Making Sense of Climate Change

There is no doubt that climate change is happening. There is measurable warming of air and oceans. Arctic sea ice is melting in summer, greenhouse gas levels are increasing rapidly, glaciers in the Glacier National Park and snows on Mt Kilamanjaro are a fraction of their sizes of 50 years ago, the North West passage is open for the first time in centuries, the frequency and intensity of storms have increased. The list goes on. Climate scientists are overwhelmingly convinced of the cause, and increasingly concerned about the implications. 

Climate change is happening. But is it due to human activity, as the climate scientists claim? After all, climate change has happened in the past, when there were not 6 billion people living on the planet. A simple example will provide a useful starting point to understand the causes of climate change, now, and in the past. Consider an incandescent light bulb that is not switched on. It is in thermal equilibrium. The amount of energy it receives equals the amount of energy it emits. If we were to switch the light bulb on, more energy would be absorbed until a new thermal equilibrium was achieved. If we were to paint the light bulb, thereby reducing the amount of energy being emitted, the light bulb would heat up further until thermal equilibrium was achieved. 
The earth is far more complex than a light bulb, but this simple analogy provides a starting point for understanding climate change on the earth. There are just two underlying causes of climate change: a change in the rate of energy entering the earth (switching on the light), and a change the rate of energy leaving the earth (painting the light bulb). Natural climate changes in historical and geological times were due to changes in the rate of energy reaching the earth. Present day climate change is due to changes in the rate of energy leaving the earth.
Historical Climate Change

Greenland was colonised by the Norse by 1000 AD and the western settlement was abandoned in the mid 14th century. There were multiple reasons for colonising and abandoning the settlements, but it is no coincidence that the colony began during the mediaeval warm period with its ice free seas, and ended after a period of global cooling. These changes in climate were not due to human activity.
To understand the cause of historical climate change we need to understand a little about our sun. The sun is about 4.5 billion years old. It started life as a huge diffuse mass of interstellar gas. Like most of the universe, 70% of the gas was hydrogen and 27% helium. Under the influence of gravity, this gas was compressed. Eventually the pressure and temperature became so great that the electrons were stripped from their nuclei and the gas became plasma. This in turn allowed more compression by gravity until the increased pressure and temperature triggered nuclear fusion. In nuclear fusion, hydrogen is converted to helium, and energy in the form of radiation released. This energy is the source of all life on earth. 

However, the sun is not like a uniformly glowing light bulb. It has a core which is now 38% hydrogen and 59% helium, and an outer layer which is still 70% hydrogen and 27% helium. The temperature in the core is 1,000,000ºC while that on the surface is 5,800ºC. The outer layer is opaque to the radiation generated in the core. Heat is transferred through the outer layer to the surface by convection. Huge blobs of hot gas rise through the outer layer, resulting in the granularity seen in photographs of the sun’s surface. Energy is then radiated from the sun’s surface. 
The sun has a very powerful magnetic field, and concentrations of the magnetic field near the surface can inhibit convection, resulting in sunspots – earth sized depressions in the surface of the sun. Sunspots are slightly cooler than the surrounding surface (that’s why they appear dark), but are associated with an overall hotter surface and hence more energy being emitted. Sunspots can be seen with the naked eye at sunset (please don’t try!), and records of sunspot activity date back to 800 BC in China. John of Worchester described sunspot activity in 1129, and extensive records have been kept since astronomers began to use telescopes from about 1610. The major periods of recent sunspot minima are 1040 – 1080 (the Oort minimum), 1280 – 1350 (Wolf), 1450 – 1550 (Sporer), 1650 – 1715 (Maunder), 1790 – 1820 (Dalton) and 2004 - … (modern). Periods of low sunspot activity are associated with cold periods on earth. During the deepest of these, the Dalton minimum, sunspots were exceedingly rare. This period is often referred to as the mini ice age, when there were bitterly cold winters, the Rhine remained frozen until summer, growing seasons were shortened and starvation was widespread. In 1709, 13,000 German refugees fled to England. They were called “the poor Palatines”, since many came from the lands controlled by the Elector Palatine.
Variability in the sunspot activity, and therefore the sun’s output, is strongly correlated with historical records of climate change. This correlation is strengthened by analysis of the sizes of tree rings. Variation in the sun’s output, and therefore in the amount of solar radiation reaching the earth, is accepted as the cause of climate change in historical times. Although we are entering a period of lower sunspot activity, scientific consensus is that solar variations do not play a major role in the present day climate change.

Climate Change in Geological Times

Twenty thousand years ago, at the height of the last ice age (the Last Glacial Maximum), ice sheets covered most of northern Europe, Siberia, almost all of Canada, and, in the southern hemisphere, Chile and southern Argentina. The Laurentide ice sheet that covered most of Canada was up to 2 miles (3 kilometres) thick. This was not due to solar variation. Instead, it was caused by a fascinating interaction between three long term astronomical cycles, the earth’s elliptical orbit and its geography.
The most familiar astronomical cycle is precession, also known as precession of the equinoxes. Over a 23,000 year cycle, the direction of the tilt in the earth’s axis changes. This cycle, first proposed by Hipparcus of Nicea in 130 BC, is sometimes referred to as the wobble as it mirrors the wobble of a spinning top. At the present time, the axis points to Polaris, the north star. In eleven thousand years time it will point about 47º away from Polaris, and in another eleven thousand years return to its current orientation. Precession of the equinoxes is the reason that we are now in the “Age of Aquarius” as the sun is in the constellation Aquarius at the March equinox. The division of the ecliptic into 12 zodiacal signs was due to the Babylonians in the first millennium BC. At that time, the sun was in the constellation Aries in the March equinox, which is why Aries is the first sign of the zodiac. More importantly for climate change, perihelion also cycles. (Perihelion [aphelion] is the point in the earth’s orbit when it is closest to [farthest from] the sun.) Currently perihelion occurs on January 3rd. In 11,000 years time it will occur in early July.

As well as the precession of the equinoxes, there is also a 41,000 year cycle known as the precession of the ecliptic. The tilt, or obliquity, of the earth’s axis is 23.5º. Over the cycle, it varies from 22.1º to 24.5º. The precession of the ecliptic is driven by gravitational attraction of the two giant planets, Jupiter and Saturn. 
Finally there is a 100,000 year cycle in which the eccentricity of the earth’s orbit varies from 0.004 to 0.058. At its present day eccentricity of 0.017, the earth’s orbit is almost circular. But even at this eccentricity, southern hemisphere “summer” (the time between the March and September equinoxes) is a week longer than southern hemisphere “winter”. When the earth’s orbit is most elliptical, the earth’s furthest distance at aphelion is about 10% greater than its closest distance at perihelion. This cycle is also caused by interactions with the gravitational fields of Jupiter and Saturn. 

The link between these astronomical cycles and geological climate change had been hypothesised in the 19th century, but it was not until the early 20th century that the link was confirmed. Milutin Milankovitch was a Siberian geophysicist and civil engineer who was appointed to the chair of Applied Mathematics at Belgrade in 1909. During the Balkan wars and the First World War, he was interned by the Astro-Hungarian army, but allowed to work in the library of the Hungarian Academy of Science. He settled down happily and in 1920 published his monograph “Mathematical theory of thermal phenomena caused by solar radiation”. This work won him a considerable scientific reputation, and although objections were raised in the 1950s, investigation of deep sea sediments in the 1960s and 1970s brought widespread acceptance, and in the context of glacial periods, these astronomical cycles are referred to as Milankovitch cycles.

The Milankovitch cycles would not cause climate change were it not for the geography of the earth. The northern hemisphere has large land masses at high latitudes, but the polar regions are land-free. The southern hemisphere is the opposite. When aphelion occurs in northern hemisphere summer, less sea and glacial ice is melted. This in turn means that more solar radiation is reflected and less is absorbed by the earth. And the earth cools slightly. Over a period of centuries and millennia, glaciers and sea ice grow, resulting in the massive glaciers and ice sheets of ice ages. (A corresponding effect does not happen in the southern hemisphere as the Antarctic ice sheet is immensely thick and any change in the amount of ice melted makes very little difference to the area under ice, and so does not change the amount of solar radiation that is reflected.)

Precession of the equinoxes causes perihelion and aphelion to cycle through the months of the year. This is the major cause of geological climate change. The effect is enhanced by cycles that change the tilt of the earth’s axis and how elliptical its orbit is. Periods of global warming and cooling occur when these cycles are in phase, roughly once every 100,000 years. The climate change is caused by changes to the earth’s albedo – the proportion of light that is reflected back from the earth. Other factors, such as natural changes in greenhouse gasses do have an effect, but they are not the underlying cause and there is typically a lag of several centuries. Milankovitch cycles do not explain present day global warming.

Present Day Climate Change
Climate change in both historical and geological times is primarily due to the amount of energy reaching and being absorbed by the earth. Neither of those underlying causes is a factor in present day climate change. Instead, the primary cause of present day climate change is the blanketing effect of greenhouse gasses, which reduces the rate at which energy is re-emitted from the earth. The most important of these gasses is carbon dioxide (CO2). Analysis of ice cores from Antarctica show that CO2 levels are at their highest levels in at least 800,000 years. And they are increasing alarmingly. That the rise is due to human activity in burning plants and fossil fuel is shown by measurement of carbon isotopes. CO2 produced from burning forests and fossil fuels has a different isotopic composition from CO2 in the atmosphere. This analysis is supported by calculating the rate at which CO2 has been produced since the industrial revolution, and the smaller rate at which CO2 can be absorbed by the ocean and biosphere.
The blanketing effect of CO2 causes greenhouse warming in its own right. But this warming then causes other effects to lead to more and faster warming. Among these are melting of the permafrost, reduced albedo of the earth, release of CO2 from the oceans, more water vapour in the atmosphere, and loss of forests. A warmer climate leads to melting of the permafrost, which releases methane. Methane is a potent greenhouse gas, resulting in more warming. A warmer climate leads to more melting of glaciers, ice sheets and arctic sea ice, reducing the earth’s albedo so that more solar radiation is absorbed, resulting in more warming. A warmer climate leads to warming of the oceans, reducing their ability to absorb CO2 resulting in more warming. A warmer climate leads to more water vapour in the atmosphere. Water vapour is itself a greenhouse gas, so more water vapour results in more warming. These and other feedback mechanisms interact with each other, making a very complex system. Understanding these interactions is where the scientific debate is now. 
A particularly disturbing factor of global warming is that several of its causes can reach a point where their effect is irreversible. These are tipping elements, and the points at which they are triggered are tipping points. Among them are melting of glaciers, release of methane from the permafrost and clathrates (compounds that trap large amounts of methane) from the ocean floor, destruction of the Amazon forest by drought, bush fires destroying forests and the collapse of the Gulf Stream. Once methane is released into the atmosphere, for example, it cannot be put back. Once tipping points are reached, abrupt and runaway global warming can occur.
Not all consequences of global warming result in even more warming. The earth is a complex organism, and as such has the ability to self regulate. Plants may grow more with more CO2 in the atmosphere, although the jury is still out on this. There is more potential for negative feedback in the oceans. The earth’s oceans cover 70% of the planet at an average depth of nearly 4 km. Half of the CO2 produced by humans is stored in the oceans. One mechanism suggested is that a dryer climate could produce dust storms that blow iron over the oceans. Iron is a trace element that will increase the amount algae and plankton and hence fish. Some of the carbon in the fish will sink to the bottom of the ocean and be sequestered there, resulting in a cooler climate. However, the factors leading to a warmer climate swamp the capacity of the earth to self regulate. The earth cannot save itself.
Some climate scientists believe that we may have already passed the point of no return and that catastrophic climate change is unavoidable. Almost all agree that some climate change is inevitable, and that the window of opportunity to take decisive action is narrowing rapidly, and that the words of Chief Seattle in 1854 may well apply to us and to our children:
Where is the thicket? Gone.
Where is the eagle? Gone.
It is the end of living, and the beginning of survival.
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