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Preface

“The Feedback Crisis in Climate Change” highlights the all-too-real possibility of runaway climate change, driven by the naturally occurring positive feedback loops of the biosphere.  It raises issues of the most fundamental and urgent nature for the world community and calls in question the effectiveness of current strategic responses to global warming.
The Meridian document:  “Global Warning” was written, presented, published and widely disseminated, in the weeks leading up to the G8 summit in July 2005.  It stands as an alert to all global citizens independently of that event.  (The full text is available at: www.meridian.org.uk/menu.htm).  The field research and consultation which lay behind that document, brought into sharp focus the critical nature of positive feedback loops in the domain of climate change.

Concern about positive feedback processes and their significance for the effectiveness of current strategic approaches to global warming, was widespread.  In-depth studies of specific issues had been surfacing over the previous months, but no clear over-view of the subject could be found.  Computer modelling of the multi-dimensional set of non-linear, interlinked phenomena, with its variety of time delays and damping effects, is notoriously difficult.  It has more in common with the work on systems dynamics (more usually associated with the literature on “Limits to Growth”) than with the complex programmes used to model climate change itself.

“The Feedback Crisis in Climate Change” is an attempt to provide the missing strategic over-view.  The paper is not a quantified presentation of new research.  All the information contained in the document has already been placed in the public domain by the leading climatologists and their scientific institutions.  This is an analysis of the structure of the feedback dynamics that control the process of climate change.  It includes clear statements of the implications of the new level of analysis for strategic decision-making at every level of our world community.

The Report introduces three new perspectives:

1. The basic framework of systems dynamics is used to interrelate the many factors involved

2. The concept of equilibrium states highlights different patterns of relationship between positive and negative feedback mechanisms

3. A topological approach provides a highly visual landscape, through which various pathways can be traced, representing a set of scenarios with profoundly different outcomes

This current draft version of the Report represents “work in hand”.  The style is condensed and some sections may require careful re-reading.  Although thoroughly grounded in the most stringent scientific tradition, the Report unashamedly includes sections of powerful advocacy, spelling out the implications of the scientific analysis and outlining the consequences of inaction.  The subject-matter not only stretches us to the limits of our intellectual competence, but also engages the depths of our emotional intelligence as we explore how to sustain effective modes of response in the face of the reality of our current predicament.

The final version will include full references and notes, an executive summary, and two appendices outlining strategic implications and detailing future areas of research.  There will also be a printer-friendly version in PDF format.

In the web-presentation, this preface is followed by a full table of contents in which each sub-title has an active link to the appropriate section.  Once you have started on the main text, the linked set of contents is held in the left navigation frame, while the option to continue to next section is offered at the end of each page.

No single person can possibly master the massive information base underlying this Report.  I would like to acknowledge my immense debt to the many colleagues across the world whose detailed and painstaking research (often representing many years of work) has enabled the emergence of the synthesis outlined in these pages.  The material has been made available in books, in conference proceedings and papers, in journal articles, press releases and web-based sources, as well as in personal correspondence, e-mails and conversations.  I am also enormously grateful to the Scientific American for the artwork in figures 1, 5 and 14.  Permission to use the material in the final published version of the Report is actively being sought.

Rather than wait until the final version is complete, the draft text is being made public as a possible resource to the many individuals, organisations and institutions currently engaged with the agenda of climate change and its implications for the strategic decision-making of our global community.  It is also my hope that readers will alert me to omissions and inaccuracies, help to clarify obscurities in writing, and build working relationships as together we seek to navigate the potentially difficult times ahead.  I would welcome your contact through info@meridian.org.uk.

David Wasdell,

Meridian Programme,

September 2005.
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The Feedback Crisis in Climate Change

A Topological Exploration of Equilibrium

1.  Introduction
The Climate, it is a-changing, driven in part by natural factors and in part by the effects of greenhouse gases emitted through human activity.  About half of the global warming is currently attributed to the greenhouse gas (GHG) effect, and about a third of all human GHG emissions are currently absorbed by the environment.  Returning the global warming to its natural cycle would therefore seem quite simple: just reduce GHG output by two thirds to stop further warming.  Then add a further reduction to bring the cumulative warming back down again.  The situation is not, however, quite that simple.

In systems dynamics, feedback can be either negative (damping change) or positive (reinforcing change).  Over the last few years a number of positive feedback loops has been identified within the climate change system.  While triggered by the emission of GHGs, these feedback loops accelerate the global warming effect and render it increasingly independent of any reduction in emissions.  That raises the possibility of runaway climate change with potentially catastrophic outcomes.  Negative feedback processes help to slow down and control climate change.  They do not pose a threat to the system but are weakening as global warming increases.  This paper is therefore principally concerned with the positive (change reinforcing) feedback loops and, unless specifically stated, all references to feedback are confined to this field.

The critical significance of the feedback process is recognised by the leading climate scientists.  David King refers to them as “important but unknown in their effects”.    In a private communication Richard Betts says: “The feedbacks do indeed have implications for our ability to stabilise at 2ºC above pre-industrial (or indeed any level)”.  Aubrey Meyer asserts:  “The most important set of issues in this area concern feedbacks.  There are …a number that are positive and capable of making the future much worse than the IPCC’s suggestions.”  Or again:  “Climate change is a survival issue due to the risk that positive feedback processes will magnify the initial global warming due to anthropogenic greenhouse gases”.  He calls for a strengthening of research into Climate feedback in the GCI protocol proposal 2.14.  Peter Wadhams describes the topic of positive feedback in climate change as “the most important that there is, as far as the future of the human race is concerned”.  Christopher Layton refers to the “dangers of a chain reaction”, noting:  “there are signs that a chain reaction is already under way and threatens to accelerate”.  John Holmes of the UK government’s Office of Science and Technology writes of the feedback process:  “This is clearly an important area of research that requires ongoing development”.  John Houghton warns that : “there are strong indications that some of the positive feedbacks could be large”.  Mathis Wackernagel affirms:  “Feedback loops are indeed significant, and run-away global climate change possible”.  Crispin Tickell, chairing the Climate Change conference at UCL, stated that the feedback process constituted “the most important research agenda”.
The Hadley Centre for Climate Research is already including several of the feedback processes in its models and intends to concentrate on the feed-back issues over the next couple of years.  “The Hadley Centre’s strategy is to work towards including all the important feedbacks in order to have a proper Earth-System model, but this takes time and resources….  As a consequence this is an important part of the £11m per annum research contract that Defra funds at the Hadley Centre.”  Some feedback analysis is also being undertaken at the Potsdam Institute for Climate Impact Research using environmental modelling with intermediate complexity, but I have been unable to identify any other current research initiative focussed on the feedback issue.  There is a possibility that work in this area is being carried out by leading military research establishments.  If so it is not open to the public domain and is most likely to be used as a basis for strategic planning in the field of national security rather than as a foundation for effective intervention in the climate system itself.

2.  Clarifying the Question
As I have monitored developments, a dozen positive feed-back loops have come to my attention, and there are probably many more.  Of the ones that I have picked up, nine are already active, namely:

1. Increase in sea temperature decreases CO2 absorption
2. Reduction in planktonic capacity to process CO2 with rising water temperature and reduction in availability of rising nutrient-bearing currents (lowered density of surface water with rising temperature)
3. Decrease in oceanic absorption of CO2 with rising acidity of surface water.

4. Acidification of oceanic surface layers reduces optimal conditions for planktonic life and therefore further reduces plankton absorption of CO2
5. Increasing respiration of soil-based bacteria releases more CO2 with rising temperature

6. Rising sea and air temperature generates higher levels of atmospheric water-vapour, itself a powerful GHG

7. Increased temperature generates increased cloud-cover (mixed feedback since clouds reflect sunlight back into space, while also preventing radiation from the ground.  The domination of the positive feedback is thought to increase with rising temperature.)

8. Thawing of permafrost (land-based and coastal shallow seas) releases more methane
9. Decreasing snow/ice surface decreases light/energy reflection

Three further feedback issues are subject to critical threshold triggers:

10. CO2 sink-to-source of land-based bio-systems (Peter Cox)
11. The drying out of peat bogs, a probable consequence of global warming, could also trigger a massive release of carbon dioxide (Chris Freeman)
12. Triggered start of release of sea-bed methane-hydrate deposits (parallel to end of Permian period)

It looks as though there is a critical point in the system at which the positive feed-back loops become dominant and render further increase in temperature independent of any reduction in human-generated greenhouse-gases.  It is obviously essential that this threshold should not be crossed.
Several key questions begin to surface.

· Does the higher rate of warming in polar regions risk precipitating feedback processes even though the overall global warming is held at around the 2ºC mark?
· Do the feedback loops put at risk the strategy of overshoot and reduction in temperature and CO2 concentration currently being considered?

· What is the relative-effectiveness relationship between change in CO2 emissions and the summed effect of the feed-back loops, measured against rise in global temperature, and taking into account the time-delay between GHG release and stabilising of resultant temperature?

The issue of feed-back threshold is now the most critical research field, with urgent implications for current strategic decision-making for the world-community.

3.  A Topological Approach

As a way in to the underlying systems analysis I began looking at the topology of the equilibrium surface that determines the threshold at which the positive feedback loops can overwhelm the negative feedback controls.  Crossing that threshold would then trigger a “runaway” process of global warming that becomes independent of the precipitating signal.  In other words, the threshold marks the point beyond which no intervention of emissions limitation can capture and reverse the warming process.

In geological time, atmospheric CO2 levels appear to be subject to homeostasis controlled by a set of negative feedback loops.  The base position is a stable equilibrium, the cup of which has mobiled across a limited temperature range.

Changes in the levels of both methane and CO2 were precipitated by temperature change which in turn reflected variations in solar energy output and precession in the earth orbit.
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Figure 1

As William Ruddiman  noted:  “In recent years, cores of ice drilled in the Antarctic and Greenland ice sheets have provided extremely valuable evidence about the earth’s past climate, including changes in the concentrations of the greenhouse gasses.  A three-kilometer-long ice core retrieved from Vostock Station in Antarctica during the 1990s … confirmed that concentrations of CO2 and methane rose and fell in a regular pattern during virtually all of the past 400,000 years…..  These increases and decreases in greenhouse gasses occurred at the same intervals as variation in the intensity of solar radiation.”

During this period, rates of change were slow, time-delay functions negligible and the variables of greenhouse gas concentration and associated temperature stayed in sync.  Tectonic elevation of the Himalayas and the raising of the Tibetan high plateau, set the parameters for the current equilibrium position and ushered in the regular series of ice-ages and warmer inter-glacial periods which have been experienced over the last three million years.
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Figure 2

The equilibrium topology represents the balance between negative and positive feedback processes.  Where negative feedback (system damping) dominates, the cup-shaped equilibrium is stable and system behaviour returns to base when subject to disturbance.  (But see working note on the fragility of this basic equilibrium)

The impact of extreme events, however, indicates limits to the stable equilibrium.  At one point cooling feedback loops overwhelmed the homeostasis, precipitating the “snowball earth” effect.  Slow degrade in the feedback process led to an eventual recovery of the base equilibrium.  Massive release of CO2 as a result of major volcanic activity in the Siberian region, also overwhelmed the homeostasis and set off positive feedback loops, precipitating runaway global warming and eliminating most life forms at the end of the Permian period.
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Figure 3

The central homeostasis (controlled by the damping effect of the negative feedback loops), when disturbed beyond a given range, is dominated by increasingly powerful positive feedback processes which push it towards the peak of the unstable equilibrium.  Here the negative and positive feed back just balance each other.  As the positive feedback loops begin to dominate, they move the system beyond the unstable point into feedback-driven change.

These extreme responses are themselves subject to boundaries, creating a wider form of equilibrium, the maintenance of which has enabled the evolution and maintenance of life on the planet.


Figure 4

Eventually a new equilibrium is achieved at some distance from the base position.  In these extreme conditions the environment is hostile to most life-forms.  The biosphere takes many millions of years to recover once the system has returned to the central equilibrium.

4.  Change of Driver

Apart from the extreme events, historic perturbations of the basic equilibrium have been led by temperature shifts reflecting changes in the geo-solar energy exchange.  Changes in the CO2 concentration have followed and amplified the temperature deviations, but have not driven them.  The slow pace of geological time ensured that the incremental variations in one parameter had plenty of time to work out in the response of the other.  The homeostatic dynamics remained stable and responded to variation in the contextual conditions.  On a geological time-scale the system appears sensitive, but looked at from the perspective of human history, the movements have been extremely slow and inert.

Human emission of GHGs began to accumulate in the atmosphere with the onset of agriculture and deforestation some 8,000 years ago.  By the start of the industrial revolution the resultant global warming of some 0.8ºC had almost exactly compensated for the naturally expected cooling at the start of the current glaciation phase.  (See figure 5)  The rate of change was commensurate with that of the normal geo-solar cycles, but the causal driver had reversed and human emissions of methane and CO2 were leading temperature-change.

Since the start of the industrial revolution and the accelerating oxidation of deposits of fossil bio-mass, the rate of accumulation of atmospheric GHGs has speeded up dramatically.  The time-scale, although appearing slow in relationship to the individual human life-span, is some 100 times faster than the geological perturbations of the basic equilibrium.  Furthermore, both time-frame and scale of the change have more in common with the extreme events which led to the historical overwhelming of the stable equilibrium.
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Figure 5

As recent reports from the UNFCCC note, climate-change models now  “predict that the climate could be warmer by the end of the 21st century than it was during any previous inter-glacial period….  Over the next 100 years we may experience conditions unknown since before the ice ages began many millions of years ago.”

5.  Time Delay

In contrast to most geological phenomena, the time-scale of current climate change is measured in decades rather than millennia.  Time-delays in system response are caused by the massive thermal inertia of the world reinforced by a set of thermal damping mechanisms.  This means that increase in the GHG concentration leads, but the resultant change in global temperature now lags well behind.  The past synchronicity of global temperature and change in concentration of GHGs has been broken apart.  In other words the temperature and CO2 concentration wave forms mirror each other but with significant time-delay between their maxima.

The increase of some 40 ppm in the expected atmospheric concentration of CO2 caused by early agriculture led to the 0.8ºC shift in global temperature noted above.  However the further increase of 90 ppm since the start of the industrial revolution has so far only generated a temperature increase of 0.6ºC.  Current levels of global warming are precisely not the outcome of current GHG concentrations.  Rather they reflect the slow response of the earth’s atmosphere, oceans and crust to past levels of emission.  So David Stainforth, Chief Scientist of the Climate Prediction Net, commented: “The atmosphere and oceans can take decades to adjust to reach new temperatures.    Some models indicate a global warming of over 4 degrees centigrade with today's greenhouse gases.”  The naïve assumption that current CO2 concentrations equate to current global warming (and that as a consequence, we have significant leeway in the system before dangerous levels of warming are engaged) is founded on ignorance of the implications of the time-delay factors involved.
6.  Of Temperature, Emissions and Concentration

Climate Change modelling, whether run on a set of super-computers as at Hadley, or distributed on a massively parallel processing net of personal computers as with the Climate Prediction Net, involves time-based sequencing of data.  We are therefore familiar with graphical representation with the time dimension along the “x” axis and temperature, GHG concentration or emission rate scaled up the “y” axis.
As a base line the historical data reflects the artificially stable period of widespread agriculture and progressive deforestation prior to the onset of the industrial revolution and the replacement of (carbon neutral) charcoal with fossil fuel (first coal then additionally oil and gas) as energy source.
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Figure 6

Source: IPCC report 2000

As emissions soared, so the cumulative concentration of atmospheric CO2 began to rise from its pre-industrial base of 282 parts per million, accelerating through the current figure of some 370 ppm, towards its projected value of some 550 ppm by 2050 unless significant reductive action is taken meanwhile.  Global warming has followed suit, albeit with the time delay noted above.  Assumptions, built in to the computer models, about the coupling of reductions in the CO2 emissions with the slowing and reversal of the temperature increase, are now being re-examined.

Firstly, the focus has to shift from reducing emissions to halting and reversing growth in GHG concentration, since it is this which drives climate change.  GHG concentration is subject to positive feedback loops independent of the level of CO2 emissions.  The G8 communiqué affirmed commitment to slow down, stop and reverse the rate of GHG emission, confusing that strategy interchangeably with the slowing, stopping and reversal of the accumulation of GHGs as if the two were one and the same thing.  In the light of the analysis of feedback systems, that equivalence is badly informed and profoundly inadequate.  The goal of reducing emissions to 1990 levels, masks the reality that emission rates at that date were already contributing substantially to the accumulation of atmospheric GHGs and the consequent increase in GHG concentration.  They would therefore continue to drive global warming and reinforce the positive feedback processes, albeit at a somewhat reduced rate.

Secondly, it is no longer possible to couple the quantities of GHG emissions with increased concentration of atmospheric GHGs.  In addition to actual emission volumes, change in GHG concentration is driven by the weakening of negative feedback processes that lower the capacity of the global environment to absorb the emissions.  Change in GHG concentration is also caused by acceleration of the positive feedback processes that increase volumes of atmospheric GHGs independently of human emissions.  Monitoring of the levels of atmospheric GHG concentration therefore no longer gives an accurate picture of the rate of emission.  Conversely, monitoring of the emission rate is no longer a guide to the rate of change in GHG concentration.  The two variables are now relatively independent.

Thirdly, the time-delay data is becoming clearer, so we now recognise that even if the GHG concentration were to be stabilised at its current level, global temperature would continue to climb for decades to come.  Significant reduction in GHG concentration is essential if the peak of global warming is to be kept within tolerable limits and brought back into a stable equilibrium.  The time-delay process applies equally to global cooling, so temperature reduction would only slowly readjust to that appropriate to the reduced GHG concentration level.  This opens a window of temperature overshoot which could possibly trigger feedback-driven global warming independent of the reduction in GHG concentration.
Fourthly, and most urgently, the effects of positive feed-back loops in the process must now be taken into account.  For instance, rising GHG concentration degrades the absorptive capacity of the environment and accelerates global warming.  Significantly greater reductions in GHG concentration are therefore required to achieve the required outcomes.  Then again, rising temperatures also trigger some feed-back processes which are independent of GHG concentration, so calling into question any possibility of re-stabilising the equilibrium.  This is brought into particularly sharp focus when we consider the time-delay factors and the level of global warming already set in motion.

7.  Differentiated Feedback

We are now in a position to separate the feedback processes into three distinct categories with differing precipitating dynamics, outcomes and damping interventions.

The first set contains those feedbacks which are driven by increase in CO2 concentration.  They are emissions-dependent.  In this category is the loop that links rising concentration of atmospheric CO2 with acidification of oceanic surface layers.  That in turn reduces oceanic capacity to re-absorb atmospheric CO2, so increasing GHG concentration for the same emission rate scenario, and accelerating consequential global warming.  Another feedback loop in this category currently under investigation is the degrade in plankton life caused by CO2-driven acidification of surface sea water.  Again the effect is to reduce the biological capacity to process atmospheric CO2, so enhancing GHG concentration for the given emissions rate and further accelerating global warming.

The second set of feedback loops is hybrid in form.  These are driven by increasing temperature, but result in rising concentration of atmospheric CO2.  For instance, heating of the ocean surface lowers its capacity to dissolve atmospheric CO2.  That leads to rising GHG concentration for any given rate of emission, accelerates global warming, lowers absorption of CO2, and so on.  Similar effects stem from degrade in plankton life with rising temperature.

Increasing temperature also leads to improved respiration of soil-based bacteria, so releasing more CO2 which in turn drives the temperature even higher.

Rising temperature and changes in rainfall pattern are expected to lead to the drying of significant areas of previously wet peat bogs.  That would re-activate enzyme driven decay of the compressed vegetation and release large volumes of CO2 in a cyclic feedback process which increases GHG concentration and accelerates global warming.

Another feedback loop in this set is the complex, threshold-triggered, reversal of CO2-processing by land-based bio-systems.  Initially increase in temperature coupled with higher concentrations of CO2, lead to a flourishing of plant life and better absorption of CO2 (a negative feedback loop that damps global warming).  However, as GHG concentrations rise and temperature increases, a critical threshold is crossed which leads to a reversal of the process.  In these conditions land-based bio-systems start to degrade and die-back, releasing stored carbon in the process.  Their capacity to sequestrate carbon also decays with rising temperature.  At this stage the system moves from being a net carbon sink into a significant carbon source and becomes a powerful positive feedback loop accelerating global warming.

The third set is populated by those feedback loops that are temperature driven and independent of the CO2 emissions cycle.  Typical of this category is the “albedo effect”:  rising temperature causes melting of snow and ice, so reducing the areas of the earth’s surface that reflect solar light and heat.  As the earth absorbs more solar energy it warms, leading to more rapid melt of snow and ice so accelerating global warming.

While the albedo effect is limited to the polar regions, the overall warming of oceanic surface water is general.  Warmer water in contact with hotter air raises the density of atmospheric water-vapour which is itself a powerful GHG so driving temperatures higher and warming the seas even further, and so on.

Another loop in this set is the thawing of tundra permafrost with rising temperatures.  The process releases significant volumes of methane into the atmosphere which contribute powerfully to further warming, increased thawing of permafrost, release of even more methane and accelerated global warming.  The hotter it gets, the faster it heats!

Increased humidity leads to increased cloud cover, the effects of which are notoriously difficult to model.  Upper surfaces will have an increased albedo effect, reflecting more solar energy back out into space and so constituting a negative or damping feedback effect.  However, as cloud thickness increases, for the same reflectivity, a greater absorption capacity is created that improves the insulating blanket and leads to a positive or heating-reinforcing feedback loop.  As temperatures rise, the positive feedback outperforms the negative process.

Finally within this hybrid set, but subject to a triggering threshold, is the release of methyl clathrates (or methane hydrates) from the sea bed.  Currently held inert by pressure and temperature, these vast reserves of methane (historically derived from decaying biological matter) will start to be released into the atmosphere as temperatures in the lower levels of the ocean begin to respond to global warming.  Methane is a much more powerful greenhouse gas than CO2, and once this process started it would escalate the acceleration of global warming quite independently of any CO2 emissions scenario.

Classification of the feedback dynamics would be incomplete without reference to the human factor.  We are still driving CO2 emissions upward as a result of the accelerating combustion of fossil fuels.  The deforestation of the Amazon and Congo Basins and associated tropical rainforests around the world, has grave consequences for climate change.  It also reduces the natural capacity for carbon sequestration.  That in turn raises the GHG concentration and reinforces the process of global warming.  Forest clearance itself also releases CO2 stored as contemporary biomass and thus contributes to the GHG emissions.

Human response to the early warnings of limits to growth and potential climate change has been (and continues to be) profoundly dysfunctional.  The sense of impending shortage and future stress, triggers a collective response of feeding frenzy in which short term economic interests overwhelm rational strategic requirements.  The result is accelerated industrialization and utilisation of fossil fuel as if there were neither limits to the source, nor consequences of its consumption.  That constitutes, in its own right, a positive feedback loop accelerating global warming.

A further level of differentiation of the feedback loops across all categories concerns the regional variation in their effect.  Oceanic feedbacks differ from land-mass processes.  Tropical areas differ from temperate ones and contrast yet again with polar regions.  Desert regions behave in different ways to forests, agricultural land differs from urban areas and mountain ranges.  The sharpest differentiation is the latitudinal variation in the effect of the greenhouse gasses on global warming.  There is a skewing of global warming with the fastest rise in temperature at the highest latitudes.  Significantly these are also the very regions in which some of the most powerful positive feedback loops are most active.

8.  Global Warming, Global Heating and Radiative Forcing

Traditionally we have measured and modelled the results of change in the concentration of GHG in the atmospheric mantle in terms of rise in temperature.  This simple measure lies at the heart of the meaning of “Global Warming”.  The uncoupling of temperature stabilisation from the particular rise in GHG concentration, noted above, now masks and distorts the fundamental change in the underlying thermo-dynamics, making the term “Global Warming” highly misleading.

Increased concentration of GHG improves the earth’s capacity to trap and retain solar energy.  In other words accumulation of atmospheric GHGs changes the level of “Global Heating”.  Slow global warming is one of the consequential effects of global heating.  Global heating is the cause, rising temperature is a result.  Global heating changes in real time, global warming follows slowly with a long time-delay.

When the geo-solar system is in thermo-dynamic equilibrium, the average global temperature stays in sync with variation in received solar radiation.  In this state, the total energy received from the sun exactly balances the total energy emitted by the earth.  In current studies these amounts are conveniently expressed in Watts per square metre.  By varying the inhibition of radiated output, change in the greenhouse effect disturbs the equilibrium.  Energy output drops below energy input.  The gap between the two (received watts per square metre minus emitted watts per square metre) is known as “Radiative Forcing”.  It represents the net heating (or cooling) of the world at any given time.

While received energy exceeds emitted energy, (radiative forcing is positive) global heating takes place, slowly driving up the average temperature until emitted energy just balances the received energy and the equilibrium is restored.  If received energy is less than emitted energy, (radiative forcing is negative) global cooling takes place, slowly reducing the average temperature until emitted energy just balances the received energy and the equilibrium is again restored.

In our current situation, increasing concentration of GHGs driven by accumulation from human emissions and magnified by the accelerating effect of the set of positive feedback loops, is widening the gap between received and emitted energy.  Instead of moving naturally towards a restored equilibrium, the radiative forcing is accelerating, indeed its rate of acceleration is increasing.  In other words, the rate of change of global heating is rising.


Figure 7

Rise in temperature (global warming) is one of the symptomatic outcomes of the increased energy in the global system (change in global heating).  Temperature rise is, however, subject to long time-delays due to the thermal inertia of the world.  It is also suppressed by the phenomenon of endothermic damping (see below).  Change in global heating is a real-time response to increase in GHG concentration and its associated feedback system.  Measuring the increase in temperature on its own, gives a woefully inadequate and strategically misleading picture of the overall change in system energy.

Portraying the change in absorbed heat energy due to increased GHG concentration gives a much clearer picture of the situation.  Because the measurement of global heating represents current dynamics in real time, it avoids the distortion in perception caused by the long time delay between changes in the energy system and the consequential rise in temperature.  Although the terms “Radiative Forcing” and “Global Heating” have identical meaning, the former tends not to communicate outside the field of academic climatology.

Survival of life on earth requires the re-stabilising of geo-solar thermal equilibrium at a temperature close to the maximum of the warm inter-glacial periods.  As an intervention, that entails the slowing, halting and reversing of the increase in global heating, followed by a sustained period of global cooling with negative radiative forcing.  Eventually the global heating would need to stabilise at zero with the temperature held constant at the new and acceptable thermal equilibrium.  (See figure 8)  The effective achievement of such a strategic intervention would only be possible if and while the capacity to reduce GHG concentration outweighed the combined (and time-delayed) power of the set of positive feedback mechanisms.  If those criteria were not met, we would face uncontrollable, runaway climate change for the foreseeable future with catastrophic consequences.

Figure 8
9.  Endothermic Damping

Take a bucket of crushed ice and water.  Put in an immersion heater with constant energy output and measure the temperature.  Initial value will be 0ºC, the freezing point of the water/ice equilibrium.  As heat is pumped in the temperature stays almost constant.  Ice starts to melt.  The ice-to-water phase-change absorbs the energy, it is an endothermic process.  When the ice has all melted the heat input starts to drive temperature-change.  The water-temperature rises until heat output from the bucket just balances the heat input from the immersion heater.  Outputs may be radiation, convection, evaporation and the eventual production of steam from boiling water.  The phase-change from water to water-vapour is also an endothermic process.  Once the water is boiling the temperature stays at 100ºC until all the fluid is converted into vapour.  Further input from the immersion heater then rapidly drives the temperature up until the element gets red hot and burns out and the system slowly stabilises in a new state of equilibrium.

With this perspective we can re-examine what is happening in the polar regions.  Change in the solar energy uptake due to increased GHG concentration is around two-and-a-half times greater at the poles than it is at the equator.  These are also regions in which some of the most powerful positive feedback processes are most active.  Although there has been some shift in temperature in the Arctic and Antarctic areas, the main phenomenon is the rate of ice-melt.  The temperature change is almost irrelevant at this phase in the system dynamics.  What is really significant is the huge amount of energy being absorbed as latent heat by the ice-to-water endothermic process.  That (and not the small temperature change) is the true measure of the global heating being activated by the GHG emissions.  If we measure the total mass of ice that is melting per year (including high-altitude glaciers and the ice component of permafrost), we can see the GHG effect more clearly.  When we measure the rate of change in this figure on an annual basis we are able to recognise the acceleration in global heating due to the sum of accumulation of GHG emissions together with the cumulative effect of the net positive feedback processes already at work.

The high altitude glaciers together with ice-caps of the polar regions serve as massively inert thermal dampers on global climate change.  Ice-melt absorbs vast amounts of energy during periods of heating.  Conversely ice-formation (an exothermic process) releases vast amounts of latent heat during periods of cooling.  Ice smoothes out the extremes of climate change.  On an annual basis, ice-formation during the winters releases large amounts of energy so preventing temperature from dropping too low.  In the summer the ice-melting absorbs large amounts of energy so ensuring that temperatures do not rise too far.  The polar ice caps provide global heating in the winter and global cooling during the summer.

The same damping functions apply over the longer time-span of climate change.  Global warming is prevented from becoming too severe by reduction in glacial mass.  Global cooling is moderated by glacial expansion.  However, once all the ice has melted, the endothermic damping effect is no longer active, and the whole power of the new energy inputs drives temperature change at a very much higher rate.  We will not only face significant rise in sea level, but will then be exposed to rapid global warming unprotected by the damping effect of the polar ice-fields.

The ice-to-water phase change is not the only endothermic process skewing our perception of global heating.  Rise in air temperature and in the temperature of the surface layers of oceans and moist land systems leads to increased evaporation.  The phase-change from water to water-vapour is also endothermic.  The outcome is not only increased atmospheric humidity (itself a powerful positive feedback loop in global warming) but also relative cooling at the evaporation interface.  Temperature rise is inhibited but the increase of energy in the system due to the change in GHG concentration is transformed into rising humidity.  Some of that energy then becomes available in driving more powerful weather systems as the latent heat is liberated in the condensation process during cloud-formation.  As before, monitoring temperature increase gives a false measure of the effects of global heating.  The energy-change inventory must take into account energy absorbed in the phase-change process to give a complete picture of the outcomes of increase in the GHG concentration and the associated set of positive feedback dynamics.

To focus the collective mind, suppose there were no time-delay in the system and the effects of current concentrations of GHG, together with coupled feedbacks were reflected in present temperature.  Then suppose that no phase-change was endothermic so that the total power of global heating was harnessed directly to drive the present temperature response.  What would be the appropriate change in global temperature and how would it be distributed?

It is clear that attempting to assess the effects of global heating by observing contemporary small temperature changes in global warming is utterly misleading.  Basing strategic decision-making on such a process has devastatingly dysfunctional outcomes.
10.  Compound Interest: the Multiplier Effect

In a simple system without feedback mechanisms, the volume of GHG emission has a direct relationship with change in GHG concentration.  The UN Framework Convention for Climate Control (UNFCCC) and the subsequent Kyoto Protocols are based on that model of system dynamics.  The inclusion of feedback processes changes the situation fundamentally.
In the simple system, adding more GHG to the atmosphere is like depositing extra capital in a bank account, the principal goes up by the amount deposited.  Changes in the regular amounts deposited or withdrawn have a direct and equivalent effect on the bank balance.  Positive feedback loops introduce the concept of interest-rate.  Moreover, the resultant interest is constantly added to the account and itself generates more interest.  Feedback loops in a complex system therefore behave like compound interest.

Where many feedback loops operate in the same system, they represent many differing interest rates all acting on the same principal at once.  Their products are all accrued to the account and become the basis for driving the cumulative compound interest of all the others.  In other words, not only does each feedback loop act as a compound interest driver in its own right, but as a set the feedbacks interact with each other to increase the rate of compound interest.  In the climate system, even further complexity arises from the existence of second-order feedback.  The interest rates themselves vary, some of them being positively linked to the amount of the principal already accumulated in the account, while others increase in proportion to the rate of increase currently operating, so accelerating the compounding of the interest.  This is the multiplier effect of climate change.
Provided the interest rates are very low, and the amount in the account is not too large in comparison to the sums deposited or withdrawn, then the account-holder retains power to control the principal.  However, if the interest rates themselves start to grow, and the sums deposited or withdrawn are small in relation to the accrued principal, then the change in the amount in the account is increasingly dominated by the complex set of compound interest mechanisms.  Over time, the activity of the account-holder becomes increasingly insignificant.  Eventually, account-holder control is completely lost, and the bank-balance goes into complex exponential growth.  Nice for the account holder.  Catastrophic for the bank.

11.  The Seduction of Simple Systems

In a simple system (i.e. one not subject to feedback) any specific increase in the concentration of GHG would generate a specific increase in global heating.  Over time, that would generate a particular corresponding change in global temperature, in a simple relationship of cause and effect.  The temperature gradient from initial equilibrium to final state could be mapped, even though its progress would be subject to thermal inertia in the world system together with processes of endothermic damping.  The simplistic strategy for intervention in such a system merely involves changing the level of accumulated GHGs in order to adjust the level of global heating and eventually yield the desired outcome in global temperature.  It can be undertaken at any time without undue increase in cost or jeopardy to the final outcome.  The only caveat is that the longer the delay in intervention, the higher the concentration of GHGs, the higher the resultant temperature and the longer it takes to solve the problem.

Unfortunately, complex thermodynamic systems (i.e. those subject to multiple, non-linear, interactive feedback loops, both positive and negative in effect and subject to a variety of time-delays and compounded by a set of endothermic and exothermic phase-change processes) simply do not behave like that.

Introduce a single step-change in GHG concentration to such a complex system and you initiate a given shift in global heating.  However, the resulting trajectory of temperature change triggers feedback processes that in turn change the global heating and continuously re-adjust the outcome temperature change.  In reality, change in GHG concentration is itself continuous and non-linear and is reflected in continuous change in global heating.  Feedback loops are activated not only by change in temperature but also by change in the concentration of GHGs on which they also operate so modifying the global heating.  The resultant temperature gradient and distribution at any given time are therefore highly complex functions of historically activated causality.  The fact that some feedback loops are themselves dependent on the temperature change makes them subject to time delay in their activation and subsequent operation.  Eventual system behaviour may have little or no relationship to subsequent changes in the GHG emission levels.

The application of simplistic cause and effect interventions to such complex systems may be politically seductive.  They cannot be depended upon to deliver planned outcomes and may prove catastrophic in their effects on long-term system behaviour.

12.  Power to Intervene

Naturally occurring negative feedback loops, that held global temperature and GHG concentration in a stable equilibrium down the ages, have now been overwhelmed by the rate and scale of human industrialisation, combustion of fossil fuels and consequent emission of GHGs.  So Dennis Meadows writes:  “What we really need is to find some major new negative feedback relations”.  They are not out there to be found.  If we are to have any hope of returning climate change to a stable equilibrium with survivable temperatures, we will have to design and implement the negative feedback processes ourselves.

One initiative that would establish a negative feedback loop is the massive reconstitution of the tropical and temperate forests.  That is a possible but nowhere near sufficient intervention.  Carbon sequestration is limited to the period of establishment of the mature forests.  Beyond that the contribution to damping climate change is minimal.  Interestingly, forestation in high latitudes (where bright snow-fields previously reflected sunlight in winter) may actually decrease the albedo effect and increase global heating, so off-setting any gain from carbon sequestration.  In any case the initiative flies in the face of the human despoliation of the environment as we engage the constraints of limits to growth.

The only effective mechanism that may still be open to us is the reduction of GHG emissions on such a scale and in such a time-frame that it will actually slow, halt and reverse the increase in GHG concentration.

The intervention will also need to out-perform any positive feedback mechanisms that may be triggered during the long period of heightened temperature.  The required outcome is the eventual return of the level of global heating and its equivalent global temperature, to a survivable and stable equilibrium.

13.  Differentiated Interventions

Each set of feedback processes demands a different level of emissions control, set within a specific time-frame.  The possible feedback-damping interventions must now be examined in detail.

The first set of CO2-dependent feedback loops, which increase CO2 concentration and drive global heating, can be neutralised by stabilising CO2 concentration itself.  That requires a reduction in CO2 emissions to a rate which can be totally absorbed by the environment and therefore leads to no further accumulation of atmospheric CO2.  Time-delay in this process is minimal.  Establishing an effective negative feedback mechanism involves a further reduction in CO2 emission to the level at which the environmental capacity for absorption is significantly greater than the total volume emitted.  That would reduce the concentration of atmospheric CO2 as well as reinforcing a set of other negative feedbacks.  It would go some way towards reducing the energy inputs of global heating that drive global warming, albeit with significant time delay in the slowing down and reversal of the temperature profile.

The second set consists of hybrid loops, driven by rising temperature but resulting in increased CO2 concentration.  Since there is a significant time-delay in the stabilising of global temperature for any given CO2 concentration, these loops would continue to be active after the point at which the first set had been neutralised.  Rising temperature would therefore continue to lead to increased CO2 concentration.  That in turn would reactivate the first set of feedback loops which are themselves dependent on CO2 concentration.  Neutralisation of this process would therefore require significant further reduction in emissions during the period before temperature increase had been halted.  Once that maximum had been passed, sustaining the reduced level of CO2 emissions would set up an effective negative feedback loop with the delayed outcome of further reduction in the global heating, leading to an appropriate period of global cooling, and an eventual re-establishing of stable equilibrium.

Within this set, however, are at least two feedback processes that are triggered by changes in rainfall distribution and the passing of a particular temperature threshold.  If that threshold were to be exceeded during the deceleration phase, even further reduction in CO2 emission (or the establishment of a negative-carbon regimen) would be required to establish the required negative feedback.  There might not be enough slack in the system to do that.  It would therefore be essential not to cross the trigger threshold.  Given the long time-delay between the levels of CO2 concentration already in place and the resultant future peak of global warming, we may already have passed that watershed.

The third set comprises the feedback loops that are temperature driven and independent of the CO2-emission cycle.  These continue to drive temperature upwards for as long as temperature is actually increasing.  They are totally independent of the rate of emissions or the concentration of CO2.  They also set off mechanisms of global heating which are themselves subject to the inertia of long time-delays in reaching their full effect.  The albedo effect, the increase in water-vapour concentration and the release of methane from thawing permafrost are three of the most powerful positive feedback loops driving the acceleration of global heating.  The hotter it gets the more powerfully active this set of feedbacks becomes, setting in motion an uncontrollable chain-reaction with a long built-in time-delay.  Containment of this set of positive feedback loops and their transformation into a negative feedback process will require a dramatic reduction in GHG emissions at the earliest possible date in order to ensure the lowest possible peak of the temperature trajectory.  It is not clear whether that window of opportunity is still open.

This set also includes the temperature-threshold-triggered commencement of the release of methyl clathrates.  This is a hyper-exponential process in that increase in post-threshold temperature accelerates the cascade of methane release, with long time-delay in its cumulative effect on global temperature.  Once that threshold has been passed we will have triggered an extreme disturbance of the climate equilibrium and set off an irreversible period of global warming which could result in the elimination of most life on earth.

If we are to survive as a species it is essential that this threshold is not exceeded at any point, even if that requires the achievement of a strongly negative carbon culture.

14.  Feedback Effect

This is the point in the analysis at which we must temporarily take leave of the familiar time-based representation of climate change modelling.  We must also move from the representation of the level of global warming to the recording of change in global heating, since the shortened time-scale of current changes, together with time-delay in temperature response, make it inappropriate to use temperature as the main modelling parameter.  We therefore now employ an energy-based representation of equilibrium topology and superimpose analysis of the relative effects of positive feedback as follows:

Figure 9 presents the right half of the equilibrium topology diagram.  Increase in global heating is measured along the horizontal axis.  The origin is taken to represent thermal exchange at the centre of the stable equilibrium before any disturbance in the accumulation of GHG emissions.  The vertical axis represents the potential energy of the equilibrium topology.

Near the origin the equilibrium is stable.  Disturbance is returned to the origin by a constraining set of change-damping negative feedback processes.  As the energy input from global heating rises, positive feedback loops engage and start to weaken the damping effect and the curve passes its inflection point.  As the positive feedbacks gain in relative power they eventually balance the negative feedbacks and the topology flattens out into the rounded summit of an unstable equilibrium or “tipping point”.  Once that threshold is passed the dynamics are dominated by the positive feedback loops and global heating accelerates away from the original value at the stable equilibrium state.


Figure 9

System parameters may eventually reduce the power of the positive feedback loops, slow the rate of heating, and bring the runaway process to a halt.  That will be cold comfort to us, as we, together with most other life forms are likely to be extinct before that happens.  If geological history is anything to go by it would take many millions of years for the system to regain its original life-supporting stable equilibrium.

The topology of the equilibrium conditions is not fixed.  It is itself mobile due to changes in the behaviour of the feedback processes in operation.  Engaging the limits to growth in the global ecosystem has not only triggered climate-change as a result of the increased concentration of GHGs.  It has also resulted in a series of interventions that have weakened the underlying natural set of negative feedback loops that have helped to sustain the stable equilibrium in the past.  The result is a lowering and flattening of the peak of the unstable equilibrium, advancing the point at which the positive feedback begins to dominate the dynamic and lowering the heating rate at which that occurs.  The increased vulnerability of the system to runaway climate-change is also accelerating as we move further and further into footprint overshoot.

In the next diagram we retain the same representation of change in global heating along the horizontal axis.  The reduction in emission of human-generated GHGs is the only intervention by which we can make a difference in the system dynamics





Figure 10
On the vertical axis we therefore now map the power of the negative (damping) intervention of GHG emission-reduction in relation to the effect of the positive (change accelerating) feedback processes.  For convenience of representation the ratio is expressed as a percentile.

At the origin, when GHG concentration is still virtually undisturbed and environmental absorption of emissions can still handle all we produce, power to contain system disturbance by reduction in emissions is 100%.  As emissions start to exceed environmental re-absorption capacity, the GHG concentration starts to rise.  That sets in train eventual (time-delayed) response of the temperature disturbance.  By the time global warming becomes detectable, positive, change-reinforcing, feedback loops have already started to play their part.  As global heating continues to rise, the power to make a difference in the feedback balance by reducing emissions, starts to decline.  Eventually the positive feedback process takes control and all further effect of emissions reduction is nullified.  The critical heating threshold at which this takes place represents the closing of the window of opportunity during which human initiatives to generate negative (system-damping) interventions are still able to halt global warming and return it to a stable, life-sustaining, equilibrium.
Current strategic planning tends to discount the significance of latitudinal variation in global heating, or the damping effect of endothermic processes.  It also takes little account of the time-delay between establishing a given concentration of GHG and the resultant stabilisation of appropriate temperature.  Above all it ignores the power of the feedback effect and falsely assumes that the same level of reduction in CO2 emissions can halt global warming at any chosen future time.  That is an erroneous set of assumptions that is currently putting the whole future of our world in jeopardy.
15.  Critical Threshold

The stark implications of this last section are made even clearer if we express the power of the positive feedback system as a fraction of the power of the controlling intervention system.


Figure 11
While global heating remains close to the original equilibrium, the value of the ratio is virtually zero.  The influence of the positive feedback loops is minimal and the situation is consistent with the assumptions of current strategic thinking.  As global heating starts to rise the effect of the positive feedback process begins to climb.  The capacity to intervene in the system by reducing GHG emissions quickly decays.  The more powerful the positive feedback loops become, the more massive and costly is the intervention needed to return the system to equilibrium.  As the energy exchange approaches the critical threshold, the power ratio between positive feedback and controlling intervention (and the total cost of making an effective intervention) reaches a vertical asymptote.  In other words it approaches infinity.

Beyond that critical threshold in global heating there is no further intervention capable of damping the system.  The runaway chain-reaction of uncontrollable climate change will have been initiated.

Current strategies assume no limit to the time-scale within which it is still possible to intervene effectively.  They also deny any degrade in the ability of emissions-reduction to control GHG concentration however high it becomes.  In so doing they gravely underestimate the power of positive feedback.  These are false assumptions that are placing the future of our world in extreme danger.
We are now ready to combine the equilibrium topology surface with the critical threshold graph in a single diagram.  (See figure 12)  As before, the increase in global heating is mapped along the horizontal axis while the potential energy of the equilibrium surface is recorded up the vertical axis, representing the balance between the negative and positive feedback systems.

Pre-industrial accumulation of human-generated GHGs just cancelled out the natural damping negative feedback system, leaving the earth in balance in a condition of unstable equilibrium.  Exponential increase in GHG concentration driven by the industrial revolution then tipped the system over the top of the hill and into the present state of accelerating climate change.  The effects of human-generated emissions were amplified by an increasingly powerful set of positive feedback mechanisms, the behaviour of which is driven both by increase in GHG concentration and by the time-dependent pattern of temperature change.  The further we move away from the position of unstable equilibrium, the more powerful the positive-feedback system becomes, and the faster is the resultant rate of climate change.

Intervening in the system by reducing GHG concentration is a bit like trying to run back up a variable-speed downward escalator.  To start with we can out-run the descent and regain the top.  However, as time passes, the rate of descent accelerates and all our efforts have less and less effect.  Eventually descent speed just equals our best climbing rate and we stay still while running flat out!  Beyond that critical threshold, the speed of descent overwhelms our best effort and we are swept inexorably down at an ever-increasing rate.

The vertical asymptote of the critical threshold rises through the down-slope, beyond the peak of the unstable equilibrium.  The window of opportunity within which reduction in GHG emissions is able to contain the process of global heating and return the system to equilibrium, lies to the left of the critical threshold.  It is not yet clear how close to that threshold we are in reality, or whether in fact it has already been passed.  Loss of power to intervene in the system becomes absolute as the asymptote is approached.  The closer we come to the critical threshold, the more massive and costly the required intervention becomes.

Figure 12
16.  Dimension of Time

Let us now re-introduce the dimension of time from left to right along the front horizontal axis, so creating a three-dimensional modelling space.  Global heating retreats along the other horizontal dimension, while the potential energy of the equilibrium system is mapped on the vertical axis.  We can then extrapolate the lines of the previous diagram (now the left face of the cube) as surfaces within the volume of the resultant three dimensional space.

(Insert:  Figure 13)

(serious computer graphics probably best done in Flash with animation)

The equilibrium topology is now represented by the ridge stretching from left to right through the space.  Near to the front face of the cube is the area of stable equilibrium.  The surface rises from the valley through the inflection line, where the positive feedback loops begin to influence the system.  It then climbs on up to the summit of the ridge which marks the unstable equilibrium or “tipping line” of the system.  Here the positive and negative feedback processes just cancel each other out.  Over the hill the positive feedback loops are dominant and drive the runaway global heating and resultant climate change.

The vertical asymptotic wall of the critical threshold reaches up through the downward slope on the far side of the ridge.  It contains the area within which reduction of GHG emissions still constitutes an effective intervention able to return the system to a stable equilibrium.  As the wall is approached the power of this intervention decreases rapidly.  In other words the reduction in emissions required to stabilise the system becomes massive and increasingly costly as the asymptotic boundary is neared.

As human activity overshoots the limits to growth and moves into increasing debt in terms of the global ecological footprint, environmental degradation weakens the naturally occurring negative feedback loops.  The downward slope beyond the ridge steepens with passing time.  Without significant interventions the critical threshold of global heating also reduces and moves the asymptotic wall back, closer to the summit of the ridge.  Both phenomena reduce still further the window of opportunity within which it is still possible to avoid the chain-reaction of runaway climate change.

17.  Family of Scenarios

There is an infinite number of possible journeys across the landscape.  The pathway corresponding to time past is, however, already fixed.  It started at the origin in the undisturbed state of stable equilibrium.  All emitted GHGs were still able to be absorbed by the environment and there was no additional greenhouse effect caused by human activity.  Global heating had not yet commenced.  During the pre-industrial phase increasing GHG emissions from human expansion, livestock, agriculture and progressive de-forestation balanced out the negative feedbacks.  The path turned up the slope to the top of the ridge and the tipping-point of unstable equilibrium.  Over the last two centuries emissions have soared, fuelled by the exponential conflagration of fossil biomass.  Concentration of un-absorbable GHGs has accelerated sharply and the greenhouse effect has activated global heating.  Positive feedback loops have kicked in and our journey has taken us over the top of the ridge and onto the downward slope toward the point of no-return.

The “business-as-usual” path stretches downwards on the steepening slope, passes through the asymptotic wall of the critical threshold and descends ever-further into the vale of positive feedback, the landscape of runaway climate change.

At this stage we do not know how far we have come along the path or whether we have already passed the critical threshold.  What is palpably clear is that current strategic interventions aimed at slow reduction of the rate of increase in GHG emission or, better still, decrease in the volume of emissions themselves, even if successful, do not reduce GHG concentration.  They merely reduce the rate at which GHG concentration rises.  Global heating continues to increase, albeit at a somewhat reduced rate.  Positive feedback processes are not de-activated but slightly damped.  The projected path through the equilibrium landscape deviates slightly to the right.  The descent is slowed, but continues inexorably down the slope, away from the ridge and on past the critical threshold into the domain of runaway climate change.

The only intervention that can halt the descent, turn it along a contour-line and then make it climb slowly back up and over the ridge, is to engage a strategy of sustained reduction in GHG concentration, stabilising and reducing the rate of global heating and initiating a period of global cooling.  (see Figure 8)  That scenario would have to be held in place whatever positive feedback loops were activated in the long period before the rise in global temperature was halted, reversed and brought into a constant stable equilibrium.  The sharper and faster that intervention is effected, the more hope we have of averting an otherwise inevitable climate catastrophe of our own making.

Anything we can do in addition to restore and strengthen the natural negative feedback mechanisms would steepen our path, ease our climb and swing its direction away from the danger of uncontrollable descent.  That would give the chosen path the best hope of climbing back over the top of the ridge and returning successfully and sustainably to a stable equilibrium within viable limits of global temperature.

The historic effects of global heating already activated, together with further heating during the slow reduction period, will inevitably continue to drive global warming upwards for decades to come.  We could map the temperature graph on the base of the cube, showing the results of the long time-delay and the effects of the endothermic damping.  We do not know at present whether or how far the powerful temperature-dependent feedback processes would be activated during that time.  During the period of increasing temperature we would be extremely vulnerable to powerful positive feedback loops that could re-engage global heating and force us back up and over the ridge and down through the critical threshold.  That could still happen despite our best efforts at GHG density reduction.  If we were successful in bringing the feedback system under control, then the temperature would eventually peak before it commenced its long slow cooling period.  That process would in turn be subject to long time delays caused by thermodynamic inertia and subject to severe damping by the exothermic phase-change of ice formation and the condensation of water vapour.

There would be profound effects on climate change during the prolonged period of global warming and subsequent cooling before a new stable equilibrium could be established.  They would be minor in comparison to the devastation resulting from failure to contain the process.

18.  Environmental Absorption of CO2 Emissions

The strategic goal of reduction in the concentration of atmospheric GHGs has to be achieved in the realistic context of environmental capacity for emissions absorption.


Figure 14

The illustration is taken from “The climax of Humanity”, George Musser, in Scientific American, September 2005, Special Issue: “Crossroads for Planet Earth”, p25.

Of the 7.2 gigatons of carbon currently emitted, the global commons absorb 2.0 gigatons, or approximately 28%.  This contrasts to the “roughly half” absorption estimates often quoted, but reflecting conditions which were already surpassed in the late 1960s.  The environmental absorptive capacity is represented as constant at current level, while the emissions continue to increase (albeit with the two contrasting trajectories of high and low projections of growth in world GDP per capita).  The percentage absorbed therefore continues to decline until peak emission rate is reached, decreasing to under 17% even on the low growth scenario, while plunging to a mere 12.5% by 2050 on the high growth prediction.

That is not, however, the complete story.  In reality, the absorptive capacity of the global commons is not constant.  It is decreasing as global warming starts to bite and as the environment continues to degrade under the increasing impact of the growing human population with its concomitant escalating resource use and pollution.  However much the rate of increase in greenhouse gas emissions is brought under control during this period, while emission rates exceed absorption capacity, the accumulation of GHG concentration continues to rise.

Emission rates have to be reduced to the equivalent of the current absorption capacity (which will have degraded below the present 2.0 gigatons pa. during the reduction period) before the rise in concentration of atmospheric GHG is halted.  Reducing the concentration of GHG demands maintaining the emission rate well below the absorption rate for decades, while also compensating for the temperature-sensitive positive feedback loops triggered during that period.  That is the strategic imperative which must now be engaged with the utmost urgency if runaway climate change is to be avoided.

19.  Costs of Control

Our ability to make a difference to the system behaviour decays dramatically as the critical threshold is approached.  Moreover, the closer we come to the critical threshold, the more massive and costly the intervention required to achieve the same reduction in GHG concentration.

Those two bald statements serve to highlight the dramatic and escalating impact of positive feedback on both the possibility and the costs of regaining control of global heating.
The economic and social cost of achieving and sustaining the required reduction in the concentration of GHGs is already immense.  It increases out of all proportion as we engage the critical threshold.  The financial and human imperatives add urgency to the strategic imperative.  The sooner and more effectively we act, the more chance we have of returning the climate crisis to a survivable equilibrium, and the less it would cost to achieve that end.

We have already squandered the three decades of opportunity since the early warning of trouble ahead was sounded by the scientific community.  In such a massive and complex system, with long time-delays built-in to its performance, it was insane to wait until effects were already visible before starting to act.  The current costs of regaining control of climate change are now far greater than they would have been had the global community responded appropriately in the 1970s.

We cannot afford any further delay in effective action.  Any procrastination increasingly risks global bankruptcy in financing the needed intervention, and massive human suffering in carrying it through to completion.  It also threatens our ability to regain control before the system is overwhelmed by the positive feedback loops and drifts inexorably into runaway global warming.  To allow the collusional vested interests of the social, economic and political systems to continue to hijack the world and hold it to ransom for the sake of short term profit and national protectionism, would be an act of collective suicide.  I do not wish to believe that humanity is that mad.
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Further Analysis of Basic Equilibrium

As Ruddiman shows, the periodicity of change in concentration of GHG coincides with the changes in received solar energy stemming from orbital precession, shifts in tilt of the earth’s axis and in the shape of the orbit itself.  However, research released by the UNFCCC now helps us to understand the underlying structure of what appears at first sight to be a simple stable equilibrium:

Changes in greenhouse gas concentrations may have helped to amplify ice-age cycles. The small fluctuations in energy arriving from the sun due to the earth's orbital wobbles are not large enough to account for the size of global temperature changes during the ice age cycles. Ice-core samples show that greenhouse gas levels also varied significantly and may have played an important role in amplifying temperature fluctuations.  See: http://unfccc.int/essential_background/background_publications_htmlpdf/climate_change_information_kit/items/285.php
The basic equilibrium can therefore be further understood as the interaction of two processes.

Firstly:  Biosphere production/reduction of greenhouse gasses responds to changes in solar energy with positive (change-reinforcing) feedback, whether of heating or cooling.  This amplifies the effect of the change in solar heating.  Cyclical changes in global temperature are the combined result of shifts in received solar energy and their amplification by the effects of changing concentration in atmospheric GHGs.  The GHG production and resulting changes in concentration of atmospheric GHGs, therefore constitute an unstable equilibrium.  From its tipping point, increase in solar heating sets off runaway global warming.  Conversely, from the same point, decrease in solar heating sets of runaway global cooling.


Unstable equilibrium of Biosphere GHG production

Secondly:  This unstable equilibrium is contained by the changes in solar heating.  As energy received from the sun starts to decrease after reaching its maximum, it provides a more powerful negative feedback that halts and reverses the weaker positive feedback of the biosphere.  Runaway global warming is stopped and reversed.  Similarly, at the other end of the cycle, as energy received from the sun starts to increase after reaching its minimum, it again provides a more powerful negative feedback that halts and reverses the weaker positive feedback of the biosphere.  Runaway global cooling is stopped and reversed.


Equilibrium containment by change in received solar energy

The combined effect of these two interacting features results in the stable equilibrium illustrated in the main text as figure 2.


Combined Stable Equilibrium

This deeper level of analysis alerts us to one very significant proviso.  Should any intervention occur to the system dynamics that neutralises the damping effect of changes in received solar energy, then the underlying unstable equilibrium of the biosphere would be exposed without containment.  Runaway climate change would proceed without further control.

That is precisely the situation in which we now find ourselves.  As received solar energy began to decrease at the end of the last period of inter-glacial warming, human emissions of GHGs began to increase.  The emissions came from the increasing numbers of human beings and their livestock, together with the effects of agriculture and de-forestation.  Up to the start of the industrial revolution, atmospheric concentration of GHGs stayed stable instead of following the expected decay due to containment by lower received solar energy.  Instead of moving slowly into the next phase of glaciation, global temperature has stayed virtually constant over the last 8-10 thousand years.  The damping effect of the solar containment of the unstable equilibrium of the biosphere, was neutralised.  In terms of the equilibrium topology, we had already moved from the valley-floor of the stable equilibrium onto the top of the ridge of un-stable equilibrium.  The pathway into runaway climate change was down-hill all the way, even before the start of the industrial revolution.

At this point humanity unleashed an escalating conflagration of fossil bio-mass.  The resultant (and still soaring) rise in concentration of atmospheric GHGs has driven global heating well beyond the solar containment at the peak of any period of inter-glacial warming in history.  In effect we have strengthened the positive feedback of the global biosphere until it has outweighed the containing negative feedback of changes in received solar energy.  The outcome is the precipitation of a now uncontained period of runaway climate change, driven by the naturally occurring positive feedback loops of the biosphere.

We are now in the early stages of an extreme disturbance of the global climate.  There is no naturally occurring negative feedback process in place to contain its effects.  Strategically the only option open to us is the replacement of the neutralised damping effect of reduction in received solar energy with an intervention of sufficient power to overcome the now active positive feedback process.

If we wish to survive as a species on a planet capable of sustaining life as we now know it, then, as a matter of extreme urgency, we must begin the fastest possible reduction in the density of atmospheric GHGs.  That intervention will have to be sustained throughout the coming period of global warming triggered by our past activity.  It will also have to overpower the effects of naturally occurring, temperature driven, positive feedback during the same period.  After a prolonged period of compensatory global cooling, the sustainable outcome (if it could be achieved) would be a new stable equilibrium in which the moderating containment of negative feedback (required to manage the naturally occurring positive feedback processes of the biosphere) would be managed by human activity.

A stable climate could be maintained by keeping GHG concentrations around the level of the peak value of the periods of inter-glacial warming.  Slow increase in GHG concentration would be required during phases of decrease in received solar energy which would otherwise result in glaciation.  Slow reduction in GHG concentration would then be required during periods of increase in received solar energy, in order to off-set global warming and maintain the climate equilibrium.  If we succeed, then life would be sustainable for the foreseeable future.  If we fail there would be no foreseeable future.

David Wasdell

Meridian Programme

12th. September 2005
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