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Executive summary
Increasing emissions of carbon dioxide and other greenhouse gases are altering the composition of the atmosphere, leading to global climate change.

Regardless of the actions that we take today, some degree of climate change is inevitable and there is evidence that some of this change is already with us. This is because about half of the carbon dioxide emitted by human activities is absorbed by the oceans and biosphere, leaving half in the atmosphere where it has a lifetime of 50-100 years. The long atmospheric lifetime of gases such as carbon dioxide means that climate change is likely to accelerate in coming decades.
To slow global warming, we will ultimately need to stabilise atmospheric concentrations. Substantial emission reductions will be required. For example, stabilisation of atmospheric carbon dioxide concentration at 450 ppm (parts per million) by the year 2090 would require emission reductions of about 40% by the year 2050 and about 70% by the year 2100. Carbon dioxide emissions today will result in increased climate change and sea-level rise up to 100 years or more into the future. 

Tackling climate change requires a combination of mitigation – reducing emissions — and adaptation — dealing with the likely changes.
CSIRO and other agencies are currently undertaking research into climate change science, resulting in greater knowledge about the likely changes and providing more certainty about the causes and options for action. We are examining technological, economic and social issues associated with mitigating greenhouse emissions. Through impacts and adaptation research and applications, we are working to position Australia strategically to reduce adverse impacts of the inevitable climate change, and to increase opportunities.

It is the role of government to determine whether or not to sign an international agreement such as the Kyoto Protocol, based on all necessary considerations. However, even if the Protocol were to come into force, it would represent just a small, first step towards slowing global warming. Thus the real issue is not whether or not we sign Kyoto, but whether or not there is a genuine commitment (nationally and globally) to curtail greenhouse gas emissions, and (in the long-term) bring them down to levels significantly below current.
CSIRO believes that the scientific evidence for global warming is compelling, and that the world should not allow global climate to continue to change at the rate that we are currently experiencing and are likely to experience in future as a result of human impact on the climate system.

CSIRO believes that Australia requires a three-pronged approach of (a) better information about impending climate change (b) mitigation of greenhouse gas emissions through new technology, and (c) adaptation to climate change.

Global climate change
Past changes

In February 2001, the Intergovernmental Panel on Climate Change (IPCC) released its Third Assessment Report (www.ipcc.ch). The Intergovernmental Panel on Climate Change advises governments on the latest science of climate change. It consists of about 4000 climate experts and reviewers from many countries.
The key findings of the IPCC Third Assessment Report regarding past climate change are: 

· An increasing body of observations gives a collective picture of a warming world and other changes in the climate system;
· Emissions of greenhouse gases and aerosols due to human activities continue to alter the atmosphere in ways that affect the climate system;
· There is new and stronger evidence that most of the warming observed over the last 50 years is attributable to human activities;
· Recent climate changes have already affected many physical and biological systems;
· Some human systems have been affected by recent increases in floods and droughts.
Figure 1 shows atmospheric concentrations of a major greenhouse gas, carbon dioxide (CO2), over the past thousand years based on ice-core data (bubbles of air trapped in polar ice) combined with direct measurements for recent decades. The graph illustrates the rapid increase in carbon dioxide concentrations, which is largely a consequence of burning fossil fuels and clearing land since the Industrial Revolution. The carbon dioxide concentration has risen from a background level of around 280 parts per million (ppm) to its current level of around 370 ppm and is now higher than at any time over the past 420,000 years (Figure 2). The rate of increase of carbon dioxide is also higher than at any time in at least the past 20,000 years. 

Concentrations of another greenhouse gas, methane, have stabilised since 1999 due to the fixing of leaky gas pipes and uncapped oil wells, and the decline in oil and gas extraction in the Soviet Union. The response to these mitigating actions has been rapid because methane, the main component in natural gas, remains in the atmosphere for only eight to ten years before it breaks down. In contrast, only half of the carbon dioxide emitted by human activities is absorbed by the oceans and biosphere, leaving half in the atmosphere where it has a lifetime of 50-100 years. Thus there will be a significant lag between reducing emissions of this gas and its atmospheric concentration falling. Radiative forcing from other non-CO2 greenhouse gases will contribute significantly to global warming in the 21st century. These gases include nitrous oxide, tropospheric ozone, and halocarbons.

The time lag between industrial emissions of carbon dioxide into the atmosphere and its final removal from the climate system is caused by the slow removal of the gas from the atmosphere into the deep ocean. This process takes hundreds to thousands of years. 

Figure 1 also shows a record of northern hemisphere temperatures based on proxy records (from ice-cores, tree-rings, lake sediments, coral-rings) combined with direct measurements for the past 140 years. 

The global average surface temperature has risen by about 0.6oC since 1900, with the warmest year being 1998, followed by 2002, 2003 and 1997. There has been an increase in heatwaves, fewer frosts, warming of the lower atmosphere and deep oceans, retreat of glaciers and sea-ice, a rise in sea-level of 10-20 cm and increased heavy rainfall in many regions. 
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Figure 1: Global CO2 concentrations (direct observations and ice core data) and Northern Hemisphere temperature anomaly (direct observations and proxy, mainly tree-ring, data). 
Sources: (Mann et al., (1999) Geophysical Research Letters,. 26, .759-762) and Etheridge et al. (1996) Journal of Geophysical Research, 101 4115-4128 
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Figure 2: Changes in temperature (red) and carbon dioxide concentrations (green) over the past 420,000 years, derived from bubbles of air trapped in polar ice. Carbon dioxide (CO2) symbols in blue and red are measurements made in recent decades. 
Source: Petit et al (1999) Nature 399: 429-436.

Most studies agree that global warming in the early 20th century can be explained by a combination of natural and human-induced factors. These include changes in heating by the sun, dust from volcanic eruptions, increased greenhouse gases, increased levels of smog and smoke particles and internal climate variability from events like El Niño. Most of the warming in the last 50 years has been due to human activities, namely increasing greenhouse gas concentrations. 

Likely future changes
The 2001 IPCC Third Assessment Report concluded that:

· Confidence in the ability of models to project future climates has increased [since publication of the Second Assessment Report in 1996];
· Atmospheric composition will continue to change throughout the 21st century;
· Global average temperature and sea level are projected to rise;
· Natural systems are vulnerable to climate change and some will be irreversibly damaged;
· Many human systems are sensitive to climate change and some are vulnerable.

The IPCC provided a range of projected global average warming and sea-level rise, based upon an agreed range of future emission scenarios of greenhouse gases and sulfate aerosols, which were used in climate models. These scenarios allowed for a broad range of plausible future technology-population-economy pathways and were designed to explore ‘business as usual’ futures without policies designed to reduce greenhouse gas emissions. This provides a baseline against which the need for, and effectiveness of, emission reduction measures can be gauged. 
Representative carbon dioxide emissions for six of the 40 emission scenarios are shown in Figure 3a and the associated atmospheric concentrations in Figure 3b. Even for ‘best case’ scenarios such as B1 that show a reversal in the rate of emissions growth around the year 2040, carbon dioxide concentrations will still increase throughout this century from about 370 ppm in the year 2000 to 550 ppm by 2100. ‘Worst case’ scenarios such as A1FI lead to concentrations exceeding 950 ppm by 2100. 

Climate model experiments have been undertaken based on these scenarios. The model simulations produce global average warming ranges from 0.4 to 1.3ºC by the year 2030 and 1.4 to 5.8ºC by the year 2100, relative to 1990, which is a warming rate of 0.1 to 0.5ºC per decade (Figure 3c). The observed warming rate since the 1970s has been 0.15ºC per decade. About half of the warming range stems from uncertainty about future emissions (uncertainty in human behaviour) and about half stems from variations in model sensitivity (scientific uncertainty).
Climate change in Australia 

Past changes

Australian climate has changed significantly over recent times. Australian average temperatures have risen by 0.8 ºC over the past century, with a commensurate increase in the frequency of very warm days and a decrease in the frequency of frosts and very cold days. Night-time temperatures have risen faster than daytime temperatures; hence the diurnal temperature range has decreased noticeably in most places. The past decade has seen the highest recorded mean annual temperatures.

Australian droughts have become hotter since 1973, with the 2003 drought being the hottest in the past 100 years. The Bureau of Meteorology recently announced that 2003 was Australia’s 6th warmest since 1910, with the global average temperature being the 3rd warmest since 1861.

Likely future climate change

Australia will be hotter and drier in coming decades, with more extremely hot days and fewer cold days. 

Over most of the continent, annual average temperatures will be 0.4 to 2°C greater than 1990 by 2030. This would lead to a 10-50% increase in summer days over 35°C and a 20-80% decrease in frosty winter days in many locations. By 2070, average temperatures are likely to increase by 1 to 6°C. There will be slightly less warming in some coastal areas and Tasmania, and slightly more warming in the north-west.

South-western Australia can expect decreases in rainfall, as can parts of south-eastern Australia and Queensland. Wetter conditions are possible in northern and eastern Australia in summer and inland Australia in autumn. 
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Figure 3: (a) Six emission scenarios for carbon dioxide (CO2), and the IS92a mid-case scenario used by the IPCC in 1996, (b) corresponding atmospheric concentrations and (c) global-average warming relative to 1990.
Source: IPCC Third Assessment Report.

In areas that experience little change or an increase in average rainfall, more frequent or heavier downpours are likely. Conversely, there will be more dry spells in regions where average rainfall decreases. Potential evaporation will increase. When this is combined with likely changes in rainfall, the net effect is a drier climate over the whole of Australia.

Sea level is likely to rise at a rate of between 0.8 and 8.0 cm per decade, reaching 9 to 88 cm above the 1990 level by the year 2100.
(For details, see www.dar.csiro.au/publications/projections2001.pdf)
Impacts of climate change in Australia

It is important to recognise that in addition to the impact of changing climate (discussed above), there will also be the impact of the changing atmospheric concentration of atmospheric carbon dioxide.

High carbon dioxide concentrations increase plant productivity and the efficiency with which plants use water. A moderate rise in temperature (2-3°C) will increase plant growth but greater increases will harm plants. Rainfall reductions, which are likely in a number of regions, will decrease plant growth. So the net effect of climate change on plant growth is dependent on these interactions between carbon dioxide, temperature and rainfall.

Like agricultural systems, Australia’s forests may benefit from a carbon dioxide-enriched atmosphere, but the gains may be offset or even nullified by the impact of rising temperatures.

In tropical rainforests, even a modest degree of warming is likely to have a significant negative impact on high altitude rainforest flora and fauna. In woodland ecosystems in south-western Western Australia, modest warming is likely to harm most frog and mammal species.

Many natural ecosystems are vulnerable to climate change and will have difficulty adapting. The most vulnerable are coral reefs, woodlands, wetlands and alpine ecosystems. 

Coral reefs around the world are being stressed by bleaching due to warmer oceans, rising sea level, occasional reductions in salinity due storm outflows from rivers, increased sediment load, chemical pollutants, local fishing practices and damage from tropical cyclones. Projected global warming will contribute additional stress due to continued oceans warming, stronger cyclones, sea-level rise and higher levels of carbon dioxide which may reduce coral growth rates. 

The wetlands of Australia are already under threat from dams, irrigation, coastal urban development, and pollution of waterways. Climate change and sea level rise will add to the vulnerability. Riverine environments will be severely affected by reductions in rainfall. 

All natural systems are vulnerable to invasion by exotic species. Disturbance by climate change is likely to increase that vulnerability by increasing the stress on established vegetation. Warmer conditions will increase the ability of pests and diseases to survive winters, and accelerate the development of species that are active in summer. Some weeds will benefit from climate change and from reduced competition as unfavourable conditions weaken native species and perhaps crops. 

Decreases in runoff and groundwater recharge are likely, resulting in water shortages. Less snow and a shorter snow season appear likely, threatening alpine ecosystems. Greater investment in snow-making will be needed by the ski industry. The risk of severe floods and storm surges and the cost of flood damage to the built environment are likely to increase. There is likely to be an increase in climate-related deaths in summer but a marked decrease in such deaths in winter. Fire risk is likely to rise.

(For details, see www.marine.csiro.au/iawg/impacts2001.pdf)
Responding to climate change

Ongoing increases in concentrations of greenhouse gases are contributing to changing climate. No matter what action we take, in future we face a warmer world and concomitant changes to climate.
There are two approaches to dealing with climate change. One is to reduce emissions of greenhouse gases to lessen the rate and magnitude of future warming. The second approach is to accept that there will be changes and to begin to adapt to reduce the negative consequences and increase the benefits of a warmer world.

Stabilising greenhouse gases

The greater the reductions in emissions and the earlier they are introduced, the smaller and slower the projected warming. In the year 2000, global anthropogenic carbon dioxide emissions were about 8 gigatonnes of carbon (8GtC). (A gigatonne is one billion tonnes.)
Stabilisation of the carbon dioxide concentration at 450 ppm (parts per million) by the year 2090 would require global emission reductions of about 40% by the year 2050 and about 70% by the year 2100 (Figure 4a and b, Table 1), limiting global warming to between 1.2 and 2.3°C by 2100. Stabilisation at 1,000 ppm would allow growth in carbon dioxide emissions by about 70% by 2050 and 2100, at the cost of greater global warming (2.0 to 3.5°C by 2100).

Stabilising carbon dioxide concentrations does not immediately stabilise global warming because significant thermal inertia in the ocean leads to continued warming after concentrations are stabilised. Figure 4c and Table 1 present estimates of global warming for different carbon dioxide stabilisation scenarios. The warming may reach 1.2 to 3.5°C by the year 2100 for profiles that eventually stabilise carbon dioxide at between 450 and 1,000 ppm. These stabilisation profiles would prevent much of the upper end of unmitigated global warming (1.4 to 5.8°C by the year 2100). However, sea level and ice sheets would continue to respond to warming for many centuries after greenhouse gas concentrations have been stabilised.
The IPCC Third Assessment Report concludes that: 

slower rates of increase in global mean temperature and sea level would allow more time for adaptation. Consequently, mitigation actions are expected to delay and reduce damages caused by climate change and thereby generate environmental and socio-economic benefits. The geographical extent of the damage to or loss of natural systems, and the number of systems affected, which increase with the magnitude and rate of climate change, would be lower for a lower stabilization level. Similarly, for a lower stabilization level the severity of impacts from climate extremes is expected to be less, fewer regions would suffer adverse net market sector impacts, global aggregate impacts would be smaller, and risks of large-scale high-impact events would be reduced.

The Third Assessment Report also points out that uncertainties in climate sensitivity and the likely patterns of climate change mean that it is difficult to match the benefits of emission reduction actions with their costs.

Article 2 of the United Nations Framework Convention on Climate Change (FCCC) requires stabilisation of greenhouse gases at a level that avoids dangerous human interference with the climate system. At this stage, ‘dangerous’ is not well defined and will involve a mixture of scientific, economic, political, ethical and cultural considerations. However, greater emission reductions will slow climate change more effectively, leading to a lower probability of dangerous impacts.

O’Neill and Oppenheimer (Science 296, 1971-1972 (2002)) proposed three examples of ‘dangerous’ in terms of environmental consequences:

1. sustained global warming in excess of 1°C, which would cause coral bleaching to become an annual event in most oceans;

2. complete disintegration of the West Antarctic Ice Sheet could occur for a 2°C warming, raising sea level by 4 to 6 metres; and

3. a warming in excess of 3°C could weaken or shut down the large-scale thermohaline circulation of the oceans, which regulates the distribution of heat and other properties over the global oceans. This change would cause major disruption of the global climate system with massive destructive impact around the globe.
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Figure 4: Stabilising CO2  concentrations would slow the rate of warming and would require substantial reductions of emissions below current levels.
a) Examples of CO2 emission paths that would lead to stabilisation of the concentration of CO2 in the atmosphere at 450, 550, 650, 750 and 1,000 ppm, and CO2 emissions for three of the SRES scenarios (A1B, A2, and B1) which do not include greenhouse gas emission limits. The shaded area illustrates the range of uncertainty in estimating CO2 emissions corresponding to specified concentration time paths. A range of stabilisation pathways is possible for any stabilisation level.
b) CO2 concentration paths that gradually approach stabilised levels ranging from 450 to 1,000 ppm. Also shown are estimates of CO2 concentrations that would result from three of the SRES projections of emissions (A1B, A2, and B1).
c) Global mean warming slows as growth of CO2 concentration slows and warming continues after the time at which the CO2 concentration is stabilised (indicated by black spots) but at a much smaller rate. (It is assumed that emissions of gases other than CO2 follow the mid-range SRES A1B projection until the year 2100 and are constant thereafter). The shaded area illustrates the effect of a range of climate sensitivity across the five stabilisation cases. The coloured bars on the right show the range at the year 2300 due to the different climate model tunings and the diamonds show the equilibrium (very long-term) warming for each stabilisation level. Also shown for comparison are temperature increases in the year 2100 estimated for the SRES emission scenarios (indicated by red crosses).
Source: IPCC Third Assessment Report

Table 1: Examples of future changes in anthropogenic CO2 emissions required by 2050 and 2100 to stabilise CO2 concentrations at levels ranging from 450 to 1000 ppm. The resultant global warming is limited to between 1.2 and 3.5oC by 2100. In the year 2000, CO2 emissions were about 8 GtC and the CO2 concentration was about 370 ppm. Source: IPCC Third Assessment Report
	CO2 concentration target
	CO2 emissions by 2050 (GtC)
	% change in CO2 emissions by 2050
	CO2 emissions by 2100 (GtC)
	% change in CO2 emissions by 2100
	Global warming by 2100 (oC)

	450 ppm by 2090
	3.0 – 6.9
	-63 to -14
	1.0 – 3.7
	-88 to -54
	1.2 – 2.3

	550 ppm by 2150
	6.4 – 12.6
	-20 to +58
	2.7 – 7.7
	-66 to -4
	1.5 – 2.9

	650 ppm by 2200
	8.1 – 15.3
	+1 to +91
	4.8 – 11.7
	-40 to +46
	1.7 – 3.2

	750 ppm by 2250
	8.9 – 16.4
	+11 to +105
	6.6 – 14.6
	-18 to +83
	1.8 – 3.3

	1000 ppm by 2375
	9.5 – 17.2
	+19 to +115
	9.1 – 18.4
	+14 to +130
	2.0 – 3.5


Figure 4 shows that the 450 ppm stabilisation target would lead to a warming of about 1.2 to 2.3°C by 2100. This fails to keep global warming below 1°C, so protection of coral reefs may not be feasible. However, the 450 ppm target may forestall disintegration of the West Antarctic Ice Sheet and avoid shut-down of the thermohaline circulation. This would require emission reductions of about 40% by 2050 and about 70% by 2100.

The Framework Convention on Climate Change and The Kyoto Protocol

The formal international mitigation measures that are currently in train fall into a hierarchy:

· The Framework Convention on Climate Change;

· The Kyoto Protocol to the FCCC;

· The specific Kyoto targets for the 2008-2012 commitment period.

Important features of this framework include a phase-in of mitigation actions and differentiation of actions, especially between developed and developing nations.

The differentiation occurs in several ways. The FCCC identifies historical responsibility as a basis for differentiation, and specifies nations that are to take actions. The Kyoto Protocol sets targets (for 2008-2012) only for a specified list of developed nations, including Australia. There are differentiated targets for the Annex B nations (most OECD countries and countries with economies in transition).

Trading and offset arrangements under the Kyoto Protocol provide for individual nations to have differences between actual emissions and targets. The Kyoto Protocol envisages a sequence of mitigation actions. So far, targets have been set only for a first commitment period of 2008-2012.

These two characteristics of graduated phase-in and differentiated targets for developing nations have also been features of the Montreal Protocol on Ozone Depleting Substances. The gradual phase-in took the form of having the original Protocol updated by a series of amendments. Differentiation was achieved by setting developed and developing nations different times for the phase-out of the gases covered in the Protocol and successive amendments.

In its original form, the Montreal Protocol would not have led to sufficient reductions in emissions of CFC and other ozone depleting substances to ultimately eliminate Antarctic ozone depletion. However, subsequent amendments tightened restrictions, while allowing countries sufficient time to mitigate emissions. 

Internationally, there are four broad options with respect to the Kyoto Protocol.

1. Do nothing, ever

The IPCC assessments characterise the possible consequences of taking no action to reduce emissions of greenhouse gases. The overwhelming opinion is that in the absence of action, climate change will lead to major, and mostly adverse, global impacts during this century. In addition there is a risk of irreversible thresholds being passed, with at this stage, unforeseeable consequences.
2. Delay action

Because of the long time scales involved, delaying action makes it harder (and in some cases impossible) to achieve a particular limit to climate change. Some aspects of this have been quantified by the IPCC. In addition, the longer the delay, the greater the likelihood of passing through some irreversible impact threshold (see above).

3. Follow the Kyoto process in the recognition that the first commitment period represents a small first step towards what is needed for significant mitigation of climate change.

The value of the Kyoto Protocol for mitigation of climate change will be determined by the extent to which it acts as an enabling step, leading to more comprehensive reductions in future treaties.

4. Move towards a more comprehensive instrument, bypassing the Kyoto Protocol.

The merits of going directly to an alternative instrument depend on the relative feasibility of the alternative approaches. In principle, bypassing Kyoto in order to get more binding and/or more comprehensive global greenhouse gas emission reductions is highly commendable for future commitment periods.
International responses

Countries vary markedly in their capacity to reduce emissions of greenhouse gases. There are major differences in prosperity, energy availability and consumption, economic structure, natural resources, dependence on international trade and raw material, and capacity to value-add.
As of 26 November 2003, 84 Parties had signed and 120 Parties had ratified or acceded to the Kyoto Protocol. Nations ratifying the protocol do so for a host of reasons, many of which have little to do with the environment. Often, it is economic considerations that drive decisions to ratify or not. 
The current Protocol has incorporated commitments that offer advantages to some countries. For example, setting 1990 as the date against which emissions are to be gauged made it far easier for some countries to meet emission reduction obligations.

Should the Kyoto Protocol be ratified, developed countries are to reduce their collective emissions of six key greenhouse gases by at least 5% by the period 2008-2012, with carbon dioxide emissions for most signatories measured against a base year of 1990. As it is only industrialised countries that have emission reduction targets, the overall impact of the Kyoto Protocol would be reductions of significantly less than 5% by the reporting period.

Mitigation options
There are numerous opportunities for reducing greenhouse gas emissions in each sector of the Australian economy. However, the energy sector is where the need for greenhouse gas abatement options is the most urgent because it has been the largest and strongest growing sector. The National Greenhouse Gas Inventory for 2001 found that 48% of equivalent carbon dioxide emissions came from stationary energy, 19% from agriculture, 14% from transport, 6% from fugitive emissions, 5% from industrial process, 5% from land-use change and forestry, and 3% from waste. Between 1990 and 2001, stationary energy sector emissions, mostly from electricity generation, grew 33% and mobile energy related emissions from transport activities grew 29%.

There are five broad options for reducing greenhouse emissions from energy-related activities:

· Reduce consumption of energy;
· Reduce the energy lost in converting energy fuels into useful energy;
· Reduce the energy lost in transporting fuel and energy;
· Use less carbon intensive fuels;
· Sequester the greenhouse gases emitted.
The options for undertaking each of these mitigation strategies is briefly summarised below. For details, see www.energy.csiro.au/PDF%20files/Energy%20%20Transport%20Sector%20Outlook%202020.pdf
Options to lower energy consumption include replacing existing technologies with more efficient products. There are also a myriad lifestyle changes that would lower energy consumption. 

Fuel to energy conversion efficiencies have been increasing for some time. The average efficiency for the conversion of fuels to electricity in Australia currently stands at approximately 33%. Two new black coal supercritical pulverised fuel plants under construction in Queensland will boost thermal efficiencies to around 40% and reduce greenhouse gas emissions per unit of power produced by about 4% over conventional plants. 

Options exist for major improvements to efficiency through introduction of several developing technologies. The integrated gasification combined cycle process has potential to increase thermal efficiencies of coal fired plants to over 50%. Fuel cells are anticipated to offer efficiencies above 50% for both electricity generation and transport applications. Higher fuel-to-energy efficiencies can also be achieved via cogeneration, in which some of the waste heat from the fuel conversion process is used. 

Even if efficiency of energy conversion doubles via application of new technologies over the next quarter to half century, this will still not be sufficient to reduce greenhouse gas emissions if trends in energy consumption continue. For example, at conservative rates of growth of around 2 per cent, annual electricity consumption will be roughly two and a half times current levels by 2050. At 3 per cent growth it will be four times current annual levels.

Distributed energy systems, involving the generation of electricity and heat at the point of use (avoiding grid transmission and distribution losses), have the potential to reduce greenhouse gas emissions. Fuel cells, particularly polymer membrane and solid oxide types, are ideal for this application. Microturbines are another prospective distributed electricity generation technology if costs can be lowered.

Natural gas and liquefied petroleum gas generate around a third less CO2-equivalent emissions per energy content than their black coal and petrol substitutes.
Renewable fuels may be considered to have no greenhouse gas emissions and therefore achieve a 100% reduction in emission compared to conventional fossil fuels. However, when considered over their entire product lifecycle, renewable fuels do often have some emission associated with them. The most prospective biofuels are ethanol and biodiesel. 

Sequestering greenhouse gas emissions
Early estimates place the current cost of power from suitably optimised fossil fuel plants with carbon dioxide capture and sequestration at a little less than wind power. Much research is being conducted to determine the technical viability of such a process. Geological sequestration is a prospective area for continued research and development and is critical to the introduction of gasification/sequestration technology to Australia. There are a variety of existing and developing technologies for the carbon dioxide separation stage. Until further research is complete and demonstrated at reasonable scale, the technical and economic viability of sequestration of carbon dioxide from power plants remains uncertain.
Some environmental issues will also need to be addressed through further research. Depending on the location of suitable sequestration sites and the type of technology applied, possible environmental impacts include:

· disposal, transport and storage of toxic solvents or other toxic wastes required to achieve carbon dioxide separation;
· disturbance of subterranean or deep ocean ecology;
· surface land use changes; and
· leakage of the sequestered carbon dioxide to the surface.
Adaptation

Adaptation is an automatic or planned activity that minimises adverse effects of climate change and maximises advantages. It is one of the two possible means of coping with the impacts of human-induced climate change – the other is mitigation, or reduction of the degree of climate change (described above). Adaptation is essential to cope with the climate change we cannot avoid now and in the near future, while mitigation would limit the extent of the climate change over time.

Natural ecosystems

A large fraction of Australia is composed of unmodified or non-intensively managed ecosystems where adaptation will depend mostly on natural processes. Vulnerability will occur when the magnitude or rate of climate variations lies outside the range of past variations. Australian ecosystems handle a wide variety of climatic variability, in some cases with very large swings, but generally this variation occurs on short time scales—up to a few years. This does not necessarily confer adaptability to long-term changes of similar magnitude. 

An important vulnerability is the problem of temperatures in low to mid-latitudes that reach levels never before experienced and exceed the available tolerances of plants and animals with no options for migration. Vulnerability also is expected to exist, where species or ecosystems already are stressed or marginal, such as with threatened species; remnant vegetation; significantly modified systems; ecosystems already invaded by exotic organisms; and areas where physical characteristics set constraints, such as atolls, low-lying islands, and mountain tops. 
Managed systems
Many farming systems respond rapidly to external changes in markets and technology, through changes in cultivars, crops, or farm systems. Mid-latitude regions with adequate water supplies have many options available for adaptation to climate change, in terms of crop types and animal production systems drawn from other climatic zones. However, at low latitudes, where temperatures increasingly will lie outside past bounds, there will be no pool of new plant or animal options to draw from, and the productivity of available systems is likely to decline.

Adaptation options will be more limited where a climatic element is marginal, such as low rainfall, or where physical circumstances dictate, such as restricted soil types. Even where adaptations are possible, they may be feasible only in response to short-term or small variations. At some point, a need may arise for major and costly reconfiguration, such as a shift from or to irrigation or in farming activity. 

Human environments 
The most vulnerable human environments in Australia are those that are subject to potential coastal or riverine flooding, landslides, or tropical cyclones and other intense storms. Adaptation to natural variability in these cases usually takes the form of planning zones, such as setbacks from coasts and flood levels of particular return periods or engineering standards for buildings and infrastructure. Many of these settlements and structures have long lifetimes — comparable to that of anthropogenic climate change. This means that many planning zones and design standards may become inappropriate in a changing climate.

Costs and benefits

The IPCC Third Assessment Report notes that:

adaptation can complement mitigation in a cost-effective strategy to reduce climate change risks. Reductions of greenhouse gas emissions, even stabilization of their concentrations in the atmosphere at a low level, will neither altogether prevent climate change or sea-level rise nor altogether prevent their impacts. Many reactive adaptations will occur in response to the changing climate and rising seas and some have already occurred. In addition, the development of planned adaptation strategies to address risks and utilize opportunities can complement mitigation actions to lessen climate change impacts. However, adaptation would entail costs and cannot prevent all damages. Adaptation implemented in combination with mitigation can be a more cost-effective approach to reducing the impacts of climate change than either applied alone.
Clearly, expenditure on emissions reductions needs to be balanced against the savings associated with limiting the extent of climate change. Too much mitigation may be unnecessarily expensive, while too little may result in significant, adverse impacts.

More rigorous assessments of the likely costs of climate change will help establish appropriate levels of emission reductions. This requires additional research and resourcing, and is a key element of the proposed Climate Change Forward Strategy.
National and international trading schemes

CSIRO notes the information available on emissions trading at the AGO’s web site (www.greenhouse.gov.au/emissionstrading/#discussion).

The Kyoto Protocol established three flexibility mechanisms through which the costs of abating emissions can be lowered. These three mechanisms included the:

1. Clean Development Mechanism;
2. Joint Implementation; and
3. Emissions Trading.
The rationale behind the introduction of these flexibility mechanisms was to enable countries (parties to the Kyoto Protocol) to meet their obligations for emissions reductions by working with other parties thereby ensuring the efficient allocation of capital resources to those projects which have the potential to bring about the greatest emission reductions.

While each of the three flexibility mechanisms have subsequently been employed to varying degrees, it is emissions trading that acts as the glue linking all flexibility mechanisms together. The establishment of an emissions trading scheme provides financial incentive for companies with low-cost abatement options to undertake projects that have a positive environmental benefit. Conversely, organisations with prohibitively expensive abatement opportunities are allowed to subsidise the implementation of low-cost options by buying emission reduction units to meet their own emissions targets. An emission trading system assigns a monetary value to carbon emissions, enabling market forces to most efficiently allocate resources to bring about the largest reduction in emissions for each dollar spent.

Although the Kyoto Protocol has yet to enter into force, many governments have moved forward in designing domestic trading systems. The European Union Emissions Trading System is probably the most significant of these as it will come into force regardless of the ratification status of the Kyoto Protocol. Covering up to 28 countries, the European trading system places clear emissions constraints on over 4,000 EU facilities with financial penalties for failure to comply. 
In addition to the EU scheme, many other counties have implemented or are considering implementing their own trading schemes with a view that ultimately emissions reductions units created under each scheme will be fully fungible (that is, recognised and accepted by other countries). 

Risk management
Put simply, risk management involves coping with unacceptable consequences. In the climate change context there are two strategies that might be taken to avoid unacceptable consequences. Reducing net greenhouse gas emissions is a strategy that reduces the level of climate change or reduces the probability of reaching a given level of climate change. Adaptation allows larger levels of climate change to be acceptable, while mitigation reduces the probability of exceeding the adaptive capacity of the system.

It is doubtful, however, whether the adaptive capacity exists to cope with large climate change. This will depend on the severity of the change, location and socioeconomic circumstances. The strategy must be to reduce the probability of reaching levels of climate change to which we cannot adapt. This strategy is summarised in Figure 5.
Because the Kyoto Protocol deals only with greenhouse gas mitigation it is only a partial form of risk management. The need to mitigate greenhouse gases is informed by the benefits of avoiding given levels of damage (assessed as the likelihood and consequences of climate risks). 

Climate-related risks include damage to the natural environment from climate change, and climate risks to humans that are magnified and modified as a result of environmental change caused by climate change. The IPCC Third Assessment Report clearly showed that climate-related risks increase in number and magnitude with increasing global mean warming. Appreciable risks exist if emissions are low but sensitivities are high, and moderate to high levels of greenhouse gases in the atmosphere are fraught with danger.

Despite the uncertainties associated with forecasts and projections of future risks, a wait-and-see approach anticipating a future ‘forecast’ is misplaced because of the huge inertia in the climate system – today’s emissions may be next century’s sea level rise. A far better approach is to concentrate on robust aspects of risk assessment. The assessment of mitigation as a measure of risk treatment needs to balance the costs and benefits of the specific mitigation actions (costs of risk treatment) with the benefits of avoiding climate damages.
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Figure 5: Schematic diagram showing, for a range of projected global warmings, the relative benefits of risk management through adaptation (when expected warming is relatively small) in contrast to mitigation which limits warming and thus reduces the high warming scenarios. The first column at the right shows the likelihood of exceeding given levels of warming (as indicated on the scale at left). Low warmings are most likely to be exceeded, and extremely high warmings are least likely. At the far right are summaries of the likely damages from climate change.
Source: Pittock, A.B. (2003) Climate change - An Australian Guide to the Science and Potential Impacts, Australian Greenhouse Office, Canberra, http://www.greenhouse.gov.au/science/guide/index.html
The complementary nature of mitigation and adaptation applies to the different areas of climate uncertainty for which they are currently suitable. Mitigation will progressively reduce the likelihood of higher levels of atmospheric greenhouse gases. Adaptation will work best where current climate risks are appreciable and likely to get worse, and where critical levels of impacts are likely to be reached with only small changes in climate. In this way, adaptation and mitigation reduce the risks of the most sensitive impacts on the one hand and the largest impacts on the other. 

Appendix: Global warming — the balance of evidence

Opinion piece submitted to The Australian Financial Review by Mr Kevin Hennessy, CSIRO Atmospheric Research. An edited version of this article was published on 26 November, 2003.

Despite what the sceptics say, global warming is real, writes Kevin Hennessy

The debate about global warming science presented in the media recently has included a mixture of robust, uncertain and flawed findings. Criticisms from a small number of commentators, like Bjorn Lomborg (author of ‘The Skeptical Environmentalist’) or Professor Bob Carter (AFR 3 November), have centred on the record of observed climate change, the validity of climate projections and the effectiveness of the Kyoto Protocol. 

Much of the debate surrounds the perception of risk. One type of risk, underpinned by science, concerns the biophysical and socio-economic damages and benefits of climate change. Another type is policy-based, faced by policy makers, planners and the general public whenever they are confronted with a choice about a particular course of action.

Policy-related risks linked to climate change include the risk of doing too little, the risk of doing too much, the risk of moving ahead without sufficient information or the risk of delaying and suffering irreversible damage. Political debates and decisions often involve the proponents of different positions selecting the evidence that backs up their argument. Professional scientists cannot do this as our job is to assess the risks linked to climate change, and estimate the potential impact of different policy-based decisions. 

Debate is a fundamental part of the method in which scientists develop new assessments, subject to rigorous analysis and review, and publication in scientific literature. In the case of global warming, the Intergovernmental Panel on Climate Change (IPCC) mandates a critical review process by scientists and governments, involving several thousand experts from around the world (see www.ipcc.ch). The IPCC conclusions published in 2001 remain valid and in many cases have been strengthened by recent research. The most robust findings are as follows.

Since the Industrial Revolution, greenhouse gas concentrations in the atmosphere have been rapidly increasing due to human activities. Concentrations of a major greenhouse gas, carbon dioxide, are now higher than any time in at least the past 420,000 years. 

Evidence of climate variability prior to thermometer records comes from ice cores, deep-sea and lake sediments, tree-rings, coral cores, bore holes and fossils, collectively known as the proxy record. There is a reasonably good understanding of how climate has varied on time-scales ranging from decades to millions of years, and how ecosystems of the world have changed (redistributions, new species, extinctions) due to variations in global temperatures. 

The 20th century warming occurred in two major phases, from 1910-1945 and since 1976. Attribution studies by Meehl, Crowley, Tett, Stott and many other scientists have provided insight into the major causes. They use rigorous statistical methods to analyse and compare observations, paleo-climate data and climate model simulations of natural and human-induced climate variability. These studies agree that global warming in the early part of the century can be explained by a combination of natural and human-induced changes, while most of the warming in the last 50 years was due to human activities, namely increasing greenhouse gas concentrations. Considering the 20th century as a whole, it is extremely unlikely that global warming can be explained by natural variability. Hence, while a variety of factors (increased air-borne particles, stratospheric ozone depletion, volcanic eruptions and internal climate variability) influence climate, the most dominant driver of change in the past few decades has been the increased greenhouse gas concentrations. Given the projected increases in concentrations, greenhouse warming is expected to be even more dominant in the 21st century.

In 1998 and 1999, Mann, Bradley and Hughes (MBH) reconstructed a 1000-year record of northern hemisphere temperatures from proxy records and concluded that the late 20th century warming was unprecedented in the past millennium. A study by Soon and Baliunas early this year challenged the unusual nature of the 20th century warming, but their research was promptly shown to be flawed. The flaws included the invalid assumption that wet/dry periods can be directly equated with cool/warm periods, and the failure to look for simultaneous regional temperature events. All that Soon and Baliunas show is that at many locations there were 50-year periods sometime in the past that were warmer, cooler, drier or wetter than the 20th century. But they do not claim that prior warm periods are simultaneous or resulted in a hemispheric-average temperature higher than the last decades of the 20th century. 

McIntyre and McKitrick (M&M) also claims that the 20th century warmth was not unusual, being exceeded by far greater warmth around 1400 and 1500 AD. However, MBH have shown that this conclusion was based on flawed data and analysis (see www.cru.uea.ac.uk/~timo/paleo). Key indicators used in the report of MBH in 1998 appear to have been omitted by M&M for the period 1400-1600, producing anomalous warming in the 15th century, at odds with the cold conditions for that period found in many other climate reconstructions. In particular, three tree-ring datasets covering the period 1400-1600 appear to have been incorrectly eliminated or shortened, and MBH show that this explains most of the spurious 15th century warming. Unlike MBH in 1998, M&M also failed to use a standard statistical technique called cross-validation to verify the skill of their reconstructions. When MBH applied this technique to their data without the three tree ring datasets, the skill score was so poor that the result should have been discarded as unreliable.

Prof. Bob Carter (AFR, 3 November 2003) paid little attention to these flaws in his discussion of the papers by Soon and Baliunas and McIntyre and McKitrick. He also failed to alert readers to the latest research by Mann and Jones in 2003 which confirms that the 20th century Northern Hemisphere warming is greater than any time in the past 1800 years, an 800 year extension of the original study. Mann’s work has been largely reproduced by several other groups, using different data sets and different statistical techniques. The evidence that the 20th century warming is unusual does not come from a single study.

Evidence for global warming is multi-faceted. In addition to the global average surface warming of about 0.6°C since 1900, there has been an increase in heatwaves, fewer frosts, warming of the lower atmosphere and deep oceans, retreat of glaciers and sea-ice, a rise in sea-level of 10-20 cm and increased heavy rainfall in many regions. Some critics worry that this warming may simply reflect urbanisation - the heat island effect. However, similar warming is found in rural, small-island and sea-surface temperature records, none of which would have urban heat island effects. Many species of plants and animals have changed their location or the timing of their seasonal responses in ways that provide further confirmation of global warming.

Despite the wide range of indicators of global warming, critics often focus on a 23-year period from 1979-2001 when early studies with satellite data showed little or no warming in the lower atmosphere, whereas thermometer data showed that surface temperatures had increased. However, this disparity has declined in recent years. A recent study by Vinnikov and Grody found good agreement between the satellite and surface data from 1978-2002, with a satellite-based warming of 0.24°C per decade compared with 0.17°C per decade from surface data. Another study by Santer and others found that apparent inconsistencies between surface and satellite results may be an artefact of satellite data uncertainties. The longer record of temperature measurements from weather balloons shows that the lower atmosphere has warmed by about 0.10°C per decade from 1958 to 2000, a similar rate to the surface warming. 

The IPCC projects a global average warming of 1.4-5.8°C and a sea-level rise of 9-88 cm by 2100. This is based on (1) a range of assumptions about future demographic and socio-economic development and technological change, combined in 40 scenarios of greenhouse gas and aerosol emissions, and (2) results from seven climate models driven by these emission scenarios. About half of the range of uncertainty at 2100 comes from (1) and half from (2). These scenarios were designed to explore ‘business as usual’ futures without policies designed to reduce greenhouse gas emissions. The range provides a baseline against which the need for, and effectiveness of, emission reduction measures can be gauged. The full range of global warming and associated impacts is plausible, although probabilities would be more useful for risk assessment. By 2100, climate change combined with a global population of 7-15 billion poses a significant risk for humans and ecosystems in many regions. 

Castles and Henderson have claimed that the IPCC warming projections are based on greenhouse emissions that are too high because market exchange rates (MER) were used rather than purchasing power parity (PPP) in calculating future economic growth. The claims have been reviewed and refuted by international experts (Nakicenovic and others). In any case, long-term emission projections are based on many independent driving forces, not just economic growth. Manne and Richels have compared emissions calculated using PPP and MER and found a minor effect on global warming (5.5% less warming by the year 2100 for the MER-based emissions). Therefore the IPCC range of emission scenarios remains valid.

Critics point out that greenhouse gas emission cuts under the Kyoto Protocol would have little effect on global warming by 2100 (the Kyoto targets are equivalent to a 5% reduction in emissions by 2008-2012 in developed countries, relative to 1990). They are correct. However, most analysts know that global emission reductions of more than 50% would be required over this century to significantly slow global warming. Therefore the Kyoto Protocol would be just the first step. So if the world wants to curb global warming, we need to significantly reduce emissions while simultaneously preparing for the anticipated impacts of climate change.

In the face of recognised uncertainties, responding to climate change requires a risk management approach. Being over-cautious might be costly, while ignoring serious risks can expose the world to major problems. We need to quantify the probability of physical risks, including potential benefits, abrupt changes and disasters. Exploration of options for adaptation and emission reduction is a common sense approach to climate change risk management.

Further reading:  www.dar.csiro.au/information/climatechange.html 
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