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Target Atmospheric Greenhouse Gas Concentrations

“If humanity wishes to preserve a planet similar to that on which civilization developed and to which life
on Earth is adapted, paleoclimate evidence and ongoing climate change suggest that CO, will need to be
reduced from its current 385 ppm to at most 350 ppm, but likely less than that.”

~ James Hansen et al. (2008)

Summary

* A 300ppm CO2 (350 ppm CO2-eq) is likely the safe upper limit for atmospheric greenhouse gases.
Global average temperatures may stabilize within a likely range of 0.6—1.4°C above pre-industrial
values at or below 300 ppm CO2 (350 ppm CO2-eq).

* A concentration of 400 ppm CQO; (450 ppm CO3z-eq) would only provide approximately a 50% chance of
remaining below a dangerous global average temperature rise of 2.1°C above pre-industrial global
average temperature with a "likely in the range" of 1.4-3.1°C rise. As CO, concentrations approach
441 ppm a corresponding committed warming of 3.1°C will occur by 2030 in the absence of
strong countervailing mitigation.

*  An atmospheric CO; concentration of 450+/-100 ppm (350-550 ppm) was the boundary condition
between an ice-free planet and one in which large scale glaciation occurred 35 million years ago.

* A CO; concentration of order 450 ppm or greater would push the Earth toward an ice-free state and that
“such a CO; level likely would cause the passing of climate tipping points and initiate dynamic
responses that could be out of humanity’s control” .

*  Humanity has already passed the threshold for “dangerous anthropogenic interference” with the
natural climate system. The global climate system has not yet fully responded to the recent increase
of anthropogenic climate forcings because of its inertia. The already occurring climate impacts
indicate that the current 387 ppm CO: concentration is already deleterious and a unprecedented threat
to the planet on which civilization developed and to which life on Earth is adapted.

*  As of 2005, when atmospheric CO; concentrations were already about 380 ppm, GHG emissions may
have committed the planet to a warming of 2.4°C (1.4°-4.3°C) above the pre-industrial surface
temperatures, which is within the range of predicted climate tipping points.

* Limiting the atmospheric CO, concentration to no greater than 350 ppm might prevent committed
global warming to no more than 2.4°C in the long-term, after the temporary delay by climate and
ocean thermal inertia reach their peak potential climate forcing (i.e. warming). However, a CO,
target as low as 300 ppm may be necessary to stabilize to prevent a dangerous warming of 2°C.
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*  Approximately 20-30% of the plant and animal species assessed by the IPCC are likely to be at an
increased risk of extinction, if global average temperature exceeds 1.5-2.5°C above pre-industrial value.
For increases exceeding 1.5-2.5°C, the IPCC projects major changes in ecosystem structure and
function, species’ ecological interactions and shifts in species’ geographical ranges, with
predominantly negative consequences for biodiversity and ecosystem goods and services (e.g.
water and food supply). At a 2°C temperature rise, approximately 1-3 billion people may experience
increased water stress, sea level rise, hurricanes could displace millions from the world’s coastlines, and
global agricultural yields would likely decline. At lower latitudes, especially in seasonally dry and
tropical regions, the IPCC projects that crop productivity will decrease for even small local
temperature increases (1-2°C), which would increase the risk of hunger and malnutrition.

* In order to safely avoid passing a dangerous threshold for ocean acidification, the maximum
concentration of atmospheric CO, should be limited to no greater than 450 ppm. However, given
that additional stressors (e.g. increased temperatures from climate change, pollution) will also
seriously impact fish and other marine organisms, especially the world's corals and their associated
species, the maximum concentration of CO; may need to be lower than 450 ppm to avoid an
unprecedented collapse of the world's marine ecosystems, and lower than 350 ppm for the long-term
viability of coral reefs.

* The populations of many small island states and low lying coastal nations are located below 2
meters above sea level, the results of a 2°C temperature rise from pre-industrial levels could
displace millions of people from the world's coastlines, inundate a large area of the world's arable
land, and submerge large areas of these low-lying nations. To prevent 0.75 meters or more sea level
rise, it is likely that the global mean temperature should be kept from rising above 1.5°C, which would
require a target of stabilizing greenhouse gas emissions at no greater than 300 ppm CO- (350 ppm CO;-

eq).

*  The paleoclimate records show that past climate changes included both steady, linear changes and
abrupt, non-linear changes (i.e. tipping points). The catastrophic impacts from these events would
include many meters of sea level rise, massive displacement of people and wildlife, severe loss of
biodiversity, megadroughts, catastrophic water shortages, and massive famine that could result in
political instability, resource wars, and human rights challenges. Passing climate tipping points
would likely cause other severe impacts, such as additional runaway climate feedbacks.

*  Temperature tipping points for abrupt climate changes could be passed within this century, or even in
the next decade. For example, the disappearance of Arctic summer sea ice, which is the first
predicted tipping point, is already occurring. The Arctic could be virtually ice-free in September of
2037, or even as early as September of 2028.

* Despite the certainty that climate changes have occurred abruptly in the past, and that abrupt
climate changes could be triggered again in the near future, current climate policy does not account
Jor abrupt climate change. Although policy must continue to address mid- and long-term mitigation
strategies to reduce CO, emissions, societies also must begin fast-track mitigation strategies that
can produce immediate climate mitigation and delay the onset of tipping points in order to avoid
catastrophic climate changes. Major efforts in carbon sequestration combined with a substantial
reduction of GHG emissions will be necessary to achieve this target.
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Introduction

Pre-Industrial Revolution atmospheric CO, concentrations were 280 ppm. Paleoclimate evidence and
observed and ongoing global environmental changes suggest that the current 387 ppm atmospheric CO,
concentration is already too high to maintain the climate in which civilization developed and to which
humanity and life on Earth is adapted. The best available scientific evidence now indicates that a warming
of 2°C is not “safe” and would not prevent dangerous interference with the climate system. As of 2005,
when atmospheric CO, concentrations were already about 380 ppm, GHG emissions may have committed
the planet to a warming of 2.4°C above the pre-industrial surface temperatures, which is within the range
of predicted abrupt, climate tipping points.

Leading climate scientists suggest an initial objective of reducing atmospheric CO, concentrations to 350
ppm or less, with the target to be adjusted as scientific understanding and empirical evidence of climate
effects accumulate. Atmopsheric CO, concentrations higher than 350 ppm would be dangerous, and may
result in catastrophic global climate changes. Although a case already could be made from existing
scientific understanding — and is made in this report — that the eventual atmospheric greenhouse gas
concentration target probably needs to be lower than 350 ppm, the 350 ppm target may be sufficient to
qualitatively change the policy discussion and drive critical changes in climate policy and social behavior.
Paleoclimate evidence, current global environmental changes, and the delayed climate and ocean response
times suggest that this target must be pursued on a timescale of years and decades since it would be
irresponsible and perilous to allow GHG concentrations to remain in the dangerous zone for longer.
Ultimately, the target atmospheric CO, concentration should be 300 ppm in order to avoid passing abrupt,
catastrophic climate tipping points.

The following seven converging lines of scientific evidence argue strongly for the need to reduce
atmospheric greenhouse gas concentrations to less than 350 parts-per-million carbon dioxide equivalent
(400 ppm CO»-eq), and likely to no greater than 300 ppm CO, (350 ppm CO,-eq):

1. Risk of Passing a Threshold at 400 ppm CO,

2. Threshold to an Ice-Free Planet: Paleoclimate at 350-550 ppm CO,

3. Warning from Current Climate Changes: 387 ppm CO,

4. Tipping Points

5. Ecosystems and Human Security

6. Ocean Acidification

7. Sea Level Rise
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1. Risk of Passing a Threshold at 400 ppm CO,

In order to stabilize atmospheric concentrations of greenhouse gases to 450 ppm CO»-eq (400 ppm CO,)*,
the Intergovernmental Panel on Climate Change (IPCC) climate models indicate that developed countries
need to reduce emissions to 25-40% below 1990 levels by 2020, and 80-95% below 1990 levels by 2050
(IPCC, 2007b). However, the IPCC claims that a concentration of 450 ppm CO»-eq would only provide
approximately a 50% chance (within a probability distribution of 26—78%) of remaining below a
dangerous global average temperature rise of 2.1°C above pre-industrial global average temperature with
a "likely in the range" of 1.4-3.1°C rise (IPCC, 2007¢c; Meinshausen, 2006). Achieving a 2°C target with
at least a likely chance (>66%) would require a long-term stabilization below 400ppm CO»-eq (Moss,
2008). At 400 ppm CO,-eq, the mean probability of exceeding 2°C is 28 percent (Meinshausen, 2006). A
target of stabilizing greenhouse gas emissions at 350 ppm CO,-eq (approximately 300 ppm CO,) would
reduce the mean probability of exceeding a 2°C temperature rise to 7 percent (Meinshausen, 2006).

However, caution should be used when interpreting the 2007 IPCC report findings since they tended to
ignore various critical climate forcing mechanisms (e.g. Arctic and Greenland ice sheet melt), assumed
linear responses in the climate system, and inadequately consider non-linear climate responses (i.e. abrupt
climate change) (IPCC, 2007c). Consequently, the 2007 IPCC estimates are considered very conservative
and under-estimate climate sensitivity and climate forcing mechanisms and feedback cycles. In December
2008, the Copenhagen Climate Science Congress concluded "the worst-case IPCC scenario trajectories
(or even worse) are being realized (University of Copenhagen, 2009)”. In addition, the 2007 IPCC report
did not include the many new scientific findings published after its release. Therefore, these concerns
about the findings and recommendations of the 2007 IPCC report suggest that the recommended 450 ppm
stabilization target should be accepted as an upper limit — but not necessarily a safe limit — to atmospheric
GHG concentrations. Given that as of 2005, when atmospheric CO, concentrations were already about
380 ppm (~422 ppm CO,-eq), GHG emissions may have committed the planet to a warming of 2.4°C
(within a range of 1.4°—4.3°C) above the pre-industrial surface temperatures (Ramanathan and Feng,
2008), the climate system may have already passed the 2°C threshold.

* see Appendix 1 for conversion rule
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2. Threshold to an Ice-Free Planet: Paleoclimate at 350-550 ppm CO,

Pre-Industrial Revolution atmospheric CO, concentrations were 280 ppm (IPCC, 2007¢). Hansen et al.
(2008) found that an atmospheric CO, concentration of 450+/-100 ppm (350-550 ppm CO,) was the
boundary condition between an ice-free planet and one in which large scale glaciation occurred 35 million
years ago. Studies indicate that 350 ppm CO,-eq (approximately 300 ppm CQO,) is likely the safe upper
limit for atmospheric greenhouse gases (Hansen et al, 2008; Ramanathan and Feng, 2008). Stabilization at
or below 350 ppm CO,-eq provides a 93% probability of staying below 2°C above pre-industrial values
(IPCC, 2007c; Meinshausen, 2006). Global average temperatures may stabilize within a likely range of
0.6—1.4°C above pre-industrial values at or below 350 ppm CO»-eq (IPCC, 2007c; Meinshausen, 2006).
The greatest uncertainty in the target concentration is due to the possible changes of non-CO, forcings
(Hansen et al, 2008).

Based on an estimated history of CO, through the Cenozoic Era (the period from 65.5 million years ago to
the present), Hansen et al. suggest that a CO, concentration of order 450 ppm or greater, if long
maintained, would push the Earth toward an ice-free state and that “such a CO, level likely would cause
the passing of climate tipping points and initiate dynamic responses that could be out of humanity’s
control (Hansen et al, 2008)”.

It is important to note that atmospheric CO, concentration oscillated periodically during the past 800,000
years as a result of positive feedback responses to the Earth's orbital changes. These oscillations in
atmospheric CO, concentrations led to the temperature swings of the glacial/interglacial cycles. At the
peak of interglacial warmth of each cycle — which corresponded to the peaks of CO, concentration —
atmospheric CO, concentrations never exceeded 300 ppm (Hansen et al, 2008,IPCC, 2007c). This
maximum CO, concentration of 300 ppm does not include the concentrations of other greenhouse gases.
Due to the lack of sufficient understanding of climate feedback mechanisms, it may be very risky to allow
CO, concentrations to exceed the historic levels associated to human evolutionary history.
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3. Warning from Current Climate Changes: 387 ppm CO,

The global climate system has not yet fully responded to the recent increase of anthropogenic climate
forcings because of its inertia (i.e. climate inertia) (Hansen et al., 2007). Nevertheless, climate impacts are
already occurring that allow scientists to make an initial estimate for target atmospheric GHG
concentrations. Although GHG targets will need to be adjusted as climate data and knowledge improve,
the urgency and challenge of reducing anthropogenic forcings will be less, and more likely manageable, if
excess forcing is limited soon. Pre-Industrial Revolution atmospheric CO, concentrations were 280 ppm
(IPCC, 2007c). The already occurring climate impacts indicate that the current 387 ppm CO,
concentration is already deleterious and a unprecedented threat to the planet on which civilization
developed and to which life on Earth is adapted.

Civilization is adapted to climate zones of the Holocene — human civilization dates entirely within the
Holocene which started around 10,000 BC. Although theory and models indicate that subtropical regions
expand poleward with a warming global climate (IPCC, 2007c; Hansen et al., 2008), data already reveal a
4-degree latitudinal shift (Hansen et al., 2008), which is greater than model predictions. The results of this
climate shift are increased aridity in the southern United States, the Mediterranean region, Australia, and
parts of Africa (Hansen et al., 2008). The impacts of this climate shift (IPCC, 2007a) suggest that the
current 387 ppm CO, concentration is already dangerous.

Alpine glaciers are in near-global retreat (IPCC, 2007a; Barnett et al., 2005). Glacier demise will result in
summers and autumns of frequently dry rivers in many regions, including the rivers that originate in the
Andes, Himalayas and Rocky Mountains, which currently supply water to billions of people. Therefore,
the current glacier retreat, and predicted future warming (i.e. warming that is in the "pipeline'), suggest
that the current 387 ppm CO, concentration is already a dangerous threat.

In order to stabilize the Arctic sea ice cover, atmospheric CO, concentrations must be reduced to 325-355
ppm, if other forcings are unchanged. However, in order to restore sea ice to its area of 25 years ago, CO,
concentrations must be reduced to approximately 300-325 ppm (Hansen et al., 2008).

Ocean acidification, ocean warming, and other stressors are damaging the world's coral reefs, which
support over 25% of the world's fish biodiversity, 9-12% of the world's total fisheries, and billions of
dollars of commercial activity (Stone, 2007). The findings of IPCC suggest that a increase of 1°C in mean
global temperatures above pre-industrial levels is the maximum target temperature rise in order to protect
coral reefs (IPCC, 2007a). Given additional warming in the pipeline, the current 387 ppm CO,
concentration is already dangerous.
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4. Tipping Points

The paleoclimate records show that past climate changes included both steady, linear changes

and abrupt, non-linear changes. The abrupt, non-linear changes were caused by small increases in global
climate change that resulted in large and irreversible environmental changes once temperature and
biogeochemical (e.g. ocean acidification) tipping points were passed. Anthropogenic GHG emissions are
driving the global climate system toward such temperature and biogeochemical tipping points earlier than
previously predicted. The potential impacts of passing such climate tipping points would be catastrophic,
and include (Lenton et al., 2008):

* the disappearance of Arctic summer sea ice,

* amajor reduction of area and volume of Hindu-Kush-Himalaya-Tibetan glaciers, which provide
the head-waters for most major river systems of Asia including the Indus, Ganges, Irrawady,
Mekong, Red, Yangtze, and Yellow rivers (almost half of the world’s population lives in the
watersheds of these rivers),

* the deglaciation of Greenland Ice Sheet,

¢ the dieback of Amazonian and boreal forests,

¢ the shutdown of the Atlantic Thermohaline Circulation, and

the collapse of West Antarctic Ice Sheet.

The catastrophic impacts from these events would include many meters of sea level rise, massive
displacement of people and wildlife, severe loss of biodiversity, megadroughts, catastrophic water
shortages, and massive famine that could result in political instability, resource wars, and human rights
challenges (Lenton et al., 2008). Furthermore, passing climate tipping points would likely cause other
severe impacts, such as the release of methane and other GHGs from permafrost and ocean hydrates that
could cause additional runaway climate feedbacks.

Temperature tipping points for abrupt climate changes could be passed within this century, or even in the
next decade (Lenton et al., 2008). Under a “business-as-usual” scenario, where atmospheric CO,
concentrations are increasing approximately 2 ppm per year, the question is not whether abrupt climate
change will occur, but rather how soon (Hansen et al., 2008).

The gravity of the threat of passing climate tipping points cannot be understated. Areas at high latitudes
and altitudes are already experiencing major rapid changes. For example, the disappearance of Arctic
summer sea ice, which is the first predicted tipping point, is already occurring. The Arctic could be
virtually ice-free in September of 2037, or even as early as September of 2028 (Wang and Overland
2009). Furthermore, temperatures are rising faster than the global average at high latitudes and altitudes.
The Arctic, Greenland, and the Tibetan Plateau are at particular risk (Lenton et al., 2008). Arctic
temperatures increased at least 2 times as rapidly as global averages during the period between 1965 and
2005 (IGSD, 2008). The temperature of the Greenland Ice Sheet is increasing 2.2 times faster than global
averages (IGSD, 2008). The temperature of the Tibetan Plateau temperature increased by about 3 times
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the global average for the past half-century (IGSD, 2008), which has contributed to glacial retreat
(Ramanathan and Carmichael, 2008).

The melting of the Arctic, Greenland, and Tibetan Plateau would also cause additional runaway climate
feedbacks. For instance, melting of ice sheets produces positive feedbacks by reducing surface albedo (i.e.
surface reflectivity) that leads to more absorption of heat by the exposed underlying surface, which then
accelerates the melting of the remaining ice. For example, melting Arctic sea ice reduces albedo which
leads to more absorption of heat by exposed Arctic waters (Lenton et al., 2008). This reduction of albedo
is further accelerated by the additional darkening of polar surfaces caused when atmospheric
anthropogenic black carbon (i.e. impure carbon particles resulting from the incomplete combustion of
organic matter, such as wood or fossil fuels), or black soot, deposits on snow and ice (Ramanathan and
Carmichael, 2008). Black carbon is also a heat-absorbing component of 'atmospheric brown clouds' (see
below). The deposition of black carbon is also a significant driver of glacial retreat in the Hindu-Kush-
Himalayan-Tibetan region (Ramanathan et al., 2008).

James Hansen, Director of NASA’s Goddard Institute for Space Studies, and other climate scientists
believe that humanity has already passed the threshold for “dangerous anthropogenic interference” with
the natural climate system (Hansen et al., 2008). Ramanathan and Feng project that as CO, concentrations
approach 441 ppm a corresponding committed warming of 3.1°C will occur by 2030 in the absence of
strong countervailing mitigation (Ramanathan and Feng, 2008).

As of 2005, when atmospheric CO, concentrations were already about 380 ppm (~422 ppm CO,-eq),
GHG emissions may have committed the planet to a warming of 2.4°C (within a range of 1.4°-4.3°C)
above the pre-industrial surface temperatures (Ramanathan and Feng, 2008), which is within the range of
predicted tipping points (See Figure 1). If the total committed warming is at least 2.4°C, the present
observed temperature increase of 0.76°C (Ramanathan and Feng, 2008) is misleading. Warming of at least
another 1°C is currently masked by 'atmospheric brown clouds' that contain cooling particulates released
with GHG emissions and other pollution (Ramanathan and Feng, 2008). As societies continue to reduce
the pollution that create these clouds (mainly for health reasons) temperature increases of 1°C or greater
temperature that are already committed from current emissions are being unmasked (Ramanathan and
Feng, 2008). A further 0.6°C warming is temporarily delayed by ocean thermal inertia.8 More than 50%
of this total committed warming of 2.4°C is expected to occur within decades (Ramanathan and Feng,
2008).

If the total committed global warming is at least 2.4°C, as of 2005 when atmospheric CO, concentrations
were already about 380 ppm, then clearly an atmospheric CO, concentration of 450 ppm would very
likely be deleterious and threatening. Indeed, a CO, concentration of 380 ppm would very likely be
dangerous, as well. In the absence of 'atmospheric brown clouds', the amount of which could be reduced
by pollution controls, global temperatures could have increased by 0.76°-1.76°C as of 2005.

Limiting the atmospheric CO, concentration to no greater than 350 ppm might prevent committed global
warming to no more than 2.4°C in the long-term, after the temporary delay by climate and ocean thermal
inertia reach their peak potential climate forcing (i.e. warming). Stabilization at or below 350 ppm CO»-eq
provides a 93% probability of staying below 2°C above pre-industrial values (IPCC, 2007¢; Meinshausen,
2006). Therefore, a CO, target as low as 300 ppm may be necessary to stabilize to prevent a dangerous
warming of 2°C. Global average temperatures may stabilize within a likely range of 0.6—1.4°C above pre-
industrial values at or below 350 ppm CO,-eq (300 ppm CO.,) (IPCC, 2007¢; Meinshausen, 2006).
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Figure 1: “Probability distribution for the committed warming by GHGs between 1750 and 2005...
Shown are the climate-tipping elements and the temperature threshold range that initiates the tipping...
(Ramanathan and Feng, 2008)” .

Despite the certainty that climate changes have occurred abruptly in the past, and that abrupt climate
changes could be triggered again in the near future, current climate policy does not account for abrupt
climate change (IGSD, 2008). Remarkably, abrupt climate change is not considered in the projections of
the IPCC, which is still regarded as one of the most authoritative sources of information on climate
science.

Although policy must continue to address mid- and long-term mitigation strategies to reduce CO,
emissions, societies also must begin fast-track mitigation strategies that can produce immediate climate
mitigation and delay the onset of tipping points in order to avoid catastrophic climate changes. As the
climate passes the first tipping point, the disappearance of Arctic summer sea ice, is is apparent that a CO,
concentration of 450 ppm could be disastrous. A target atmospheric concentration of CO, of no greater
than 350 ppm will likely be needed to prevent the world from passing climate tipping points. However, a
target concentration of CO, of 300 ppm may be needed to ensure that the climate does not pass the 2°C
threshold. Obviously, major efforts in carbon sequestration combined with a substantial reduction of GHG
emissions will be necessary to achieve this target.
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5. Ecosystems and Human Security: 1.5°C vs. 2°C

Since the consequences of overshooting a 2°C threshold could be dangerous, if not catastrophic, the risk
tolerance for exceeding a 2°C temperature rise should be extremely low. Approximately 20-30% of the
plant and animal species assessed by the [PCC are likely to be at an increased risk of extinction, if global
average temperature exceeds 1.5-2.5°C above pre-industrial value, which poses significant risks to many
unique and threatened systems including many biodiversity hotspots (IPCC, 2007a). For increases in
global average temperature exceeding 1.5-2.5°C, the IPCC projects major changes in ecosystem structure
and function, species’ ecological interactions and shifts in species’ geographical ranges, with
predominantly negative consequences for biodiversity and ecosystem goods and services (e.g. water and
food supply) (IPCC, 2007a). At a 2°C temperature rise, approximately 1-3 billion people may experience
increased water stress, sea level rise, hurricanes could displace millions from the world’s coastlines, and
global agricultural yields would likely decline (Vespa, 2009). At lower latitudes, especially in seasonally
dry and tropical regions, the IPCC projects that crop productivity will decrease for even small local
temperature increases (1-2°C), which would increase the risk of hunger and malnutrition (IPCC, 2007d).

Furthermore, corals are vulnerable to thermal stress and have low adaptive capacity. Increases in sea
surface temperature of about 1 to 3°C are projected to result in more frequent coral bleaching events and
widespread mortality, unless corals can undergo thermal adaptation or acclimatisation (IPCC, 2007a),
which would have substantial impacts on marine biodiversity and fisheries. For instance, an assessment of
the impacts of climate change on tropical fisheries determined that at 2°C warming, tropical coral cover is
expected to decrease by 75%, as compared with 30-40% under a 1.5°C scenario (Simpson, 2009).
Besides the threat to biodiversity, the loss of tropical coral reef habitat is projected to lead to declines in
abundance of up to 65% for virtually all tropical reef-associated fish, which means that there is a
moderate likelihood that declines in tropical coastal fisheries production of 20-50% could also occur
(Simpson, 2009).

The table in Appendix 2 (Table 4.1 from IPCC (2007a)) indicates the projected impacts of climate change
on ecosystems and population systems for different levels of global mean annual temperature rise, AT,,
relative to pre-industrial climate. In particular, one can see that even at an increase of 1.5°C there will
likely be very serious climate change impacts throughout the world. Although this table focuses on
ecosystems and selected species, it is very important to note that people are highly dependent on these
biological and ecological systems for the provision of various ecosystem services (e.g. water, food,
materials, flood management, storm protection). The second column in Table 4.1 shows the mean
temperature change, AT,, above pre-industrial levels. The third column shows the range of temperature
change, AT,, which represents the uncertainty arising from the use of different global climate models
(GCM) to calculate global temperature change.

Since it will likely be challenging to keep the global average temperature at exactly the target value (e.g.
1°C, 1.5°C, or 2°C), it is important to consider the impacts of temperatures up to approximately 0.5°C
above the target to account for the uncertainty in the IPCC's conservative projections and for the
uncertainty in being able to keep global temperatures consistently at the target value. Therefore, one
should look at the projected impacts for at least 0.5°C above a given target temperature in Table 4.1.
Additionally, one should look at the range of temperature change in the third column in Table 4.1, and not
just the second column showing the mean temperature. In the third column, one can see that the low end
of some of these temperature ranges include both the 1.5°C and 2°C targets.
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Given the climate impacts and temperature ranges in Table 4.1, it is likely that a 2°C global temperature
increase will be deleterious; and that even a 1.5°C temperature increase will likely threaten the stability
and security of global society as climate change impacts the planet's biophysical and ecological systems.
The safest target atmospheric GHG concentration may at or below 350 ppm CO,-eq (300 ppm CO,) since
global average temperatures may stabilize within a likely range of 0.6—1.4°C above pre-industrial values
(IPCC, 2007¢; Meinshausen, 2006).
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6. Ocean Acidification

The ocean is one of the planet's largest natural reservoirs of carbon. The ocean absorbs approximately 26—
29% of anthropogenic carbon emissions each year (Sabine et al., 2004; SCBD, 2009). In the absence of
anthropogenic CO, uptake by the oceans, atmospheric CO, levels would be approximately 55 ppm higher
than present, and the effects of global climate change more severe (IPCC, 2007c). Although the uptake of
CO, by the oceans buffers the rate of global climate change, the rate of change of ocean chemistry due to
anthropogenic carbon emissions is rapid and unprecedented (SCBD, 2009).

Ocean acidity affects marine carbonate chemistry. Ocean acidification is predicted to have major negative
impacts on corals, shellfish, plankton, and other marine organisms that build calcium carbonate (CaCOs)
skeletons and shells, and whose success is significantly controlled by marine carbonate chemistry. Many
calcifying species occupy the bottom or middle of global ocean food webs. Consequently, the loss of these
calcifying organisms to ocean acidification will alter predator—prey relationships, the structure of food
webs and ecosystems (SCBD, 2009). Additionally, a loss or change in biodiversity as a result of ocean
acidification will likely have significant ecological consequences (SCBD, 2009).

Ocean acidification will also negatively affect other organisms besides calcifying organisms. Some fish
species are sensitive to anomalous environmental pH levels, which can be toxic and cause stress and
reproductive problems (SCBD, 2009). Fisheries will likely be affected as affected fish species migrate to
more suitable habitat.

Additionally, as the oceans become more acidic, sound will travel farther underwater. Ilyina et al. (2010)
predict that by 2050, under conservative projections of ocean acidification, sound could travel as much as
70 percent farther in some ocean areas. This could dramatically improve the ability of marine mammals to
communicate over long distances, but it could also increase the amount of background noise that they
have to live with. For some marine species, this background noise may negatively affect health and
interfere with their ability to perceive communicate, navigate, and reproduce (Ilyina et al., 2010).

The CO, Reaction

Ocean acidification is a direct consequence of increasing atmospheric CO, concentrations (SCBD, 2009).
CO, dissolves in seawater to form carbonic acid. The Intergovernmental Panel on Climate Change (IPCC)
defines 'ocean acidification' as “A decrease in the pH of sea water due to the uptake of anthropogenic
carbon dioxide (IPCC, 2007¢).” Additionally, freshwater will also experience a decrease in the pH of sea
water due to the uptake of anthropogenic carbon dioxide, which also makes freshwater bodies, such as
lakes and rivers, and the organisms living in them susceptible to anthropogenic acidification.

The acidity of a solution is measured in pH units. On this logarithmic scale, a decrease of 1 unit
corresponds to a 10-fold increase in the concentration of hydrogen ions, which represents significant
acidification. The surface waters of the oceans are currently slightly alkaline, with an mean pH of about
8.16, which is approximately 0.1 pH units less than the estimated pre-industrial values (Feely et al., 2009).
Note, the pH of the oceans is currently greater than pH=7 (neutral pH), and therefore, the term “ocean
acidification” refers to the oceans becoming progressively less basic along the pH scale

The dissolution of CO, into the oceans increases the concentration of hydrogen ions (H"), which reduces
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pH, and makes the oceans more acidic. CO, reacts with water to form a weak carbonic acid (H,CO;) when
it dissolves in surface seawater (or freshwater). This reaction can be described as follows (SCBD, 2009):

CO; + H,0 < H,COs;

Subsequently, carbonic acid dissociates into bicarbonate ions (HCOs') and hydrogen ions (H"). The release
of hydrogen ions decreases the pH (i.e. increases the acidity) of surrounding waters.

HzCOs <~ HCO3 + H*
The excess hydrogen ions (H") react with carbonate ions (CO5’) to form more bicarbonate ions.

H + CO3- <« HCO3

Bicarbonate (HCO5) is the most abundant form of CO, dissolved in seawater under current ocean
conditions. Increased CO, absorption in the surface ocean will increase both hydrogen ion (H*) and
bicarbonate (HCO5') concentrations, while reducing the availability of carbonate ions (CO;) (ACE CRC,
2008) that are necessary for calcium carbonate (CaCQO;) skeleton and shell formation in marine organisms
such as corals, shellish and marine plankton (Feely et al., 2008). In other words, increasing ocean
acidification reduces the availability of carbonate minerals (aragonite and calcite) in seawater, which are
important building blocks for marine plants and animals. Oceanic carbonate ion concentrations are
currently lower than at any other time during the last 800,000 years (SCBD, 2009).

Experimental evidence has demonstrated that increasing CO, concentrations to 560 ppm negatively
effects the calcification of marine organisms by causing a decrease in calcification rates of between 5 —
60% in corals, and foraminifera and coccolithophores (both are types of plankton) (SCBD, 2009). Ocean
acidification will also reduce the available habitat for important calcifying organisms (Feely et al., 2004).
Seawater becomes more corrosive as it becomes under-saturated with respect to these minerals, which
makes the shells of calcifying organisms increasingly vulnerable to dissolution. As these organisms
dissolve and lose habitat, the ecosystem services and economic value they provide are also lost.

In particular, coral reefs are critical for maintaining ocean ecosystems, food security, and commercial
activities. More than 25% of the world's fish biodiversity, and 9—12% of the world's total fisheries, are
associated with coral reefs (SCBD, 2009). For instance, tropical coral reefs provide over US$ 30 billion
annually in global goods and services, such as shoreline protection, food security, and tourism (SCBD,
2009). Coral reefs produce 10-12% of the fish caught in the tropics and 20-25% of the fish caught by
developing nations (SCBD, 2009). Cold-water coral reef ecosystems also provide habitat, feeding
grounds, and nursery areas for many marine organisms, and support commercially important fauna
several times as biodiverse as that found on the surrounding seabed (Turley et al., 2007). Combined with
the impacts of global climate change and increasing temperatures, coral reef acidification and bleaching
enhance dangerous ecosystem feedbacks, which will drive coral ecosystems toward domination by
macroalgae and non-coral communities (Hoegh-Guldberg et al., 2007).

Marine ecosystems are also likely to become less robust as a result of predicted changes to ocean
chemistry, which would increase their vulnerability to other environmental impacts, such as large-scale
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fishing and increasing sea-surface temperatures. Overall impacts on ecosystem services will be a result of
the combined effects of several pressures, such as ocean exploitation and pollution (Jackson, 2008). For
example, decreasing rates of reef accretion, increasing rates of bio-erosion, rising sea levels, and
intensifying storms due to the influence of future climate change negatively impact the coastal protection
function of coral reefs. People, infrastructure, and coastal and estuarine ecosystems will become
increasingly vulnerable to growing wave and storm impacts (Hoegh-Guldberg et al., 2007).

Ocean acidification will slow or reverse marine plant and animal carbonate shell and skeleton growth,
with a corresponding decrease in fishing revenues, which will significantly impact communities that
depend on these marine resources for income and livelihoods (SCBD, 2009). The economic consequences
will depend on both the adaptation of marine ecosystems and human resource management efforts. The
economic impacts resulting from fishery losses on a local scale could alter the dominant economic
activities and demographics of a given area, which could increase the proportion of the population living
in poverty in dependent communities that have little economic resilience or few alternatives (Cooley and
Doney, 2009). For example, coastal and marine related industries contribute to approximately 25% of
Indonesia’s gross domestic product and employ almost 15% of the nation's workforce (Kite-Powell,
2009).

Approximately 50% of all food fish comes from aquaculture industries that depend heavily on carbonate-
forming organisms like crustaceans and shellfish as a source of broodstock for hatcheries (Kite-Powell,
2009). Most aquaculture facilities are located in coastal areas that will likely experience ocean
acidification (Cooley and Doney, 2009). Reduced calcification and reproduction success in calcifying
organisms will cause significant losses of economic and livelihood opportunities in aquaculture and
commercial fisheries sectors, which will likely affect developing countries that are more reliant on
aquaculture sources for the provision of protein and revenue.

Warnings From The Past

The increase in the atmospheric concentration of CO, during the past 250 years has caused the average
sea surface pH to decrease by about 0.1 pH units, which is equivalent to a 30% increase in hydrogen ions
(i.e. acidity) (SCBD, 2009). This rate of change is 100 times faster than any change in ocean acidity that
has occurred for the last 20 million years, which represents a rare geological event in the Earth’s history
(SCBD, 2009). This rapid change in ocean acidity is significantly changing the chemistry of the seas and
altering the ability of the marine system to adjust to changes in CO, that naturally occur over thousands of
years. The impacts of this change on marine plants and animals, ecosystems, food security, human health,
and world economies are predicted to be profound and far-reaching, and include the disruption of
fundamental biogeochemical processes, regulatory ocean cycles, ecosystem structure and function, and
marine food webs and productivity (SCBD, 2009).

The magnitude of ocean acidification can be predicted with a high level of certainty based on the
complicated but predictable marine carbonate chemistry reactions and cycles of CO, as it dissolves in
seawater (SCBD, 2009). Increasing ocean acidification follows directly (albeit with a time lag) the
accelerating rate of global CO, emissions, which could result in a 150-185% increase in acidity by 2100
under current emission rates (i.e. a decrease of 0.4—0.45 pH units) (SCBD, 2009), and a 60% decrease in
the concentration of ocean calcium carbonate that is the basic building block for the skeletons and shells
of many marine organisms (SCBD, 2009).
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During the past 300 million years, global mean ocean pH values have probably never been more than 0.6
units below current values (SCBD, 2009). Therefore, ocean ecosystems have evolved over this time in a
pH environment of relative stability. It is unknown if they can adapt to such large and rapid changes.
Since the end of the Ordovician period (434 million years ago), five mass extinction events have
significantly influenced the paths of evolution of life on Earth. Perturbations of the carbon cycle in
general, and changes in ocean chemistry in particular, with clear association to atmospheric CO, levels,
have been the primary causes of each extinction event (Vernon, 2008).

During the early Triassic period (250 million years ago), atmospheric CO, concentrations increased
significantly to five times higher than present day (Hoegh-Guldberg, 2007). The fossil record from this
period for benthic (i.e. bottom-dwelling organisms) calcified organisms, including reef-building corals
and calcareous algae, shows a significant gap (Hoegh-Guldberg, 2007), and the recovery lasted hundreds
of thousands of years (SCBD, 2009). By 2050, ocean pH is predicted to be lower than it has been for
around 20 million years (see Figure 2) (Turley et al., 2007). The records from the Earth’s past are a
disquieting cause for concern that ocean acidification could trigger a sixth mass extinction event,
independently of the anthropogenic extinctions that are currently happening (Vernon, 2008).
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Figure 2: Past and present variability of marine pH. Future predictions for years shown on the right-
hand side in the figure are model-derived values based on IPCC mean scenarios. From Pearson and
Palmer (2000), adapted by Turley et al. (2006) and from the Eur-Oceans Fact Sheet (2007 ).

Although ocean acidification is a global issue, the pH of the ocean is not uniform throughout the world.
Regional and seasonal influences, and biological, chemical and physical factors (e.g. temperature effects
on CO; solubility, carbonate chemistry, biological productivity) influence the influx of CO, resulting in a
variable mixed surface layer pH. In particular, cold water naturally has the capacity to hold more CO, and
is more acidic than warmer waters because CO, is more soluble in cold water (SCBD, 2009). With
increasing atmospheric CO, concentrations the surface waters of high latitude oceans, such as the Arctic
Ocean, will likely be the first to experience under-saturated with respect to calcium carbonate (SCBD,
2009).
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For instance, models of atmospheric CO, indicate that the cold Southern Ocean is particularly vulnerable
to changes in carbonate saturation state (SCBD, 2009). However, the largest pH changes during this
century will likely occur in the surface waters of the Arctic Ocean, where hydrogen ion concentration may
increase by up to 185% (a decrease in pH of 0.45 units), if the emission of anthropogenic CO, continues
along current trends (SCBD, 2009). Research suggests that Arctic ocean waters will be corrosive to Arctic
calcifers, such as shelled plankton and bivalves (e.g. clams), that are very important to Arctic marine food
webs (IAP, 2009). Further, the projected impacts of climate change (e.g. sea ice retreat and seawater
freshening from ice melt) during this century will likely amplify the decrease in Arctic surface mean pH
and CaCQOs saturation by more than 20% (SCBD, 2009).

Ocean Acidification and Target CO,

Ocean acidification is irreversible on short-term timeframes (IAP, 2009). Substantial damage to ocean
ecosystems can only be avoided through urgent and rapid reductions in global emissions of CO, by at
least 50% by 2050, followed by further reductions in emissions thereafter (IAP, 2009). Ocean
acidification is an already observable and predictable consequence of increasing atmospheric CO,
concentrations, with biological impacts, and should be recognized and integrated into the global climate
change debate.

In order to prevent changes that would lead to under-saturation of aragonite and threaten the integrity of
marine ecosystems, the average pH of surface waters should be prevented from decreasing by more than
0.2 pH units below the pre-industrial value. Stabilization of atmospheric CO, concentrations at 450 ppm
by the year 2100 would likely lead to a pH decrease of about 0.17; stabilization at 540 ppm by the year
2100 would likely lead to a decrease of 0.23 pH units. However, even with stabilization at 450 ppm CO,,
about 7% of the Southern Ocean would likely still become under-saturated with respect to aragonite. At
550 ppm, about half of the Southern Ocean could become under-saturated (Schubert et al., 2006).

Therefore, in order to safely avoid passing a dangerous threshold for ocean acidification, the maximum
concentration of atmospheric CO, should be limited to no greater than 450 ppm. However, given that
additional stressors (e.g. increased temperatures from climate change, pollution) will also seriously impact
fish and other marine organisms, especially the world's corals and their associated species whose
resilience will be compromised by ocean acidification, the maximum concentration of CO, may need to
be lower in order to avoid an unprecedented collapse of the world's marine ecosystems. Nevertheless,

the scientific consensus is that atmospheric CO, concentrations need to be “significantly below 350

ppm” for the long-term viability of coral reefs (Royal Society, 2009).
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7. Sea Level Rise: 1.5°C vs. 2°C

The IPCC indicates a sea-level rise at equilibrium of approximately 0.4—1.4 meters above the pre-
industrial level for a 2-2.4°C (350-400 ppm CO,) warming for water thermal expansion only, but it did
not provide a total estimate that would include the melting of glaciers and small ice caps, and the melting
of the Greenland and Antarctic ice sheets (IPCC, 2007d). For 440—485 ppm CO,, sea level is projected to
rise by 0.6-1.9 meters global average sea level rise above pre-industrial at equilibrium from thermal
expansion only. Already melting glaciers and small ice caps contain the potential of 15-37 cm of sea-level
increase. (Vespa, 2009) One study estimates that a mean global temperature increase of 1.5°C above pre-
industrial levels could potentially trigger irreversible melting of the Greenland ice sheet, which could
result in an additional sea level rise of 0.75 meters as early as 2100 (Vespa, 2009). Adding the potential
sea level rise from thermal expansion and from glacier and ice cap melt, a temperature increase of 2°C
could result in a sea level rise of at least 0.45—1.77 meters (an average of about 1.1 meters), plus the sea
level rise resulting from the melting Greenland and Antarctic ice sheets. Based on these projections, a
temperature increase of 2°C above pre-industrial levels could result in a sea level rise of at least 1.2-2.52
meters (an average of about 1.65 meters) as early as 2100. In addition to inundating land in low-elevation
coastal areas, sea level rise results in saltwater contamination of coastal freshwater aquifers, raises the
water level of rivers near its headwaters, increases coastal erosion, and increases the vulnerability of
coastal areas to storm surges.

Since the populations of many small island states and low-elevation coastal nations are located below 2
meters above sea level, the impacts of a 2°C temperature rise from pre-industrial levels could submerge
large areas of these low-elevation nations, displace millions of people from the world's coastlines, and
inundate large areas of the world's arable land. For instance, the average elevation of the Maldives is 1.5
meters above sea level, and its highest point is at 2.4 meters elevation (CIA, 2010). For Bangladesh, a rise
of 1.0 and 1.5 meters would inundate 10% and nearly 16% of the country, respectively, and the height of
storm surges could increase by by at least a meter (Ali, 1996).

In order to prevent 0.75 meters or more sea level rise, it is likely that the global mean temperature should

be kept from rising above 1.5°C, which would require a target of stabilizing greenhouse gas emissions at
no greater than 350 ppm CO»-eq (approximately 300 ppm CO,) would likely be necessary.
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Appendix 1

CO2 to CO2-eq Conversion

Although CO; is a major GHG, other GHGs (e.g. methane, ozone depleting gases) also contribute to
climate change. Equivalent CO, (CO»-eq) is the concentration of CO, that would cause the same value of
radiative forcing as a given type and concentration of greenhouse gas. The following is one method to
convert between CO, concentrations and CO»-eq.

Meinshausen (2006) estimates that:

— 550 CO»-eq is approximately equivalent to 475 ppm CO, stabilization,

— 500 CO»-eq is approximately equivalent to 450 ppm CO, stabilization,

— 450 CO,-eq is approximately equivalent to 400 ppm CO, stabilization,

— 400 CO»-eq is approximately equivalent to 350-375 ppm CO, stabilization,
— 350 CO»-eq is approximately equivalent to 300-315 ppm CO, stabilization.*

* Meinshausen does not state the CO, level equivalent to a 350 ppm CO:»-eq stabilization level. However,
based on the ratios used for the other CO»-eq levels, a 350 ppm CO,eq would equate to approximately
300-315 ppm CO..

[Appendix 2 follows this page as supplementary material]
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