CLIMATE CHANGE IN CONTEXT
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Climate change is just one part of a larger change. We have entered a new
geological epoch, the ‘Anthropocene’, in which the biosphere is heavily affected by
human activities. This is not yet an official term in geology: textbooks still say we
are in the Holocene, a geological epoch starting in 9750 B.C.. But the Holocene
was always a parochial term—while it marks the end of a glacial period, there have
been dozens of those, and there is nothing special about the last one except the rise
of human civilization. From the perspective of the Earth as a whole, what matters
is that our civilization has now expanded to the point of significantly affecting the
atmosphere, the oceans, sedimentation, biodiversity, and more. There is no way
to fully understand climate change, much less effectively ‘fight’ it or adapt to it,
without some sense of this larger picture.

We can tentatively break the Anthropocene into phases. The ‘Early Anthro-
pocene’; starting perhaps around the agricultural revolution, was characterized by
exponential (or faster) growth of the human population and its impact on the bio-
sphere [17, 27]. While local resource depletion has been a fact of life throughout this
period, and might at times cause indivdual civilizations to collapse [6], by the time
a world civilization was forged in the 20th century, exponential growth was per-
ceived by many as a natural state of affairs. Indeed, many economists, particularly
those with influence on government policy, seem still to be under the delusion that
exponential growth of resource consumption can continue forever on a finite-sized
planet.

However, this is impossible. It is true that ‘progress’, defined abstractly enough,
can in principle continue for millions or billions of years. However, raw physical
quantities associated to our impact on the planet cannot grow for centuries at their
current annual percentage rate. More importantly, there are many indications that
we are now approaching some limits set by the scale of our planet [25, 26]. Besides
the limits related to fossil fuel consumption, which we discuss later, here are some
examples:

e About one quarter of all ‘net primary production’ is now used by humans
[11]. Net primary production is the rate at which all the plants on Earth
produce useful chemical energy, minus the amount they use themselves
during respiration. Human use of net primary production doubled during
the 20th century.

e The rate of species extinctions, while difficult to estimate precisely, is some-
where between 100 and 1000 times its usual background rate [15, 18].

e Humans now take more nitrogen from the atmosphere and convert it into
reactive forms than all other terrestrial processes combined [8, 9]. Much of
this reactive nitrogen is used in fertilizer and winds up in oceans, causing
eutrophication and the formation of ‘dead zones’. A recent study counted

1



2 JOHN C. BAEZ

about 400 dead zones, ranging in area from 1 to 70,000 square kilometers
[7].

e The amount of phosphorus flowing into the oceans is 8-9 times higher than
its natural background rate [16]. This phosphorus is mined, used as fertilizer
and runs off into the oceans. This is another cause of dead zones.

e Soil erosion from conventionally plowed agricultural fields is 10-100 times
higher than the natural background rate of erosion or soil production [20].

So, we seem to be entering a new phase, the ‘Middle Anthropocene’, where the
exponential growth of many physical quantities associated with human civilization
comes to an end. This can happen in various ways. For example, a quantity can
level off and approach an equilibrium value. It can begin to oscillate. Or, its
growth can lead to a ‘tipping point’. This is a self-amplifying change which leads
to a qualitatively different state of affairs. These are just some of many possibilities.
Indeed, tipping points themselves come in many varieties, some of which have been
classified mathematically [34].

Consider for example the population of humans on Earth, as shown in Figure
1. In the Early Anthropocene, say roughly from 10,000 BC to 1950 AD, the world
population generally grew exponentially or faster, despite some setbacks.
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More recently, the annual percentage population growth rate has begun to drop.
In 1970 it was growing at 2% per year. Now it is growing at about 1% per year.
This is one sign among many that we are entering a new phase: the Middle An-
thropocene.

The future, of course, remains open. We can imagine various scenarios. The
population could level off at some new equilibrium. It could crash. It could level
off and then slowly decline to a much lower level as birth rates drop worldwide
below replacement rates, as they already have in Europe and Japan. Alternatively,
it could level off but then crash when resources are depleted, or a nuclear world
war occurs.

In their 2012 report [36], the UN projected that the world population will level
off, growing to 9.6 billion by 2050 and 10.9 billion by 2100. This projection assumes
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no dramatic developments, but still there is considerable uncertainty, as shown in
Figure 2.
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2. Population projections, World Population Prospects: the 2012 Revision,
United Nations.

Of all the scenarios we can imagine, one of the most implausible is that the
human population on Earth increases exponentally forever, in a continuation of the
‘constant fertility’ curve in Figure 2. Human civilization could expand into space,
or replace itself with artificial intelligence, but these would count as ‘tipping points’,
in which the whole meaning of population changes.

For another example of the shift from the Early to the Middle Anthropocene,
consider carbon emissions and their effects. From 1800 until now, global carbon
emissions grew in a roughly exponential way, as shown in Figure 3. In 2011, our
use of fossil fuels and cement together with land-use change and deforestation put
about 10.4 gigatonnes of carbon into the atmosphere [12]. This is a remarkable rate
of increase, because the total amount of carbon in the atmosphere is only about
860 gigatonnes.

However, limiting factors are beginning to come into play. One is resource de-
pletion. This is a hotly argued subject: clearly exponential growth of fossil fuel
use must end eventually, but there is little consensus on when. Another is climate
change. We have already pushed the CO2 concentration well above its previous
peak values for many previous glacial cycles, as shown in Figure 4. This is driving
temperatures upwards, breaking the natural cooling trend that began around 5000
BC, as shown in Figure 5. It seems we have already emitted enough COs to delay
the start of the next glacial period by thousands or even hundreds of thousands
of years [2, 5, 35]—another sign that we have entered a new geological epoch, the
Anthropocene.
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5. Reconstruction of temperature from 73 different records, Marcott et al.

More importantly, the rate of increase of both CO2 concentrations and global
average temperature is unusually high. Ecosystems, and perhaps human civiliza-
tion, can adapt to quite large temperature changes if these occur slowly enough.
But adaptation takes time. The sudden changes we are imposing will almost cer-
tainly boost extinction rates beyond their already heightened level [33], and stress
human civilization in ways we are just beginning to understand.

My main point, however, is that climate change is just one aspect of something
much bigger: the transition from Early to Middle Anthropocene. It is not an
isolated ‘problem’ of the sort routinely ‘solved’ by existing human institutions.
It is part of a shift from the exponential growth phase of human impact on the
biosphere to a new phase. Before, we might be tempted to treat ‘nature’ as distinct
from ‘civilization’. Now, there is no nature separate from civilization. Before,
exponential growth might be regarded as a natural state of human affairs. Now,
every form of growth must be assessed for its effect on the biosphere.

In this new phase, we will be increasingly aware of possible tipping points. Only
some of these are associated to carbon emissions. Here are some that are:

e Loss of Arctic sea ice. The summer minimum extent of Arctic sea ice has
dropped from roughly 5 million square kilometers in 1980 to roughly half
that in 2013. As sea ice melts, it reveals a much darker ocean surface, which
absorbs more sunlight, warming the Arctic even more. This self-amplifying
effect could lead to a tipping point, with the result being a permanently
ice-free Arctic Ocean.

e Melting of the Greenland ice sheet. Between 2003 and 2010, ice on
Greenland has been melting at an average rate of about 250 gigatonnes
per year, but the melting has been accelerating at roughly 20 gigatonnes
per year each year [24, 29, 37]. When ice melts to the point of revealing
the darker rock beneath, a self-amplifying effect occurs. If all 3 million
gigatonnes of ice in Greenland were to melt, it would cause a sea level rise
of about 7 meters. However, this will take a long time, and the worst-case
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scenario seems to give at most 2 meters of sea level rise by 2100 due to all
causes, not just Greenland [23].

e Melting of the West Antarctic ice sheet. Between 2003 and 2009, the
West Antarctic ice sheet has been melting at an average rate of about 170
gigatonnes per year, with an acceleration of roughly 13 gigatonnes/year?
[24, 29, 37]. If the ice melts to the point where ocean water undercuts the
ice sheet and separates it from the bedrock, a self-amplifying effect arises
that could lead to a collapse of the ice sheet. If all 2 million gigatonnes of
this ice were to melt or drift into the ocean, it would cause a sea level rise
of about 5 meters.

e Permafrost and tundra loss. Permafrost in the northern hemisphere is
starting to melt, releasing carbon dioxide and methane, which are green-
house gases [30]. Again, this is potentially a self-amplifying mechanism
[38]. Roughly 1500 gigatonnes of carbon is stored in permafrost worldwide
[32, 40]. This is a huge amount, since there only 860 gigatonnes of carbon in
the atmosphere now, and the amount burnt so far by humans is about 570
gigatonnes. Furthermore, methane causes about 72 times as much global
warming as an equal mass of carbon dioxide for its first 20 years in the
atmosphere, and about 25 times as much for the first 100 years [10].

e The clathrate gun hypothesis. Increases in ocean temperature may
sometimes trigger the sudden release of large amounts of methane from
‘clathrates’ buried in sea beds. These clathrates consist of methane trapped
in ice crystals. The total amount of carbon in these deposits is quite dif-
ficult to determine, but recent estimates suggest it could be between 500
and 3000 gigatonnes [4, 19, 21]. A release of methane from clathrates may
have been involved in the Paleocene-Eocene Thermal Maximum [22, 39],
when perhaps 2500-7000 gigatonnes of carbon entered the oceans and at-
mosphere, the temperature rose about 6°, and there was a mass extinction
of microscopic deep-sea organisms—along with the rise of mammals. There
is some controversy over whether a large release of methane from clathrates
could occur in the next century or two due to global warming [2, 30].

For more on tipping points in the Earth’s climate system, see the 2007 paper by
Lenton et al [14].

Tipping points of sufficient magnitude, perhaps interacting with each other,
could cause an global ‘state shift’ [3]. In other words, the climate and biosphere
could shift to a significantly different state. This would probably be less hospitable
to human life and most existing species, simply because we are adapted to the
current state, and adaptation takes time.

The likelihood and timing of a global state shift are difficult to estimate ahead of
time, because of the complexity of the systems involved. Even predicting invidual
tipping points is difficult, though techniques for doing this are under study [13, 28,
34]. However, we can be sure of this: if we continue to affect many aspects of the
Earth ever more drastically, we will push parts of the biosphere to their tipping
points.

This means, among other things, that taking measures to limit carbon emis-
sions while still pursuing exponential economic growth will at best postpone the



CLIMATE CHANGE IN CONTEXT 7

time when we meet tipping points, unless we decouple economic growth from the
growth of raw physical quantities such as exploitation of net primary production,
production of runoff containing reactive nitrogen and phosphorus, and so on. Thus,
an important question is whether we can ‘virtualize’ the economy, making it less
dependent on these physical quantities. The much-vaunted ‘information economy’
could be a step towards this, by reducing the need for travel and shipping. However,
we need to go further before we can lighten our footprint on the Earth enough to
make the Middle Anthopocene a pleasant time for humanity.
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