Climate Change

The changing climate is pushing many Earth systems towards critical thresholds that will alter regional and global environmental
balances and threaten stability at multiple scales. Alarmingly, we may have already passed tipping points that are irreversible
within the time span of our current civilization.

A storm front passes over Bribie Island, Queensland, Australia.

INTRODUCTION

Climate change has long since ceased to be a
scientific curiosity, and is no longer just one of
many environmental and regulatory concerns.

It is the major, overriding environmental issue

of our time, and the single greatest challenge
facing decisionmakers at many levels (Ban 2008).
It is a growing crisis with economic, health and
safety, food production, security, and other
dimensions. Shifting weather patterns threaten
food production through increased unreliability of
precipitation, rising sea levels contaminate coastal
freshwater reserves and increase the risk of
catastrophic flooding, and a warming atmosphere
aids the pole-ward spread of pests and diseases
once limited to the tropics.

The news to date is bad and getting worse. Ice-
loss from glaciers and ice sheets has continued,
leading to the second straight year with an ice-free
passage through Canada’s Arctic islands and
accelerating rates of ice-loss from ice sheets in
Greenland and Antarctica. Combined with thermal
expansion—warm water occupies more volume
than cold—the melting of glaciers and ice sheets
from the equator to the poles is contributing to
rates and an ultimate extent of sea-level rise that
could far outstrip those anticipated in the most
recent global scientific assessment (IPCC 2007).

There is alarming evidence that important
tipping points, leading to irreversible changes in
major Earth systems and ecosystems, may already
have been reached or passed. Ecosystems

Source: Barbara Burkhardt

as diverse as the Amazon rainforest and the
Arctic tundra may be approaching thresholds of
dramatic change through warming and drying.
Mountain glaciers are in alarming retreat and the
downstream effects of reduced water supply in
the driest months will have repercussions that
transcend generations. Climate feedback systems
and environmental cumulative effects are building
across Earth systems, demonstrating behaviours
we cannot anticipate.

The potential for runaway greenhouse warming
is real and has never been more clear. The most
dangerous climate changes may still be avoided
if we transform our hydrocarbon-based energy
systems to renewable energy systems and if we
initiate rational and adequately-financed adaptation
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programmes to forestall disasters and migrations
at unprecedented scales. The tools are available
but they must be applied immediately and
aggressively.

DETECTION, OBSERVATION, ATTRIBUTION

The Intergovernmental Panel on Climate Change
publishes its comprehensive assessment reports
on climate change science every five or six years
(IPCC 2007). But scarcely a week passes without
new research appearing in peer-reviewed literature
and news reports that adds to the story. For
instance, the IPCC was unable to formally attribute
to human influence the climate changes observed
in Polar regions because of the regions’ natural
variability and the insufficient coverage. In 2008
researchers using place-specific gridded data
sets and simulations from four different climate
models found that changes in Arctic and Antarctic
temperatures are not consistent with natural
variability and are directly attributable to human
influence (Gillett and others 2008). They conclude
that human activities have already caused
significant warming in both Polar regions with
likely consequences for indigenous communities,
biological systems, ice-sheet mass balance, and
global sea levels.

Arctic ice loss

Evidence grew in 2008 that the areal extent

of Arctic sea ice is declining more rapidly than
previously expected in response to higher air

and ocean temperatures. The USA's National
Snow and Ice Data Center reported that the

year's minimum sea-ice cover occurred on 12
September, when it extended over 4.52 million
square kilometres of the Arctic Ocean (NSIDC
2008). This is the second lowest figure for the area
of ice surviving the summer thaw since satellite
monitoring began in 1979. While 2008 saw 10 per
cent more ice cover than in 2007, the lowest figure
on record, it was still more than 30 per cent below
the average for the past three decades. Taken
together, the two summers have no parallel.

For the second year in a row, there was an ice-
free channel in the Northwest Passage through
the islands of northern Canada. But this year also
saw the opening of the Northern Sea Route along
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Figure 1: Deep convection in the subpolar ocean
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the Arctic Siberian coast. The two passages have
probably not been open simultaneously since
before the last ice age, some 100 000 years ago
(NERSC 2008). Theoretically, in 2008 the Arctic
ice cap could have been circumnavigated.

A possible unanticipated consequence of
sea-ice loss in the Arctic is the apparent return of
strong ocean convection in gyres of the sub-polar
North Atlantic. This is where surface water sinks
to depth as a distinct mass, driving circulation
patterns in the Atlantic Ocean (Figure 1). The
strong mixing documented in the Irminger Sea
to the east of Greenland’s southern tip and in the
Labrador Sea to the southwest is attributed to
cold air arriving from Canada that initiated a heat
transfer from the ocean to the air, with a sinking
mass of cold water as the consequence. In recent
winters the cold air from the west has been
warmed by higher temperatures of water flowing
south through the Davis Strait. However, in the
winter of 2007 to 2008, the surface water flowing
south was sea-ice melt, colder and fresher than
usual, so with winter it froze quickly over Davis
Strait. The cold air from the west stayed chilly until
it reached the relatively warm water off Greenland,
where the subsequent energy exchange triggered
the gyres’ renewal (Vage and others 2008).

The overall declining trend of sea-ice in the
Arctic has now lasted at least three decades. The
loss is greatest in summer, but is also evident
in winter ice packs—in the thickness of the ice.
With less ice surviving the summer, the amount
of thick ice that has built up over several years is
decreasing. This leaves the whole sea-ice system
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An extensive sea ice cover insulated
the strong, cold westerly winds from
the warmer ocean until they reached
the central basin of the Labrador
Sea in winter 2007-08. There, these
unusually cold winds rapidly cooled
the surface water, leading to mixing
of the water column to depths that
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more vulnerable to future warming and brings
closer the prospect of an ice-free Arctic (Kay and
others 2008, NSIDC 2008).

In the Arctic the atmosphere is warming twice as
fast as in most other regions of the world. In the
far north warming is amplified by a decrease in the
reflectivity of the Earth’s surface as ice and snow
melt. Ice and snow reflect solar energy back into
space, while darker surfaces like bare tundra and
open ocean absorb more solar energy and then
radiate it to heat the air above. So as the reflective
surfaces disappear, the darker surfaces release
heat into the immediate environment that results in
more melt.

However, there may be other factors contibuting
to accelerated warming in the Arctic Ocean. In
2007, there was an especially large loss of ice in
the Beaufort Sea, north of Canada and Alaska.
This was due to incursions of warm water from the
south that melted the ice from beneath (Perovich
and others 2008). Also local atmospheric
conditions amplified ice loss. 2007’s clear sunny
skies increased melting in the 24-hour sun, and
strong winds during the early part of the summer
drove ice into seasonal packs, creating enlarged
patches of open ocean (Kay and others 2008). In
2008, winds dispersed the ice that resulted in a
larger ice area, but of thinner ice (NSIDC 2008).

Evidence for the role of more systematic natural
variability in the Arctic also grew during 2008.

New research showed that the region’s normal
variability, dominated by the Arctic Oscillation
and the North Atlantic Oscillation, presents warm
and cold phases that alternate—with each phase



persisting through several years (Keenlyside and
others 2008, Semenov 2008). The phases are
triggered by changing patterns of ocean currents
that allow more or less warm water into the Arctic
which alters air movements (Graversen and others
2008). In recent years, the region has been in a
warm phase, accentuating the effects of global
warming. While phase changes in the Arctic
Oscillation and the North Atlantic Oscillation may
mask incremental climate change trends, some
scientists are asking how climate change affects
these oscillations and others, such as the El Nifo
Southern Oscillation (Goodkin and others 2008,
Goelzer and others 2008).

Greenland and Antarctica ice sheet loss

The largest mass of ice in the Arctic covers the
island of Greenland. In places, the ice sheet is
three kilometres thick. If it melts, it will raise sea
levels by an estimated six metres. Until recently,
glaciologists presumed that the ice would thaw
slowly over millennia, as warming at the surface of
the ice sheet permeates downward and gradually
melts the ice. That thinking is reflected in the IPCC
fourth assessment report (IPCC 2007).

But the ice sheet is currently losing mass much
faster than would be expected if melting alone was
to blame. Current losses are more than 100 cubic
kilometres a year. New findings in 2008 revealed
that the flow into the ocean of the Jakobshavn
Isbrae glacier in western Greenland, one of the
most important routes for ice loss, has doubled
since 1997 (Holland and others 2008).

It appears that physical processes are
destroying the integrity of parts of the Greenland
ice sheet. The precise mechanisms remain
disputed but two possibilities are being discussed.
One is that warm ocean waters are destabilising
the mouths of major glaciers like the Jakobshavn
Isbrae, speeding their flow. A second arises
from the discovery that meltwater forming at the
surface of the sheet is draining down crevasses
and moulins to the bottom of the ice sheet.

This meltwater lubricates the previously frozen
contact between the ice and underlying bedrock,
again causing glacier flow to accelerate. In 2008,
researchers reported on one of the thousands

of melt-water lakes that now form on Greenland
each summer (Joughin and others 2008, Das and

Scientists walk along the edge of a large canyon carved out by over a decade of meltwater flow across the surface of the Greenland ice sheet.
Source: Sarah Das/ Woods Hole Oceanographic Institution

others 2008). The four-kilometre-wide expanse of

water that formed in 2006 completely drained into
the icy depths in 90 minutes, at a flow rate greater
than Niagara Falls.

But the significance of this process for ice loss
remains unclear. There has long been discussion
about the extent and the effects of subglacial
water drainage and how those influences vary
with the size and the temperature of the ice
mass (Bell 2008, O’Cofaigh and Stokes 2008).
Some researchers argued that the subglacial
rivers formed by moulin drainage in Greenland
are ephemeral, that the water swiftly disperses
and the flowing ice grinds to a halt against the
bedrock. According to this argument, such
events may only be responsible for 15 per cent
of the annual iceberg formation from Greenland
(Van der Waal and others 2008). But the
evidence is based on only a handful of sites. And
even if Greenland’s subglacial water proves less
important than some believe, this leaves open
the question of why the great ice sheet is losing
mass so rapidly.

Whatever the processes involved, it is now
clear that Greenland can lose ice at rates much
faster than previously supposed and has done so
frequently in the past. A new analysis of historical
data on the extent of the Greenland ice sheet
shows that total meltdown is quite possible as
a result of warming on the scale that is being
forecast for the next few decades (Charbit and
others 2008).

Antarctica is losing ice, too, particularly from
the West Antarctic ice sheet. This sheet contains
enough ice to raise sea levels by about five
metres. It sits like a wrecked ship with a frozen
weld to submerged mountains and has always
been considered potentially unstable—particularly
because warmer ocean waters could melt the
frozen link between ice and rock. Researchers
estimated in 2008 that loss of ice from the West
Antarctic ice sheet increased by 60 per cent in
the decade to 2006 (Rignot and others 2008). Ice
loss from the Antarctic Peninsula, which extends
from West Antarctica towards South America,
increased by 140 per cent.
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Box 1: Subglacial drainage in Antarctica

A Subglacial lake
A Active subglacial lake
¥ Catchment with active lake

t Flooding events
@ Volcanic activity

The International Polar Year, which started in March 2007 and
will draw to a close in March of 2009, is a scientific programme
that focuses on changing Arctic and Antarctic conditions.
Some of the most exciting work studies the dynamics of
ice sheet water drainage. New data showing the existence
of large scale water drainage systems beneath the polar ice
sheets have renewed concern about ice sheet stability.

Beneath the Antarctic ice sheets over 150 subglacial
lakes evolve, including Lake Vostok, a basin the size of
Lake Ontario. High-resolution imaging of the ice sheet
surface has allowed scientists to monitor the movement
of water through previously unrecognized interconnected
hydrologic systems that include large lakes and rivers.
While the extent and degree of interconnection are
unknown, the potential drainage system in Antarctica is
larger than that of the Mississippi River basin.

In the coming decades, significant changes in the polar
regions will increase the contribution of ice sheets to global
sea level rise. Under the ice streams and outlet glaciers
that deliver ice to the oceans, water and deformable wet
sediments lubricate the base, facilitating rapid ice flow. In
Antarctica, subglacial lakes have the capacity to modify
velocities in ice streams and outlet glaciers and to provide
sources of lubrication for new ice-flow tributaries.

Subglacial fluvial systems of Greenland and Antarctica
provide a valuable modern analogue for former ice sheet
dynamics. Prehistoric glacial lake outbursts sculpted the
topography of vast regions in North America, Europe, and
Asia. These floods also delivered enormous quantities of
sediment and freshwater to deltas and to the oceans—
possibly contributing to temporary disturbances in
oceanic thermohaline circulation.

Sources: Allison and others 2007, Bell 2008, Shaw 2002, Toggweiler
and Russell 2008
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The processes affecting the peninsula involve
accelerating glacier flows caused by both warmer
air and higher ocean temperatures (Rignot and
others 2008) (Box 1).

An additional factor in Antarctica that could
undermine the integrity of the great ice sheets
is the recent disappearance of a number of ice
shelves. These shelves float on the ocean but are
attached to the ice sheets indirectly. The shelves
often act like corks in a bottle, holding back
glaciers on land whose loss will raise sea levels.

A large part of the Wilkins Ice Shelf collapsed in
February 2008 (Braun and others 2008). At that
time the British Antarctic Survey said the shelf is
in imminent danger of collapse (BAS 2008). As of
December 2008, satellite radar imagery shows
more cracks within the Wilkins Ice Shelf itself,
especially at the head of the ice bridge stabilizing

Figure 2: Asian cities at risk from sea level rise

the shelf edge. The ice bridge has diminished in
width from 6.0 kilometres to 2.7 kilometres since
the February collapse (ESA 2008).

Sea level rise
The last IPCC assessment forecast that global
sea levels would rise by between 18 and 59
centimetres in the coming century—just from the
thermal expansion of warmer oceans and the
melting of mountain glaciers (IPCC 2007). But
since the report was completed, many researchers
involved in that assessment have predicted that
a much larger rise is possible, indeed probable.
The new prediction originates in part from
reassessments of the potential for physical break-
up of the ice sheets of Greenland and Antarctica.
For instance, a study presented at a conference
of the European Geosciences Union at Vienna in
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April suggested that a rise of between 0.8 and
1.5 metres was most likely (Schiermeier 2008).

Errata: Another study on the dynamics of glacier and ice
sheet loss argued that sea level could rise by as much as
two meters in the coming century as a result of outflows
from all global land ice sources, with significant
contributions from Greenland, Antarctica, and all other
glaciers and ice caps (Pfeffer and others 2008)

Such a rise would be far beyond anything seen
in the recent past. Sea levels rose 2.0 centimetres
in the 18th century, 6.0 centimetres in the 19th
century, 19.0 centimetres in the 20th century,
and what is projected as an equivalent to 30.0
centimetres for the 21st century based on rates
observed in its first few years (Jevrejeva and others
2008). These predictions are not unprecedented:
The magnitude of scale for sea level rise now being
forecast would be in line with what happened at
the end of the last ice age. Then, as ice sheets
disintegrated, sea levels rose by between 70.0 and
130 centimetres per century (Carlson and others
2008).

A one-metre rise in sea levels worldwide would
displace around 100 million people in Asia, mostly

Figure 3: Global ocean response to Greenland
ice sheet melt

The map shows the response of the ocean over ten years to
localized freshwater forcing associated with Greenland ice sheet
loss with variance measured in milimetres. The spreading and
redistribution of the freshwater in the ocean starts wih an initial
boundary wave with associated negative sea surface heights
depicted in shades of blue and positive sea surface heights
shown in shades of red and orange, moving southward from
the Labrador Sea toward the equator. It continues to cross the
Atlantic toward the eastern side and further poleward.

Source: Stammer (2008)

eastern China, Bangladesh, and Vietnam; 14
million in Europe; and 8 million each in Africa and
South America (Figure 2). However, a new study
of how a sudden release of meltwater, or its ice
equivalent, from ice sheets into the oceans would
influence sea levels shows that, in the first years,
the rising waters would not flood with equal speed
everywhere. It would take several decades for a
pulse of rising sea levels to spread around the
world.

From the Greenland ice sheet, most of the
melted water would initially stay in the Atlantic
(Figure 3). Fifty years after release, sea level rise
would be thirty times greater in parts of the North
Atlantic, including the Gulf of Mexico, than in the
Pacific. Similarly, the study found that water from
a collapsed Antarctic ice sheet would swamp
coastlines in the southern hemisphere, while being
barely measurable in the northern hemisphere for
at least 50 years (Stammer 2008).

But whatever the detailed modelling may reveal,
research in 2008 indicates that sea level rise—
from thermal expansion, mountain glacier retreat,
and ice sheet melt—is likely to be much greater
and to arrive much sooner than believed even two
years ago. No matter how quickly climate change
is mitigated, sea level will rise. So, efforts to adapt
to rising seas are more urgent than ever.

SINKS, SOURCES, AND FEEDBACKS
Future climate change will depend largely on
how fast greenhouse gases accumulate in the
atmosphere. That in turn will depend on how
much we emit into the atmosphere—and also on
how much nature is able to absorb.

Since 2000, anthropogenic carbon dioxide
emissions have been increasing four times
faster than in the previous decade. Most of the
emissions came from burning fossil fuels and
manufacturing cement (See Resource Efficiency,
Chapter Five). These emissions are now 38 per
cent above those in 1992, the year governments
attending the Earth Summit pledged to prevent
dangerous climate change (Global Carbon Project
2008).

At the same time, natural carbon sinks that
absorb some of our emissions are unable to
perform this function with their former efficiency.

The main carbon sinks are the oceans, frozen
tracts in the Arctic, and forest ecosystems—all
these sinks are losing their absorption capacity.
Analysis of a variety of studies suggests that the
uptake of carbon by the oceans fell by 10 million
tonnes in 2007. It is not yet clear whether this is
part of a longer-term trend (CDIAC 2008).

Carbon in the Arctic

The Arctic is warming faster than any other
region of the planet. The Arctic also contains
very large stores of carbon in the form of
methane that may be released as the planet
warms. Large-scale methane releases would
provide a major positive feedback to global
warming and could turn natural ecosystems
from carbon sinks to carbon sources, triggering
uncontrollable global warming.

The carbon is contained in soils, including
frozen permafrost, and beneath the bed of the
Arctic Ocean. Two studies in 2008 revised
upwards the amount of soil-carbon believed
to be held in permafrost. One study of North
America concluded there was 60 per cent more
than previously supposed (Ping and others 2008).
A second international study doubled previous
estimates for the carbon inventory of the entire
Arctic permafrost (Schuur and others 2008).
These findings suggest there is presently twice as
much carbon in the northern permafrost as there
is in the atmosphere.

Researchers investigating how Arctic sea-ice
loss affects temperatures on land predict that
future warming in the western Arctic could be
3.5 times greater than the global average. This
accelerated warming would be most pronounced
in the autumn season and would lead to further
rapid degradation of permafrost in northern
peatlands (Lawrence and others 2008).

The Arctic region stores very large amounts
of methane in the form of hydrates locked in ice
lattices in permafrost or beneath the bed of the
Arctic Ocean. During 2008 there has been growing
interest in tapping offshore methane in hydrates
as a source of energy. But climate scientists are
concerned that methane hydrates could escape
into the atmosphere either as permafrost melts
or as warmer waters destabilize frozen offshore
deposits (Bohannon 2008).
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In 2008, marine researchers discovered more
than 250 plumes of methane bubbling up along
the edge of the continental shelf northwest
of Svalbard (Connor 2008). The International
Siberian Shelf Study reported elevated methane
concentrations offshore from the Lena River
delta (Semiletov 2008). Meanwhile, researchers
showed that, once under way, thawing of east
Siberian permafrost—thought to contain 500
billion tonnes of carbon—would be irreversible:
250 billion tonnes could be released in a century
(Khvorostyanov and others 2008).

Northern peatland soils that are not frozen
also contain large amounts of carbon and are
vulnerable to warming. The peat’s ability to
store carbon is highly dependent on its moisture
content. Warming will dry out the peat, lowering
water tables. A new modelling study showed that
this would lead to massive loss of organic carbon
in the soil. In northern Manitoba, Canada, a 4.0°
Celsius warming would release 86 per cent of the
carbon sequestered in deep peat (Ise and others
2008).

In 2007 and 2008, methane concentrations
in the atmosphere began to show an upward
trend after nearly a decade of stability. At
first researchers assumed that the higher
concentrations would be limited to the northern
hemisphere and could be attributed to peatland
degassing. But similar findings were detected in
the southern hemisphere also to reveal a global
increase (Rigby and others 2008). Scientists await
more data before they can determine whether the
reading is a blip, a spike, or the beginning of a
worrisome new trend.

Forest sequestration

One reason for fears about the ability of forests to
soak up carbon dioxide is that forest cover itself is
declining and contributing to emissions—1.5 billion
tonnes of carbon a year enter the atmosphere
from changes in land use, almost entirely from
deforestation in the tropics (Global Carbon Project
2008, Canadell and Raupach 2008). Another
reason is that even intact forests may be in
trouble: The ability of forests to store carbon may
have peaked and rising temperatures may already
be decreasing carbon uptake by vegetation in

the northern hemisphere. Higher temperatures
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impose significant stress on trees during the
summer season and photosynthesis halts sooner.
Once the photosynthesis comes to a halt, carbon
is no longer sequestered. And stressed forests
are vulnerable to damage from pollution, pests,
and disease that can turn them into carbon
sources (Piao and others 2008) (See Ecosystem
Management, Chapter One).

Amazon on the edge

The Amazon rainforest, which covers 5 million
square kilometres and contains a quarter of the
world’s species, could be on a climatic edge. In
2008, one of the world’s leading climate models,
run by the Hadley Centre at Britain’s Meteorological
Office, predicted that the Amazon may be close

to a crucial tipping point. Beyond that point, the
almost daily rainfall that sustains the jungle will

Box 2: A river runs through it

The pivotal role of the Amazon region in global climate
was underlined in a study of the impact of outflows of the
Amazon River into the Atlantic on the ocean’s carbon cycle.
The Amazon, the world’s largest river, carries about a fifth of
all the world’s river water. It sends a muddy freshwater flow
for thousands of kilometres into the Atlantic, taking rainforest
nutrients like nitrogen with it. Microbes contained in the
flow feed off the nutrients and fertilize the ocean, increasing
plankton growth that results in the oceans absorbing carbon
dioxide from the atmosphere.

The findings provide a new perspective on the ability of the
overall ocean system to soak up man-made emissions.
But they also underline how the ocean carbon sink could
be vulnerable to changes on land, such as deforestation
and drought. Drought in the Amazon would both damage
the rainforest and reduce the river flow, cutting the flow
of nutrients and reducing the ocean’s ability to capture
carbon dioxide from the air.

Source: Subramaniam and others 2008
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The Amazon River deIivérs a plume of sediment to the Atlantic
Ocean. Source: NASA

become less dependable, soils will dry out, and
much of the forest will die (Harris and others 2008)
(Box 2).

One reason for the Amazon rainforest’s
vulnerability is that its rainfall is critically dependent
on a pattern of tropical ocean temperatures that is
threatened by climate change. When this pattern
is disrupted by a warmer eastern Pacific and a
tropical North Atlantic that warms faster than the
South Atlantic, these new conditions are known
to cause drier conditions in Brazil. For instance,

a major drought in the Amazon in 2005 was in
2008 diagnosed as being the result of unusually
warm temperatures in the North Atlantic (Harris
and others 2008). A doubling of carbon dioxide
levels in the atmosphere could warm the oceans
sufficiently to decrease rainfall in the Amazon basin
by 40 per cent. Such a decline in rainfall would
reduce the rate of growth of rainforest vegetation
by 30 per cent. This would be in addition to the
predicted decrease in growth of 23 per cent
directly attributable to the higher air temperatures
(Harris and others 2008).

According to this scenario, the combination of
heating and drying in the Amazon basin would
initiate a runaway loss of forest. Forest loss would
raise temperatures, doubling local warming this
century from an anticipated 3.3 to 8.0° Celsius.
Even if temperatures did fall to former levels, the
rains would not return because there would be no
forest to process them through evapotranspiration.
Finally, soils would have dried out when exposed
to sunlight and be more susceptible to erosion,
accentuating the drought conditions (Betts and
others 2008, Malhi and others 2008).

Black carbon and other feedbacks

There are other important anthropogenic influences
on climate besides greenhouse gases. Evidence is
mounting for significant consequences to climate
variability from soot, aerosols of black carbon

that originate from fires on the landscape. Global
emissions of black carbon are rising fast and
Chinese emissions may have doubled since 2000.
The warming influence of black carbon could be
three times greater than estimates from the IPCC’s
latest report, making it the second most importance
climatic agent after carbon dioxide (Ramanathan
and Carmichael 2008).



These findings remain controversial—not least
because black soot can cool as well as warm. But
when black carbon falls onto ice it darkens the
surface, absorbing more of the sun’s energy which
leads to local warming and melting. Soot may
be a contributor to the disappearance of glaciers
in some regions and could even explain the
accelerated rates of melt in the Himalaya-Hindu
Kush (Ramanathan and Carmichael 2008) (Box 3).
But soot released from the increasing number
of wild fires in North America and Siberia is also
shading the Arctic from direct sunlight, causing
cooling (Stone and others 2008).

Another air pollutant with known cooling
properties was reassessed in 2008. Sulphate
aerosols, often the main component of acid rain,
cool the atmosphere by scattering sunlight back
into space. The new studies suggest that efforts
to curb acid rain by cutting sulphate emissions,
particularly since 1980, have contributed
substantially to the very rapid warming over Europe
and the North Atlantic since 1980 (Ruckstuhl and
others 2008, Van Oldenborgh and others 2008).

In another unexpected finding, increasing fallout
of acid sulphates in China has been suppressing

Box 3: Meltdown in the mountains

natural methane production from bacteria in rice
paddies, slightly reducing global warming (Gauci
and others 2008). These feedbacks in no way
undermine the argument that man-made pollution
is warming the planet, but they remain significant
uncertainties. Most importantly, they demonstrate
the complexities inherent in Earth systems, as
well as the intricate balances of cumulative effects
under varying circumstances and at multiple
scales.

IMPACTS AND VULNERABILITIES

New research demonstrated that winds in the
strongest cyclones have become more intense

in all oceans (Elsner and others 2008). The
increase has been greatest in relatively cool ocean
basins that have seen the largest increases in sea
temperatures, notably the North Atlantic, but also
the eastern North Pacific and southern Indian
oceans.

Tropical cyclones only form when ocean
temperatures exceed about 26° Celsius. Therefore
it is likely that warmer oceans will generate more
tropical cyclones. But things may not turn out

so simply. Most potential storms never turn into
tropical cyclones even above that temperature,
because other atmospheric conditions exert
significant influences.

A major new modelling study forecast that a
further warming of the North Atlantic could in fact
discourage formation of hurricanes, the regional
name for tropical cyclones. The study forecast an
18 per cent decline in the annual hurricane count
by later this century. It commanded attention
because the same team had previously produced
a remarkably accurate ‘hindcast’ of hurricane
numbers over the past 30 years (Knutson and
others 2008).

The paper argued that, along with ocean
temperature itself, what matters most for hurricane
formation is the temperature difference between
the surface of the ocean and the top of the
troposphere, the region where hurricanes reach
their greatest height. The authors argued that
the recent increase in North Atlantic hurricanes
arose because of unusual warming in the tropical
North Atlantic with normal temperatures in the
troposphere, probably due to short-term natural
fluctuations. If this combination proves anomalous,
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One of the most explicit signs of the Earth’s warming is the near-universal retreat and thinning of mountain galciers
in temperate and tropical regions, as well as in Polar latitudes. New data from the World Glacier Monitoring Service

| at the University of Zurich tracked 30 reference glaciers in nine mountain ranges and underlined the extent of this

phenomenon. The reference glaciers were in equilibrium in the early 1980s, accumulating the same amount in
precipitation each year as they lost during melt season. But in the past two decades, they have been losing ice
rapidly.

This loss is accelerating. From 2005 to 2006, the most recent collated data set, the reference glaciers

| showed an average thinning of 1.4 metres, almost five times the annual loss in the 1980s and 1990s.

Among those glaciers dissipating the most, Norway’s Breidalblikkbrae thinned by more than 3.0 metres
in the year, France’s Ossoue glacier thinned by almost 3 metres, and Spain’s Maladeta glacier thinned by
nearly 2 metres. Of the 30 reference glaciers, only one thickened, Echaurren Norte in Chile. The report
concludes that up to 750 million people could be seriously affected as Himalayan glaciers disappear and
the rivers they feed become seasonal, especially in northern India.

Hazardous substances—transported through the atmosphere, condensed with water molecules, deposited
on ice surfaces, and encased within glaciers—are now being released back into the environment as glaciers
melt. Currently restricted-use DDT is turning up in unanticipated amounts in Adélie penguin populations that
occupy parts of the Antarctic coast. Organic pollutants such as insecticides have been well documented
as they melt out of glaciers in North America’s Rocky Mountains and polychlorinated biphenyls, or PCBs,
can be found downstream of European glaciers. As temperate mountain glaciers disappear they will deliver
unwelcome chemicals to ecosystems and communities struggling to cope with expected floods and then,
eventually, droughts (See Harmful Substances and Hazardous Wastes, Chapter Two).

In South Asia alone, nearly a billion people depend on glacier melt water from the Himalaya/HinduKush mountain system.
Sources: WGMS 2008a, WGMS 2008b, Geisz and others 2008, Blais and others 2001, Schindler and Parker 2002, Branan 2008
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then the recent rising trend in strong hurricanes
may cease.

The study was controversial, however. Some
reviewers pointed out that the model could
not reproduce the strongest hurricanes—the
ones people care about the most and that have
become more frequent. Others pointed out that
the findings were restricted to the North Atlantic.
Apparently, different rules will apply in the Pacific
and other basins, where global warming is still
expected to produce more, and more dangerous,
cyclones.

The year 2008 saw a series of other significant
predictions for future extreme weather as
researchers attempt to deliver relevant insights at
regional and subregional scales. One such finding
predicts that daily high temperature extremes are
set to rise twice as fast as average temperatures
(Brown and others 2008). Another suggests that
there are likely to be many more extremely intense
rainfall events in a warmer Europe (Lenderin and
van Meijgaard 2008).

Growing concern about world water shortages
highlight new findings on the possible impacts
that climate change will have on the hydrologic
cycle, including rainfall, soil evaporation, and loss
of glacial meltwater flows in rivers. New findings
predict empty reservoirs in the Mediterranean
and American midwest, dry rivers in China and
the Middle East, and less predictable river flows
chracterized by flash floods in a glacier-free South
Asia (Barnett and Pierce 2008).

Several researchers warned during the year
about the dangers of communicating what are
likely over-precise predictions of local climate
change, especially rainfall and river flows.
Uncertainty about some aspects of climate change
has to be accepted. But unpredictability is no
reason to delay taking action on climate change.
Far from it. Its unpredictability is part of what it
makes it so dangerous (Smith 2008).

TIPPING POINTS

With possibilities of collapsing ice sheets, methane
bubbling out of permafrost, desiccated rainforest
ecosystems, and sporadic ocean circulation
patterns, concern is growing that Earth’s life-
support systems are approaching thresholds that
contain tipping points. Such fears are reinforced by
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growing evidence that it has happened before. Past
climatic shifts, such as the end of an ice age, have
happened abruptly. Studying these past changes
could help predict whether anthropogenic climate
change is about to precipitate irreversible changes.

In early 2008, a team of scientists published the
first detailed investigation of vulnerable Earth systems
that could contain tipping points. The team introduced
the term “tipping element’ for these vulnerable
systems and accepted a definition for tipping point
as “...a critical threshold at which a tiny perturbation
can qualitatively alter the state or development of a
system...” (Lenton and others 2008).

The team examined nine of these elements and
assigned transition times to emphasize policy
relevance. They also suggested average global
temperature increase that approaches a critical
value within each tipping element.

The elements they considered as policy relevant
include the Asian monsoon, the West African
monsoon, Arctic sea ice, Amazon dieback, boreal
forest loss, thermohaline circulation, El Nifio
Southern Oscillation, collapse of the Greenland
ice sheet, and loss of the West Antarctica ice

Box 4: Tipping point in Africa?

Hurricane hitting Cuba in 2008.
Source: Associated Press/ Eduardo Verdugo

sheet (Box 4) (See Environmental Governance,
Chapter Six). The study warned against a false
sense of security delivered by projections of
smooth transitions of climate change. Instead, too
many critical thresholds could be crossed within
this century because of the changing climate.
Scientists hope to establish early warning systems
to detect when these suggested tipping elements
become unstable (Lenton and others 2008).

The goal of early warning may be complicated
by the cumulative effects the different Earth

Debate continues about whether the Sahel, one of the world’s
regions most vulnerable to climate variability, is about to pass
a tipping point. Some studies suggest that the Sahel region
of West Africa could see a sudden revival of rains if global
warming and changes in ocean temperatures in the North
Atlantic combine to trigger a strengthening of the West African
monsoon. This tipping point has been crossed in the past: From
7000 to 3000 before the common era (BCE) large parts of the
Sahel were verdant after an exceptionally dry period around
8500 BCE. Evidence published in 2008 suggested that
even if this revival occurs it may not be as abrupt as some
suggest. A study of pollen and lake sediments in the Sahara
investigated how the Sahel went from wet to dry conditions
over a one thousand year period that began six thousand
years ago. Other studies suggest this shift happened
within a few decades. The search for a reliable means of
predicting future precipitation patterns in the Sahel region
of Africa continues, with one study suggesting that links
to sea surface temperatures that held in the 20th century
might not apply in the 21st century. However, even if the
Sahel did become a lush landscape, only good governance
could promise that it would not be a source of conflict and
mismanagement (See Ecosystem Management, Chapter
One; See Disasters and Conflicts, Chapter Four).

Sources: IPCC 2007, Kropelin and others 2008, Brovkin and Claussen 2008,
Cook 2008

Source: Mike Hettwer

Cast from the archaelogical site of Gobero, Niger on the shoreline of Mega
Lake Chad, hundreds of kilometres from the current lake shore. These
remains of a mother and two children date to about 3300 years before the
common era.



systems have on each other, given the
complexities at multiple scales and under various
circumstances. In 2008 such complexities

were demonstrated when early warning efforts
resulted in observations of unexpected enhanced
thermohaline circulation in the Labrador and
Irminger Seas (Vage and others 2008). Another
new study found links among El Nifio, the Asian
monsoon, and the south equatorial Atlantic’s sea
surface temperature. These teleconnection clues
hold out the prospect of more accurate seasonal
forecasts of the Asian monsoon, including its
possible failure (Kucharski and others 2008).

Box 5: Managing the unavoidable

CONCLUSION

Uncertainties remain in climate change science,
especially regarding the operation and interaction

of Earth systems over various timeframes and how
subsystems react to feedbacks. In particular, more
work is required to understand the nature of possible
tipping points in systems operating at various scales.
For now, the evidence suggests that we may be within
a few years of crossing tipping points with potential
to disrupt seasonal weather patterns that support the
agricultural activities of half the human population,
diminish carbon sinks in the oceans and on land,

and destabilize major ice sheets that could introduce

unanticipated rates of sea level rise within the 21st
century (Lenton and others 2008, Schelinhuber 2008).
The basic scientific building blocks behind
forecasts of widespread and damaging climate
change are irrefutable (IPCC 2007). Unless action
is taken soon to stabilize and then decrease
concentrations of greenhouse gases in the
atmosphere, these changes will cause widespread
damage to ecosystems, natural resources, human
populations, and their fragile economic activities.
Such damages could certainly end prosperity in
developed countries and threaten basic human
livelihoods in developing countries (Box 5).

Until very recently, technology transfer to address climate
change has dwelled on mitigation issues. Given that the
overwhelming majority of global greenhouse gas emissions
are from the energy sector, energy alternatives became
the dominant focus for technology transfer. Since energy
technologies have been promoted as centralized and
infrastructure dependent, it has been a priority on the
part of developing country decision makers to emulate
developed country models by promoting infrastructure
development, modernizing energy delivery, and stimulating
private sector investment in large scale installations. So
technology transfer in the climate context has come to
focus squarely on flows of experience, know-how, and
equipment installation arrangements between countries,
especially from developed to developing countries, and
less on deployment and dissemination within countries (See
Resource Efficiency, Chapter Five).

Now that the question of technology for adaptation has moved
towards centre stage, some of the ideas about technology
transfer for mitigation have been carried forward into the
adaptation domain. However, this approach will likely not
work.

First, adaptation is not new in the way that modern energy
infrastructures are new. Second, the sectors that need
technology for adaptation are ubiquitous—not dominated
by one sector like energy. Third, many technologies for
adaptation, and techniques for adaptation that foster shifts of
behaviour and approach, are already available in developing
countries. And fourth, the most needed technologies and
techniques for adaptation are unlikely to be as capital intensive
as those for mitigation, meaning there will not be huge short-
term profits to be made by corporate interests.

The selection of technologies for adaptation can be a delicate
matter: Caution must be exercised in the introduction
of some technologies to avoid possible unintended side
effects. The development and application of suitable criteria,
motivated by the immediacy of the adaptation challenge, will
help to avoid some of these problems.

There are three essential criteria—efficiency, equity, and
effectiveness. First, any chosen technology should be

subject to some efficiency criterion. Before adopting any
specific adaptation measure or set of measures it is important
that the benefits exceed the costs, especially at the local
level. Second, it is important that the choice of technology for
adaptation is equitable in its distribution. In choosing among
alternatives, decisonmakers may wish to consider which
segments of the population will particularly benefit and where
and upon whom the full costs will be incurred. Third, although
they may be efficient and equitable, some adaptation options
may be politically, socially, or legally unacceptable and lead
to negative effects. Perhaps a simple change of an existing
regulation may be sufficient to facilitate needed effects. Too
often, alterations in cultural values and attitudes are involved:
These can be much harder to change. But if approached
with respect and rationality, social and cultural obstacles
can be negotiated, especially when community leaders can
be convinced of the advantages emerging from effective
adaptation techniques and technologies.

Five sectors require particular emphasis for adaptation
planning. They present challenges, but also offer some lessons
learned that could be considered:

In many coastal locations technology has been instrumental
in reducing society’s vulnerability to perennial weather related
hazards. Traditional and recently developed techniques and
technologies that have proven to be effective in reducing
vulnerability to weather-related hazards will also be important as
technologies for adaptation to climate change.

For water resources, climate change induced variability in the
hydrologic cycle imposes additional challenges on planning
and management. The development of appropriate adaptation
strategies to cope with this added uncertainty requires a broad,
integrative approach given the multidimensional roles that water
plays in sustaining human life, society, and the ecosystems on
which they depend.

For agriculture, it is important to consider a diverse toolkit
for adaptation because there are a number of uncertainties
regarding the range of impacts associated with climate
variability and climate change. This is essential to retain
the flexibility to transfer and adopt appropriate site-specific
techniques and technologies.

Source: Strait Crossing Bridge Ltd.

The Confederation Bridge links the Canadian provinces of New Brunswick
and Prince Edward Island. Along its 13 kiometre length the piers and
road surface were built a metre higher than required to accommodate for
expected sea level rise and associated variable ice conditions over its one
hundred year lifespan.

There is along history of dealing with the impacts of climate
variability in the sector of public health. Incorporating
consideration of where, when, and how extensively climate
change could affect future disease burdens is important
for increasing resilience. In facing climate change health
issues it is especially important to design interventions in
collaboration with practitioners addressing the full spectrum
of public health challenges.

Finally, an integrated and exhaustive governance structure
is central to the success of adaptations, particularly in
infrastructure projects and in urban settings. The broader
the scope of the adaptation intervention, the greater the
need for good governance to ensure efficiency, equity,
and effectiveness. Awareness-building and involvement of
community groups is essential, as is honest involvement
of public and private sector interests, in the successful
transfer of technologies for adapting infrastructure systems
to the changing climate.

Source: Klein and others 2006
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