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Outline

u Climate and the enhanced greenhouse effect
• Present and future climate change

u Biophysical vulnerabilities
• Vulnerability of the carbon cycle
• Are we seeing vulnerability of land C right now?

u Human vulnerabilities and turning points
• Mitigation: challenge, strategies
• Ethical dimensions of climate change



The carbon-climate-human system

u The Earth System is a coupled biophysical-human system involving
• climate (atmosphere, oceans, hydrosphere, ...)
• biogeochemical cycles (carbon, nitrogen, ...)
• human activities (greenhouse gas emissions, land use, ...)

BGC cycles
(C, N, ...)

Climate

(1) Biophysical
feedbacks

(2) Forcing

Human activities

(3) Impacts

(4) Response



Greenhouse gases in the Earth System

u Radiatively active (greenhouse) gases include water vapour, CO2, methane, others

u Together they cause Earth to be about 30 C warmer than it would otherwise be

u Increasing the concentrations of (CO2, methane, others) increases the warming

u Water vapour follows temperature (positive feedback) because Earth is wet

u There are other significant influences on the radiative balance of the Earth:
• Solar fluctuations (visible-NIR, UV)
• Volcanos
• Pollution, fire aerosols (global dimming)

Solar 
radiation

Thermal 
radiation
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Atmospheric CO2: 
last 450,000 years

u Last 450,000 years:
Vostok ice core record
(blue)

u Last 100 years:
Contemporary record
(red)

u Next 100 years: 
IS92A scenario
(red)



Emissions, CO2, 
temperature

250-year records of:

u CO2 emissions

u Changing CO2
concentrations in the 
atmosphere

u Changing global mean 
temperatures (from 
instrumental record with 
effects of urbanisation 
removed)
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Australian climate 
1890-2005

u Torok, S.J. and Nicholls, N. (1996). 
A historical annual temperature 
dataset for Australia. Aust. Meteorol. 
Mag. 45, 251-260

u Lavery, B., Joung, G. and Nicholls, 
N. (1997). An extended high-quality 
historical rainfall dataset for 
Australia. Aust. Meteorol. Mag 46, 
27-38

u BoM climate data set 
(http://www.bom.gov.au/cgi-
bin/silo/reg/cli_chg/timeseries.cgi)

u SILO gridded data set (Queensland 
Dept of Natural Resources, Mines 
and Energy)

u BoM gridded data set (Jones, 
Plummer et al 2005)

2005?

Australian mean daily minimum temperature
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Future climate change

u IPCC Third Assessment (2001)
• Global warming of 1.4 to 5.8 C
• Sea-level rise of 0.2 to 0.8 m
• Mean global rainfall increasing but highly uncertain spatial distribution
• Many other climate changes and impacts

u Other factors
• Vulnerabilities in carbon-climate interactions: CO2 and methane 

releases from land and ocean pools will occur in response to warming
• Global dimming: pollution aerosols are reducing sunlight and 

increasing cloud, alleviating some of the warming – this will decrease in 
the future as air quality is improved

• Climate instabilities: thermohaline circulation, ice dynamics
• Human responses: future emissions trajectories



Global 
warming

u IPCC (2001) 

u Predicted 
warming of 1.4 
to 5.8 C 
depends on

(1) uncertainties in 
climate models 
(around 1 C)

(2) uncertainties in 
emissions 
scenarios 
(around 2 C)

IPCC (2001) Third 
Assessment, 
Summary for 
PolicyMakers



Inertia in the carbon-climate-human system
C

O
2

E
m

is
si

o
n

s 
(P

g
C

yr
-1

)

2000             2100              2200             2300

C
O

2
C

o
n

ce
n

tr
at

io
n

 
(p

p
m

)

650

650

G
lo

b
al tem

p
eratu

re ch
an

g
e

650

IPCC Third Assessment (2001)

Stabilisation scenario (650 ppm)
u Emissions peak in 2040

u CO2 levels off by 2150

u Warming continues to beyond 2300

A C

B



Greenhouse skepticism

u Four components of the Enhanced Greenhouse Hypothesis
A: Anthropogenic GHG emissions cause climate change
B: Climate responses to rising GHG concentrations are measurable now
C:Climate changes will increase in the future to dangerous levels
D:Therefore we must reduce global emissions of GHGs

u All these assertions are uncertain to some extent

u Greenhouse skeptics dispute any or all of these assertions

u An increasing body of evidence SUPPORTS assertions A, B, C

u B supports A and C but is not their only basis
Falsifying B does not falsify A, C or D

u D is a policy and ethical decision following from C
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Global carbon budget

u What goes in:
Human contributions 
to enhanced
atmospheric CO2

u What stays or comes out:
Fate of enhanced
atmospheric CO2
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Global carbon budget 1980-1999
Fluxes in GtC/year   (summary from Sabine et al. 2004, SCOPE-GCP)

1980s 1990s

Atmospheric C accumulation 3.3 ±±±± 0.1 3.2 ±±±± 0.2 IPCC 2001

=  Emissions (fossil, cement) 5.4 ±±±± 0.3 6.4 ±±±± 0.6 IPCC 2001

+ Net ocean-air flux -1.9 ± 0.5 -1.7 ± 0.5 IPCC 2001

-1.8 ±±±± 0.8 -1.9 ±±±± 0.7 le Quere et al 2003

+ Net land-air flux -0.2 ± 0.7 -1.4 ± 0.7 IPCC 2001

-0.3 ±±±± 0.9 -1.2 ±±±± 0.8 le Quere et al 2003

Net land-air flux -0.3 ±±±± 0.9 -1.2 ±±±± 0.8
=    Land use change 2.0 (0.9 to 2.8) 2.2 (1.4 to 3.0) Houghton 2003

+ Residual terrestrial sink -2.3 (-4.0 to -0.3) -3.4 (-5.0 to -1.8)

=    Land use change 0.6 (0.3 to 0.8) 0.9 (0.5 to 1.4) de Fries et al 2002

+ Residual terrestrial sink -0.9 (-3.0 to 0) -2.1 (-3.4 to -0.9)

u Global C budget from atmospheric signals (CO2, 13C, O2)

Ocean O2 flux 
correction

Remote sensing

National data

u Attribution of net land-air flux



Interannual variability in the global C cycle
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Vulnerability of the carbon cycle

Fossil
Land Ocean

The current carbon cycle (Sabine et al 2004)
Field CB, Raupach MR (eds.) (2004) The Global Carbon Cycle: Integrating Humans, Climate and the Natural World. Island Press, Washington D.C. 526 pp.



The changing carbon cycle
1850-2100

u C4MIP = 
Coupled Climate Carbon Cycle Model 
Intercomparison Experiment

u Intercomparison of 8 coupled climate-
carbon cycle models

Friedlingstein et al. 2005, in press

Atmospheric CO2

Land C uptake

Ocean C uptake

NOW



Fossil carbon emissions in 1950 and 2000

http://cdiac.esd.ornl.gov/trends

Global mean
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Vulnerable land and ocean carbon pools (2000-2100)

Gruber et al. (2004, SCOPE-GCP)
Field CB, Raupach MR (eds.) (2004) The Global Carbon Cycle: Integrating Humans, Climate and the Natural World. Island Press, Washington D.C. 526 pp.



Drivers of changes in terrestrial carbon stores

u Changes in C assimilation (GPP, NPP)
• CO2 fertilisation
• Warming
• Water limitation
• Nutrient (N, P) limitation

u Changes in C release to atmosphere
• Heterotrophic respiration
• Fire

u Vulnerable terrestrial C pools
• Wetlands and peatlands
• Permafrost

u Land use change
• Clearing, deforestation
• Afforestation, reforestation, farmland abandonment
• Regrowth after natural disturbance
• Vegetation thickening 
• Improved agricultural practices
• Sediment burial

In C4MIP climate-
carbon models?
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Vulnerability of assimilation and respiration

u x
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Vulnerability and fire
Fire suppression builds a fire bomb

u Burned area 
(Mha/y)

Suppression Increase



Vulnerability and forest regrowth

u US and European forests are now near peak growth rates and growth will decrease
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Vulnerability and 
the nitrogen gap

u Assumed terrestrial sink through 
21st century
• 260 to 530 PgC
• 16 to 34% of anthropogenic 

emissions

u N required: 2.3 to 16.9 PgN

u N available: 1.2 to 6.1 PgN

u N gap implies terrestrial C uptake 
cannot occur

u Hungate et al. (2003)

u Vulnerability (as foregone 
terrestrial C uptake):
~ 200 to 500 PgC
~ 100 to 250 ppm CO2

� � � � � � � �� � �� �� 	 � � �� � �� � � �



Vulnerability of wetland C

• 200-800 PgC in wetlands and peatlands
• Tropical, temperate, boreal
• CO2, CH4 exchanges both important
• Vulnerable: ~ 100 PgCeq ~ 50 ppm

Gruber et al. (2004, SCOPE-GCP)
Field CB, Raupach MR (eds.) (2004) The Global Carbon Cycle: Integrating Humans, Climate and the Natural World. Island Press, Washington D.C. 526 pp.



Vulnerability of frozen terrestrial C

• 200-800 PgC in frozen soils
• Warming melts permafrost

• reduced permafrost area
• deeper seasonal melting

• CO2, CH4 exchanges both important
• Vulnerable: ~ 100 PgCeq ~ 50 ppm

Gruber et al. (2004, SCOPE-GCP)
Field CB, Raupach MR (eds.) (2004) The Global Carbon Cycle: Integrating Humans, Climate and the Natural World. Island Press, Washington D.C. 526 pp.



Vulnerability of terrestrial biogenic carbon: conclusions

u Current terrestrial C sink (2 to 3 GtC/y) is vulnerable
• Nitrogen gap => ~ 200 to 500 PgC ~ 100 to 250 ppm CO2 by 2100

(as foregone C uptake)
• If CO2 fertilisation drives global terrestrial sink, it will last many decades
• If forest regrowth drives global terrestrial sink, it will disappear sooner

u Additional vulnerable C stores
• Wetlands, peatlands => ~ 100 PgCeq ~ 50 ppm CO2 release by 2100
• Permafrost => ~ 100 PgCeq ~ 50 ppm CO2 release by 2100

u Compare: remaining oil reserves ~ 120 PgC ~ 60 ppm CO2

u Terrestrial C cycle vulnerability is comparable with uncertainty in physical 
climate predictions and emissions scenarios



Is terrestrial C currently vulnerable?
Global greening (mostly) since 1980

u Nemani et al (2003): 6% increase in global terrestrial NPP 1982-1999 (from NDVI)



But not since 1994

u Gains from earlier onset of growing season are almost cancelled out by hotter and 
drier summers which depress assimilation

u Decrease of net terrestrial sink strength over the last decade

Angert et al. 2005; Dai et al. 2005; Buermann et al. 2005; Courtesy Inez Fung 2005 

d(NDVI)/dt:  Summer 1982-1991

d(NDVI)/dt:  Summer 1994-2002
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u AVHRR-NDVI anomaly
• 1981-2002: BPAL

• 2003-2004: CATS1



Australian NDVI 1990-2005
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Carbon emissions 1990-2100: the mitigation challenge
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Kinds of mitigation strategy

1. Conservation
• Consume less energy or product while maintaining quality of life

2. Efficiency
• Increase efficiency and decrease waste in existing GHG-emitting technologies

3. Alternative energy sources (energy decarbonisation)
• Replace fossil fuels with alternative, non-fossil energy sources (existing or new)

4. Sequestration
• Geological disposal: recapture CO2 and store it underground
• Ocean disposal: recapture CO2 and store it in deep oceans
• Biological sequestration: Increase C storage in land or ocean biospheres
• Avoid land clearing: important in developing nations



Hydrogen Fuel Cell Vehicles

Zero Net Emission Buildings

Nuclear Power Generation

Renewable Energy

Zero-Emission Power Plant

Bio-Fuels

Geosequestration Plant New Forests

Ocean Fertilization

Reduced deforestation

Sequestration in Ag. soils

Reduced methane production

There are many specific technical options



Multiple criteria: economic, environmental and socio-cultural 
impacts of mitigation strategies

IMPACTS MITIGATION STRATEGY 
Climate change 
and greenhouse 

Economic Environmental Socio-cultural 

Conservation and Efficiency 
More efficient appliances 

More efficient indoor environments 
More efficient automotive transport 

Better urban travel planning 
Urban microclimate design 

Better use of fossil fuels 
Cogeneration 

Changes to diets 

 
 
 

(+++) 

 
 
 

(++) and (-) 

 
 
 

(+++) and (-) 

 
 
 

(++) and (-) 

Non-Fossil Fuel Energy Sources 
Hydro power (++) and (-) (+) and (-) (++) and (--) Developed: (-) 

Developing: (---) 
Solar power (+++) (-) (+++) and (-) ? 
Wind power (++) (+) and (-) (+++) and (-) (+) and (-) 
Bioenergy (+++) and (--) (+) and (-) (+++) and (--) (+) and (--)  

Geothermal power (+) ? (++) and (-) ? 
Nuclear energy (+++) (++) and (--) (++) and (---) (---) 

Land Based Options 
Afforestation, reforestation 

 and land restoration 
(++) and (-) Incentives needed (++) and (-) (++) and (--) 

Reduction of net deforestation (+++) Incentives needed (++) (++) and (--) 
Forest management and fire 

suppression (+) and (-) 
(+) and (-) (++) and (-) ? 

Changing agricultural management  
(++) 

(++) and (-) (++) and (--) ? 

Non-CO2 mitigation from land 
biosphere 

(++) (++) and (-) (++) and (-) ? 

Bioengineering solutions ? (++) and (--) (+) and (---) (--) 
Biological Sequestration in the Oceans 

Ocean fertilization (++) and (--) ? (--) (---) 
CO2 Disposal on Land and Oceans 

C separation with ocean storage (+++) and (--) ? (--) (---) 
C separation with geological 

storage 
(+++) and (--) ? (--) (-) 



Kyoto Protocol

u Now in force

u Australia not a signatory but will meet its target: (8% GHG increase 1990-2012)

u Australia presently claims a 1.3% increase in GHG emissions 1990-2002

Australian Greenhouse Gas Inventory
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u Climate change is a planetary issue
• Involves atmosphere, oceans, biota, human populations = whole earth system
• Requires effective governance of the global commons

u Can we do it?
• Cooperative behaviour in nature and human societies emerges by evolution, 

through selection of successful strategies over many generations
• We have just two generations (at most) to fix this problem!
• The cures involve technology, institutions and ethics (human wisdom)
• We have to do this together – all economies are wholly owned 

subsidiaries of a single environment

Interconnections –
the global commons Carbon cycle

Climate

Human activitiesBiophysical 
feedbacks

Forcing

Impacts

Response



Responsibility for the future – intergenerational equity

u Present plenty, future distress
• The current adult generation will not be greatly influenced by climate change
• The problem will be acute for our grandchildren and their grandchildren

u Climate inertia and vulnerability
• We are now actively managing a climate system that has

• Inertia: there is already committed climate change (another 0.5 C)
• Vulnerability: climate change will imbalance biophysical GHG cycles

u Precautionary principle and risk management
• It will be too late to stop significant climate change if action is delayed until all 

uncertainties are resolved
• We must take action in the presence of uncertainty (a common requirement!)



Sharing the load – global and local equity

u Industrialised nations:
• Have reaped benefit from past GHG emissions
• Are responsible for nearly 80% of current anthropogenic GHG 

emissions, and over 90% of cumulative industrial emissions since 1850
• Their per capita emissions far exceed those of developing nations

u Developing and less developed nations:
• Require energy for poverty alleviation and long-term economic growth
• May lack financial, technical, institutional capacity to mitigate or adapt
• Are most vulnerable to climate impacts on food, water supplies and 

ecosystems



Equity and 
vulnerability

u FOOD

u Food supplies in 
developing 
nations are 
vulnerable to 
climate change

u Developed 
nations are not 
so badly 
affected



Summary

u Climate and the enhanced greenhouse effect
• The earth system now includes human influence as a major driver

u Biophysical vulnerabilities
• Originate from (positive) feedbacks in the earth system
• Vulnerable terrestrial C pools will have an influence comparable with 

uncertainties in physical climate and emissions scenarios 

u Human vulnerabilities and turning points
• Mitigation challenge: the energy gap
• Urgent need for the next global agreement (better than Kyoto Protocol)
• Ethical dimensions of climate change

• Sharing the load – global and local equity
• Responsibility for the future – intergenerational equity 
• Interconnectedness – dependence on the global commons



Hilary Talbot



Atmospheric CO2: last 1000 years

Atmospheric CO2 record
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Examining skeptic arguments: A

Hypothesis Skeptic argument Rebuttal 

Water  vapour  positive feedback is 
wrong 

Water  vapour  positive feedback is now 
secure 

A: Anthropogenic 
GHG emissions 
cause climate 
change Cloud feedback will fix the problem Cloud feedback is uncer tain but would 

have to be large and negative to fix the 
problem 



Examining skeptic arguments: B

Hypothesis Skeptic argument Rebuttal 

Urbanisation (heat islands) influence the 
instrumental temperature record 

Urbanisation effects have been 
carefully removed 

Satellite temperature record shows no 
warming 

Uncer tain in IPCC (2001) but satellite 
and instrumental records now agree 

Climate var iability is natural – 
temperature is r ising but that happens 
often in paleoclimate records (eg glacial 
cycles) 

Glacial cycles have slow cooling and 
rapid warming phases, but GHG 
climate forcing involves different 
dynamics  

Climate var iability is natural – warming 
since 1850 is not exceptional relative to 
last 1000 y (Mann " hockey-stick" ) 

Mann et al (1998, 1999) temperature 
record has been challenged but not 
falsified (Crowley 2005, EOS 86) 

Current temperature trends are due to 
solar  var iations (especially UV) 

(1) Solar  var iations explain at most half 
the temperature trend over  last 150 y; 
(2) CO2 is still a greenhouse gas 

B: Climate 
responses to rising 
GHG 
concentrations are 
measurable now 

CO2 changes are observed to be an 
effect, not a cause, of glacial cycles 

Par tly true but ir relevant: present 
GHG climate forcing is different from 
glacial forcing 



Examining skeptic arguments: C, D

Hypothesis Skeptic argument Rebuttal 

Models are too complicated and too 
uncer tain to be believed 

Models can broadly reproduce climate 
trends 1800-2000 

C: Climate changes 
will increase in the 
future to dangerous 
levels Models omit many key processes More processes are being included; 

these introduce extra uncer tainties in 
both directions 

 Adaptation will proceed as fast as 
climate change, so we'll never  reach a 
" dangerous level"  

Because adaptation rates are strongly 
dependent on technology base, poor  
countr ies will be hit hard 

Hypothesis Skeptic argument Rebuttal 

M itigation is too expensive M itigation is affordable and has 
benefits as well as costs 

Impacts are not impor tant Impacts will be very severe in 
vulnerable societies and sectors 

D: Therefore we 
must reduce global 
emissions of GHGs 

We can adapt to predicted changes Adaptation will be impossible in 
vulnerable societies and sectors 



Equity and 
vulnerability

u WATER

u Water supplies in many 
nations are vulnerable to 
climate change

u Climate vulnerability 
compounds population 
vulnerability, especially in  
less developed nations

Vörösmarty et al 2000, Science 


