographic, economic, and
technological drivers, using the Kaya identity (defined below)
and annual time-series data on national emissions, population,
energy consumption, and gross domestic product (GDP). Un-
derstanding the observed magnitudes and patterns of the factors
influencing global CO2 emissions is a prerequisite for the
prediction of future climate and earth system changes and for
human governance of climate change and the earth system.
Although the needs for both understanding and governance have
been emerging for decades (as demonstrated by the United
Nations Framework Convention on Climate Change in 1992 and
the Kyoto Protocol in 1997), it is now becoming widely perceived
that climate change is an urgent challenge requiring globally

concerted action, that a broad portfolio of mitigation measures
is required (5, 6), and that mitigation is not only feasible but
highly desirable on economic as well as social and ecological
grounds (7).

The global CO2 emission flux from fossil fuel combustion and
industrial processes (F) includes contributions from seven
sources: national-level combustion of solid, liquid, and gaseous
fuels; f laring of gas from wells and industrial processes; cement
production; oxidation of nonfuel hydrocarbons; and fuel from
‘‘international bunkers’’ used for shipping and air transport
(separated because it is often not included in national invento-
ries). Hence

F ! FSolid
!35%

# FLiquid
!36%

# FGas
!20%

# FFlare
$1%

# FCement
!3%

,# FNonFuelHC
$1%

# FBunkers
!4%

, [1]

where the fractional contribution of each source to the total F
for 2000–2004 is indicated.

The Kaya identity§§ (8, 9) expresses the global F as a product
of four driving factors:

F ! P"G
P#"E

G#"F
E# ! Pgef, [2]

where P is global population, G is world GDP or gross world
product, E is global primary energy consumption, g % G/P is the
per-capita world GDP, e % E/G is the energy intensity of world
GDP, and f % F/E is the carbon intensity of energy. Upper- and
lowercase symbols distinguish extensive and intensive variables,
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Effect of CO2 emissions from exported industry 
production

Global Carbon Project 2009; Le Quéré et al. 2009, Nature Geoscience; Data: Peters & Hetwich
2009; Peters et al. 2008; Weber et al 2008; Guan et al. 2008; CDIAC 2009
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Balance of Emissions Embodied in Trade (BEET)

Peters and Hertwich 2008, Environ, Sci & Tech., updated
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Land use 
2000

and/or its vectors in Africa, Asia, and Latin
America, even after accounting for the effects
of changing population density (44, 45).

Disturbing wildlife habitat is also of par-
ticular concern, because È75% of human dis-
eases have links to wildlife or domestic
animals (44). Land use has been associated
with the emergence of bat-borne Nipah virus
in Malaysia (46), cryptosporidiosis in Europe
and North America, and a range of foodborne
illnesses globally (47). In addition, road build-
ing is linked to increased bushmeat hunting,
which may have played a key role in the
emergence of human immunodeficiency virus
types 1 and 2; simian foamy virus was recently
documented in hunters, confirming this mech-
anism of cross-species transfer (48).

The combined effects of land use and ex-
treme climatic events can also have serious

impacts, both on direct health outcomes (e.g.,
heat mortality, injury, fatalities) and on eco-
logically mediated diseases. For example, Hur-
ricane Mitch, which hit Central America in
1998, exhibited these combined effects: 9,600
people perished, widespread water- and vector-
borne diseases ensued, and one million people
were left homeless (49). Areas with extensive
deforestation and settlements on degraded hill-
sides or floodplains suffered the greatest mor-
bidity and mortality (50).

Confronting the Effects of Land Use
Current trends in land use allow humans to
appropriate an ever-larger fraction of the bio-
sphere’s goods and services while simulta-
neously diminishing the capacity of global
ecosystems to sustain food production, main-
tain freshwater and forest resources, regulate

climate and air quality, and mediate infectious
diseases. This assertion is supported across a
broad range of environmental conditions world-
wide, although some (e.g., alpine and marine
areas) were not considered here. Neverthe-
less, the conclusion is clear: Modern land-
use practices, while increasing the short-term
supplies of material goods, may undermine
many ecosystem services in the long run, even
on regional and global scales.

Confronting the global environmental chal-
lenges of land use will require assessing and
managing inherent trade-offs between meeting
immediate human needs and maintaining the
capacity of ecosystems to provide goods and
services in the future (Fig. 3) (2, 16). Assess-
ments of trade-offs must recognize that land
use provides crucial social and economic ben-
efits, even while leading to possible long-

term declines in human welfare
through altered ecosystem func-
tioning (2).

Sustainable land-use policies
must also assess and enhance the
resilience of different land-use
practices. Managed ecosystems,
and the services they provide, are
often vulnerable to diseases, cli-
matic extremes, invasive species,
toxic releases, and the like (51–53).
Increasing the resilience of man-
aged landscapes requires practices
that are more robust to distur-
bance and can recover from un-
anticipated ‘‘surprises.’’

There is an increasing need
for decision-making and policy
actions across multiple geograph-
ic scales and multiple ecological
dimensions. The very nature of the
issue requires it: Land use occurs
in local places, with real-world so-
cial and economic benefits, while
potentially causing ecological deg-
radation across local, regional, and
global scales. Society faces the
challenge of developing strategies
that reduce the negative environ-
mental impacts of land use across
multiple services and scales while
maintaining social and economic
benefits.

What strategies can ameliorate
the detrimental effects of land use?
Examples of land-management
strategies with environmental, so-
cial, and economic benefits include
increasing agricultural production
per unit land area, per unit fertilizer
input, and per unit water consumed
(19, 21, 54, 55); maintaining and
increasing soil organic matter in
croplands, which is a key to water-
holding capacity, nutrient avail-
ability, and carbon sequestration
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Fig. 2. Worldwide extent of human land-use and land-cover change. These maps illustrate the geographic dis-
tribution of ‘‘potential vegetation’’ (top), vegetation that would most likely exist in the absence of human land
use, and the extent of agricultural land cover (including croplands and pastures) (middle and bottom) across the
world during the 1990s. [Adapted from (17) and (18)]
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Role of aerosols in Earth System
Final Draft (7 June 2013) Chapter 7 IPCC WGI Fifth Assessment Report 
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Figures 
 

 

 

 

Figure 7.1: Overview of forcing and feedback pathways involving greenhouse gases, aerosols and clouds. Forcing 

agents are in the green and dark blue boxes, with forcing mechanisms indicated by the straight green and dark blue 

arrows. The forcing is modified by rapid adjustments whose pathways are independent of changes in the globally 

averaged surface temperature and are denoted by brown dashed arrows. Feedback loops, which are ultimately rooted in 

changes ensuing from changes in the surface temperature, are represented by curving arrows (blue denotes cloud 

feedbacks; green denotes aerosol feedbacks; and orange denotes other feedback loops such as those involving the lapse 

rate, water vapour and surface albedo). The final temperature response depends on the effective radiative forcing (ERF) 

that is felt by the system, i.e., after accounting for rapid adjustments, and the feedbacks. 

 

IPCC AR5, 2014, Chapter 7
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Factor 3: Changes in aerosol load

Aerosol optical depth from satellite data assimilated by ECMWF model
(average 2003-2010) 

Final Draft (7 June 2013) Chapter 7 IPCC WGI Fifth Assessment Report 
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Figure 7.14: a) Spatial distribution of the 550 nm aerosol optical depth (AOD, unitless) from the ECMWF Integrated 
Forecast System model with assimilation of MODIS aerosol optical depth (Benedetti et al., 2009; Morcrette et al., 
2009) averaged over the period 2003–2010; b) to e) latitudinal vertical cross-sections of the 532 nm aerosol extinction 
coefficient (km–1) for four longitudinal bands (180°W to 120°W, 120°W to 60°W, 20°W to 40°E, and 60°E to 120°E, 
respectively) from the CALIOP instrument for the year 2010 (nighttime all-sky data, version 3; Winker et al., 2013). 
 



International Max Planck Research School for 

Global Biogeochemical Cycles

Factor 4: Volcanism

Sulfuric gases -> Stratosphere -> Sulfate aerosols (SO4) 
 [AR5, Ch. 8, 2014]

Final Draft (7 June 2013) Chapter 8 IPCC WGI Fifth Assessment Report 
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Figure 8.12: Volcanic reconstructions of global mean aerosol optical depth (at 550 nm). Gao et al. (2008) and Crowley 
and Unterman (2013) are from ice core data, and end in 2000 for Gao et al. (2008) and 1996 for Crowley and Unterman 
(2013). Sato et al. (1993) includes data from surface and satellite observations, and has been updated through 2011. 
Updated from Schmidt et al. (2011). 
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Factor 5: 
Changes in solar 

radiation

Computed from sun spot 
records

Measurements from 
satellite

 [AR4, Ch. 2, 2007]
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Figure 8.10: Annual average composites of measured Total Solar Irradiance: The Active Cavity Radiometer Irradiance 
Monitor (ACRIM) (Willson and Mordvinov, 2003), the Physikalisch-Meteorologisches Observatorium Davos (PMOD) 
(Frohlich, 2006) and the Royal Meteorological Institute of Belgium (RMIB) (Dewitte et al., 2004).These composites are 
standardized to the annual average (2003–2012) Total Solar Irradiance Monitor (TIM) (Kopp and Lean, 2011) 
measurements that are also shown. 
  

Final Draft (7 June 2013) Chapter 8 IPCC WGI Fifth Assessment Report 

Do Not Cite, Quote or Distribute 8-114 Total pages: 139 

 

 
 
Figure 8.11: Reconstructions of Total Solar Irradiance since1745,annual resolution series from Wang et al. (2005) with 
and without an independent change in the background level of irradiance, Krivova et al. (2010) combined with Ball et 
al. (2012), and 5-year time resolution series from Steinhilber et al. (2009) and Delaygue and Bard (2011). The series are 
standardized to the PMOD measurements of solar cycle 23 (1996–2008) (PMOD is already standardized to TIM). 
  



Anthropogenic and natural changes of the  
radiative forcing since 1750

Twelfth Session of Working Group I  Approved Summary for Policymakers 

IPCC WGI AR5 SPM-31 27 September 2013 

Figure SPM.5 [FIGURE SUBJECT TO FINAL COPYEDIT] 
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Contribution of individual factors to global radiative 
forcing over time

[AR5, 2014, Chapter 8]
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Figure 8.18: Time evolution of forcing for anthropogenic and natural forcing mechanisms. Bars with the forcing and 
uncertainty ranges (5–95% confidence range) at present are given in the right part of the figure. For aerosol the ERF 
due to aerosol-radiation interaction and total aerosol ERF are shown. The uncertainty ranges are for present (2011 
versus 1750) and are given in Table 8.6. For aerosols, only the uncertainty in the total aerosol ERF is given. For several 
of the forcing agents the relative uncertainty may be larger for certain time periods compared to present. See 
Supplementary Material Table 8.SM.8 for further information on the forcing time evolutions. Forcing numbers 
provided in Annex II. 
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Globally averaged  
land surface 

temperatures
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 157 

Figure 1. Land temperature with 1- and 10-year running averages. The shaded 158 

regions are the one- and two-standard deviation uncertainties calculated including 159 

both statistical and spatial sampling errors. Prior land results from the other 160 

groups are also plotted. The NASA GISS record had a land mask applied; the 161 

HadCRU curve is the simple land average, not the hemispheric-weighted one. 162 

 163 

The early part of the record infers, as best as is possible, the fluctuations in global land-164 

only temperature from a sparse network of primarily European and North American 165 

observations.  This is possible, albeit with the relatively large uncertainties, because the 166 

European and North American annual average anomalies are observed to remain within 167 

±0.5 C of the global land average 95% of the time during the 20th century. The 168 

BerkeleyAverage procedure allows us to use the sparse network of observations from the 169 

very longest monitoring stations (10, 25, 46, 101, and 186 sites in the years 1755, 1775, 170 

1800, 1825, and 1850 respectfully) to place limited bounds on the early average.  These 171 

limits imply an Earth that was colder than today during nearly all of the period since 1755. 172 

Berkeley Earth Surface Temperature project
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Updated global temperature anomaly
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Twelfth Session of Working Group I  Approved Summary for Policymakers 

IPCC WGI AR5 SPM-27 27 September 2013 

Figure SPM.1 [FIGURE SUBJECT TO FINAL COPYEDIT] 
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Extremely simple climate model

K

dT

dt

= F (C)� �T (1)

Where F (C) is the radiative forcing.

For CO2 the radiative forcing is:

F (C) = 5.35 ln(
C

C0
) Wm�2 (2)

The two parameters: the heat capacity K, and the
radiative feedback parameter � are directly related to
the equilibrium climate sensitivity defined as the tem-
perature increase for a doubling of CO2, and to the
adjustment time of the climate system to an external
forcing.

For the equilibrium climate sensitivity for doubled CO2
we have

F2x = 5.35 ln(2) Wm�2 = 3.7Wm�2 = �T2x (3)

hence the radiative feedback factor can be reexpressed
as

� =
F2x

T2x
=

3.7Wm�2

T2x
(4)

1
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The simple climate model can also be rewritten as:

dT

dt

+
�

K

T =
1

K

F (C) (5)

The constant �

K

is the reciprocal of the time constant
of the climate to a change in the radiation. Hence

⌧ =
K

�

(6)

or

K = �⌧ (7)

We can thus reexpress the climate model equation with
the two other parameters: the climate sensitivity T2x
and the adjustment time ⌧ :

⌧T

0 + T = F (C)
T2x

3.7Wm�2
(8)

2
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Simple climate model
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Which values of the climate sensitivity
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Equilibrium climate  
sensitivity
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TFE.6, Figure 1: Probability density functions, distributions and ranges for equilibrium climate sensitivity, based on 
Figure 10.20b plus climatological constraints shown in IPCC AR4 ( Box AR4 10.2 Figure 1), and results from CMIP5 
(see Table 9.5). The grey shaded range marks the likely 1.5°C to 4.5°C range, grey solid line the extremely unlikely less 
than 1°C, the grey dashed line the very unlikely greater than 6°C. Adapted from Box 12.2, Figure 1. See Figure 10.20b 
and Chapter 10 Supplementary Material for full caption and details. Labels refer to studies since AR4. {Box 12.2, 
Figure 1} 
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Random 
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simulations
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The observed global mean temperature increase can 
only be explained by the anthropogenic forcings; 

primarily the greenhouse gas increases

Twelfth Session of Working Group I  Approved Summary for Policymakers 

IPCC WGI AR5 SPM-32 27 September 2013 

Figure SPM.6 [FIGURE SUBJECT TO FINAL COPYEDIT] 

 
  

IPCC, Assessment Report 5, 2013 
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Long-term projections
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Figure 10.1. Several steps from emissions to climate response contribute to the overall uncertainty of a 

climate model projection. These uncertainties can be quantified through a combined effort of observation, 

process understanding, a hierarchy of climate models, and ensemble simulations. In a comprehensive climate 

model, physical and chemical representations of processes permit a consistent quantification of uncertainty. 

Note that the uncertainty associated with the future emission path is of an entirely different nature and not 

part of Chapter 10. Bottom row adapted from Figure 10.25, A1B scenario, for illustration only. 
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Figure TS.19: Compatible fossil fuel emissions simulated by the CMIP5 models for the four RCP scenarios. Top: 
timeseries of annual emission (PgC yr–1). Dashed lines represent the historical estimates and RCP emissions calculated 
by the integrated assessment models (IAM) used to define the RCP scenarios, solid lines and plumes show results from 
CMIP5 ESMs (model mean, with 1 standard deviation shaded). Bottom: cumulative emissions for the historical period 
(1860–2005) and 21st century (defined in CMIP5 as 2006–2100) for historical estimates and RCP scenarios. Left bars 
are cumulative emissions from the IAMs, right bars are the CMIP5 ESMs multi-model mean estimate, and dots denote 
individual ESM results. From the CMIP5 ESMs results, total carbon in the land-atmosphere-ocean system can be 
tracked and changes in this total must equal fossil fuel emissions to the system. Hence the compatible emissions are 
given by cumulative Emissions = ǻCA + ǻCL + ǻCO , while emission rate = d/dt [CA +CL +CO], where CA, CL, CO are 
carbon stored in atmosphere, land and ocean respectively. Other sources and sinks of CO2 such as from volcanism, 
sedimentation or rock weathering, which are very small on centennial timescales are not considered here. {Box 6.4; 
Figure 6.25} 
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Figure 12.23: Change in annual mean soil moisture (mass of water in all phases in the uppermost 10 cm of the soil) 
(mm) relative to the reference period 1986–2005 projected for 2081–2100 from the CMIP5 ensemble. Hatching 
indicates regions where the multi model mean is less than one standard deviation of internal variability. Stippling 
indicates regions where the multi model mean is greater than two standard deviations of internal variability and where 
90% of models agree on the sign of change (see Box 12.1). The number of CMIP5 models used is indicated in the upper 
right corner of each panel. 
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TFE.8, Figure 1: Global mean temperature increase since 1861–1880 as a function of cumulative total global CO2 
emissions from various lines of evidence. (a) Decadal average results are shown over all CMIP5 EMIC and ESMs for 
each RCP respectively, with coloured lines (multi-model average), decadal markers (dots) and with three decades 
(2001–2010, 2041–2050 and 2091–2100) highlighted with a star, square and diamond, respectively. The historical time 
period up to decade 2001–2010 is taken from the CMIP5 historical runs prolonged by RCP8.5 for 2005–2010 and is 
indicated with a black thick line and black symbols. Coloured ranges illustrate the model spread (90% range) over all 
CMIP5 ESMs and EMICs and do not represent a formal uncertainty assessment. Ranges are filled as long as data of all 
models is available and until peak temperature. They are faded out for illustrative purposes afterward. CMIP5 
simulations with 1% yr–1 CO2 increase only are illustrated by the dark grey area (range definition similar to RCPs 
above) and the black thin line (multi-model average). The light grey cone represents this report’s assessment of the 
transient climate response to emissions (TCRE) from CO2 only. Estimated cumulative historical CO2 emissions from 
1850 to 2011 with associated uncertainties are illustrated by the grey bar at the bottom of panel a. (b) Comparison of 
historical model results with observations. The magenta line and uncertainty ranges are based on observed emissions 
from CDIAC extended by values of the Global Carbon project until 2010 and observed temperature estimates of 
HadCRUT4. The uncertainties in the last decade of observations are based on the assessment in this report. The black 
thick line is identical to the one in panel a. The thin green line with crosses is as the black line but for ESMs only. The 
yellow-brown line and range show these ESM results until 2010, when corrected for HadCRUT4’s incomplete 
geographical coverage over time. All values are given relative to the 1861–1880 base period. All time-series are derived 
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FAQ 7.3, Figure 1: Overview of some proposed geoengineering methods as they have been suggested. Carbon Dioxide 

Removal methods (see Chapter 6, Section 6.5 for details): (A) nutrients are added to the ocean (ocean fertilization), 

which increases oceanic productivity in the surface ocean and transports a fraction of the resulting biogenic carbon 

downward, (B) alkalinity from solid minerals is added to the ocean, which causes more atmospheric CO2 to dissolve in 

the ocean, (C) the weathering rate of silicate rocks is increased, and the dissolved carbonate minerals are transported to 

the ocean, (D) atmospheric CO2 is captured chemically, and stored either underground or in the ocean, (E) biomass is 

burned at an electric power plant with carbon capture, and the captured CO2 is stored either underground or in the ocean 

and (F) CO2 is captured through afforestation and reforestation to be stored in land ecosystems. Solar Radiation 

Management methods (see Chapter 7, Section 7.7 for details): (G) reflectors are placed in space to reflect solar 

radiation, (H) aerosols are injected in the stratosphere, (I) marine clouds are seeded in order to be made more reflective, 

(J) microbubbles are produced at the ocean surface to make it more reflective, (K) more reflective crops are grown, and 

(L) roofs and other built structures are whitened. 
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included. The results of this exercise are illustrated in 

Figure 5.1. The effectiveness of the methods is plotted 

against their affordability (the inverse of the cost for a 

de ned magnitude of effect), with the size of the points 

indicating their timeliness (on a scale of large if they are 

rapidly implementable and effective, through to small if 

not), and the colour of the points indicating their safety (on 

a scale from green if safe, through to red if not). Indicative 

error bars have been added to avoid any suggestion that 

the size of the symbols re ects their precision (but note 

that the error bars are not really as large as they should be, 

just to avoid confusing the diagram). This diagram is 

tentative and approximate and should be treated as no 

more than a preliminary and somewhat illustrative attempt 

at visualising the results of the sort of multi-criterion 

evaluation that is needed. It may serve as a prototype for 

future analyses when more and better information becomes 

available. However, even this preliminary visual presentation 

may already be useful, simply because an ideal method 

would appear as a large green symbol in the top right-hand 

quadrant of the  gure, and no such symbol exists. The 

nearest approximation is for stratospheric aerosols, which 

is coloured amber, because of uncertainties over its 

side-effects, as discussed in Section 3.3.3.

Analysis of technical feasibility and 5.3.1 
risks of different methods

Geoengineering by CDR methods is technically feasible but 

slow-acting and relatively expensive. The direct costs and 

local risks of particular methods would differ considerably 

from each other but could be comparable to (or greater 

than) those of conventional mitigation; in particular there 

would be major differences between contained engineered 

methods and those involving environmental modi cation. 

The technologies for removing CO2 and many of their 

consequences are very different from those of technologies 

for modifying albedo. While CDR methods act very slowly, 

by reducing CO2 concentrations they deal with the root 

cause of climate change and its consequences.

The most desirable CDR techniques are those that remove 

carbon from the atmosphere without perturbing other 

Earth system processes, and without deleterious land-use 

change requirements. Engineered air capture and 

enhanced weathering techniques would be very desirable 

tools if they can be done affordably, without unacceptable 

local impacts. Both warrant further research to establish 

how much carbon they can remove, at what cost.

CDR techniques that sequester carbon but have land-use 

implications (such as biochar and soil-based enhanced 

weathering) may make a useful contribution, but this may 

only be on a small scale, and research is required to  nd out 

the circumstances under which they would be economically 

viable and socially and ecologically sustainable. Techniques 

that intervene directly in Earth systems (such as ocean 

fertilisation) would require much more research to 

determine whether they can sequester carbon affordably 

and reliably, without incurring unacceptable side effects.

Implementation of SRM methods is also likely to be 

technically feasible at a direct  nancial cost of 

implementation that is small compared to the costs of the 

impacts of foreseeable climate change, or of the emissions 

reductions otherwise needed to avoid them. However, as 

Figure 5.1. Preliminary overall evaluation of the geoengineering techniques considered in Chapters 2 and 3.
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