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Foreword by WWF

Emissions of global warming gases continue to rise as the world burns ever more coal, il
and gas for energy. The risk of destabilising the Earth's climate system is growing every
day. Few things can be more pressing for the protection of ecosystems and the well-being
of society than avoiding the catastrophic effects of global warming. Timeis not on our
side.

Damage resulting from extreme weather events already imposes a heavy toll on society
that few economies are easily able to absorb. Floods along the Yangtse River in Chinain
1998 were responsible for 4,000 deaths and economic losses of US $30 billion. In the
same year, extreme weather conditions in Floridalead to drought and widespread
wildfires caused the loss of 483,000 acres and 356 structures from fires, and resulted in an
estimated US $276 million in damages. These kinds of economic impacts have increased
dramatically over recent decades. It begs the question, what kinds of calamities might
global warming have in store?

While there are various levels of certainty associated with the linkages between climate
change and extreme weather events, decision-makers should take each of them into
account when calculating the costs of climate change. Changing levels of precipitation,
more severe El Nifios or tropical cyclones, acute coral bleaching such that corals would
not have time to recover, or a stagnation of the Ocean Conveyer Belt and the collapse of
the West Antarctic | ce Sheet are risks. Each should have global policy consideration.
Governments and businesses that fail to implement prudent climate protection measures
must bear part of the responsibility for the consequences of these kinds of catastrophes by
either reducing their emissions or paying into a compensation fund.

Industrialised countries must not close their eyes to global warming. With around one-
quarter of the world's population, they account for two-thirds of the world's energy-related
carbon dioxide emissions. Yet devel oping nations are expected to suffer the worst impacts
of global warming. The dramatic floods in Mozambique that |eft thousands stranded and
the recent bleaching coral reefs around Fiji are characteristic of what we can expect in a
warmer world.

Jennifer Morgan
Director, WWF Climate Change Campaign

September 2000
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1. Introduction and summary

Following arequest from WWF we, as researchers at the Institute for Environmental
Studies, have made an assessment of the scientific knowledge concerning climate
change and its impacts regarding the weather and weather extremesin particular.

The report of the Intergovernmental Panel on Climate Change of 1995 has been taken
as astarting point. Since 1995 many new observations and reports have become
available. Much of the information on observations and studies on climate change and
its impacts can be found through the Internet. Where possible we have made
references, such that the reader can easily verify and review our sources.

This study addresses three main questions:

To what extent can the human influence on the climate system presently be measured?
What can we expect for the short term and long-term future?

To what extent will measures to reduce net greenhouse gas emissions affect the future
climate?

We conclude that the effects of emissions of CO, and other greenhouse gases on the
global climate are becoming increasingly visible. Thisincludes changesin
temperature, precipitation, sealevel rise, atmospheric circulation patterns, and
ecosystems. For many areas on Earth these changes are becoming manifest through
changesin the frequency and the intensity of extreme weather events. We conclude
with reasonabl e but no absolute confidence that human induced climate change is now
affecting the geographic pattern, the frequency, and the intensity of extreme weather
events.

The assessment of the most recent literature was carried out by Pier Vellinga and
Willem van Verseveld of the Institute for Environmental Studies (IVM) of theVrije
Universiteit in Amsterdam. We thank Fons Baede of the Royal Netherlands
Meteorological Institute (KNMI) and Jim Bruce, Chair of the International Advisory
Committee UNU Network on Water, Environment and Health and former co-chair of
Intergovernmental Panel on Climate Change (IPCC) Working Group 3, for their reviews
and comments. However, as authors we carry the sole responsibility for this report.



2. Observed changesin the climate

The climate and the mean temperature at the Earth's surface depend on the balance
between incoming (short wave) solar energy and outgoing energy (infrared radiation)
emitted from the Earth's surface. Greenhouse gases trap some of the infrared radiation
emitted by the Earth and keep the planet warmer than it would be otherwise. The mean
global temperature, about 15°C, would be far below zero without this natural
greenhouse effect.

The concentrations of greenhouse gases such as carbon dioxide, methane, nitrous oxide,
and CFCs have increased since the pre-industrial age, especially since 1960. Carbon
dioxide has increased from 280 ppmv to 360 parts per million by volume (ppmv),
methane from 700 to 1720 ppmv, and nitrous oxide from 275 to 310 ppmv. All these
increases are clearly caused by human activities connected in large part with burning
fossil fuels, land use, and industrial processes. Thus, climate change is largely aresult
of human activities contributing to an amplified greenhouse effect.

2.1. Temperature

Over the past 130 years, the mean temperature of the Earth's surface has risen between
0.3 and 0.6°C, as reported by IPCC, 1995 (see figure 1). More recent analysis,
including the temperature record up to 1999, indicates that the global average
temperature has now risen by about 0.6°C over the whole period of record since 1860
(Wigley 1999). A closer ook reveals that the majority of this temperature increase
occurred during the last few decades, when the global average temperature has risen by
about 0.2°C per decade.
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Figure 1. The abovetime series showsthe combined global land and ocean temper ature anomalies from 1880 to 1999 with
respect to an 1880-1998 base period. The largest anomaly occurred in 1998, making it the warmest year since widespread
instrument records began in the late nineteenth century. (Source: National Oceanic and Atmospheric Administration,
National Climatic Data Centre, Asheville, NC).

The year 1998 is the warmest year ever measured globally in history. The top ten warmest
years ever measured worldwide (over the last 120 years) all occurred after 1981. The six
warmest of these years occurred after 1990. 1

1 The temperature trend over the last 100 years and other measurements of the
climate can be found on the Internet at
http://www.ncdc.noaa.gov/ol/climate/research/1999/ann/ann99.html.



Figure 2 shows the reconstructed Northern Hemisphere temperature anomaly series
(Mann et a. 1999). A long-term cooling trend (-0.02°C/century) prior to
industrialisation, possibly related to astronomical forcing, changes to a warming trend
during the twentieth century. This century is nominally the warmest of the millennium.
Although there are some uncertainties about the Northern Hemisphere reconstructions
prior to AD 1400, the late twentieth century warming remains apparent. Anincrease in
greenhouse gas concentrationsis by far the most plausible reason. This plot also forms
the basis for the conclusion that 1998 was the warmest year of the millennium.
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Figure 2. Millennial temperature reconstruction for the Northern Hemisphere (solid). Instrumental data (Red) from AD
1902-1998, a smoother version of the NH series (thick solid), alinear trend from AD 1000-1850 (dot dashed), and two
standard error limits (yellow shaded) are also shown. (Copyright: American Geophysical Union). (Mann et al. 1999;
see also http://apex.ngdc.noaa.gov/paleo/pubs/mann_99.html).

Researchers for the National Climate Data Center/National Oceanic and Atmospheric
Association (NCDC/NOAA) have quantified the interannual -to-decadal variability of the
heat content of the world ocean layer through a depth of 3,000 metres, for the period 1948
t0 1998 (Levitus et al. 1999), seefigure 3. The largest warming occurred in the upper 300
metres, on average by 0.56 degrees Fahrenheit (0.31°C). The upper 3,000 metres have
warmed on average by 0.11°F (0.06°C) over the past 40 years. The Atlantic, Indian and
Pacific basins were examined. The Pacific and Atlantic oceans have been warming since
the 1950s and the Indian Ocean since the 1960s. The observed warming of the ocean
layer ismost likely caused by a combination of natural variability and anthropogenic
effects.
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Figure 3. The above time series show the ocean heat content in the upper 3,000 m for the South Atlantic, North Atlantic,
and Atlantic Ocean during thelast 40 years. (Copyright: AAAS/Science magazine).
(http://www.noaanews.noaa.gov/stor ies/s399.htm).

The researchers also found that the warming of the subsurface ocean temperatures

preceded the observed warming of the surface air and sea surface temperatures, which
began in the 1970s.2

Because the climate varies naturally over decades and centuries, direct attribution of these
temperature changes to human activities is complicated. However, systematic
observations show that global warming and the spatial pattern of this warming extend
beyond the bounds of our estimates of natural variability. For example, Simon Tett and
colleagues at the Hadley Centre for Climate Prediction and Research and the Rutherford
Appleton Laboratory have simulated the patterns of space/time changes in temperature
due to natural causes (solar irradiance and stratospheric volcanic aerosols) and
anthropogenic influences (greenhouse gases and sul phate aerosols) with a coupled
atmosphere-ocean general circulation model. These simulations were then compared
with observed changes.

2 See also: http://www.noaanews.noaa.gov/stories/s399.htm
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The results of this study indicate that a combination of natural causes, in particular an
increase in solar forcing, may have contributed to temperature changes early in the
century, but that the warming over the past 50 years must partly be attributed to
anthropogenic components in order to explain the overall temperature rise during this
period (Tett et al. 1999). Thisis confirmed through statistical analysis by Tol and Vellinga
(1998). Regardiess of the way the influence of the sun isincluded in the statistical model,
the accumulation of carbon dioxide and other greenhouse gases in the atmosphere
significantly influence the temperature. Tol and Vellinga find that the estimated climate
sensitivity is substantially affected only if the observed record of the length of the solar
cycle is manipulated beyond physical plausibility.

The various contributions to the rising global average temperature have been modelled by

Wigley in The Science of Climate Change (1999). His results confirm the modelling work
of the Hadley Centre and the statistical work by Tol and Vellinga (see figure 4). Ascan be
seen in figures 1 and 4, the global mean temperature has rapidly risen since the late 1980s.

The global temperature changeis not equally distributed. The largest recent warming is
between 40°N and 70°N. In afew areas, such asthe North Atlantic Ocean north of 30°N,
the temperature has decreased during the last decades (Houghton et al. 1996). In general,
the land area warms faster then the oceans due to the much larger heat capacity of the
oceans. Asaresult temperature differences between oceans and land increase, most
probably affecting atmospheric circulations.
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Figure4. If effects of greenhouse gas emissions, aerosols, and solar forcing are considered (dotted line), the model-
predicted warming isin close agreement with the observed warming (thin black line). (Wigley 1999). (Copyright Pew
Center on Global Climate Change).

2.2. Precipitation

An increase in the average global temperature is very likely to lead to more evaporation
and precipitation. However, it is difficult to predict and measure the precise changesin
the hydrological cycle because of the complex processes of evaporation, transport, and
precipitation and aso because of the limited quality of the data, short periods of
measurements, and gaps in time series. In spite of these limitations, some specific
changes in the amounts and patterns of precipitation have been found over the last few
decades.

In general, between 30°N and 70°N an increase in the mean precipitation has been
observed. Thisisalso true for the area between 0° and 70° southern latitude. Inthe area
between 0° and 30° northern latitude a general decrease in the mean precipitation has
occurred (Houghton et al, 1996).



In addition to these global changes, afew regional changes in the mean precipitation have
been observed. In North Americathe annual precipitation has increased (Karl et a. 1993b;
Groisman and Easterling 1994). In the northern region of Canada and Alaska atrend of
increasing precipitation has been detected during the last 40 years (Groisman and
Easterling 1994). Data from the southern part of Canada and the northern region of the
United States show an increase of 10 to 15 percent (Findlay et al.1994; Lettenmaier et al.
1994). In general, an increase in precipitation can be found in Northern Europe and a
decrease in Southern Europe. The amounts of precipitation in the Sahel, West Africa, in the
period from 1960 to 1993 were lower than in the period before 1960 (Houghton et al.
1996).

Several analyses of precipitation observations indicate that rainstorm intensity has
increased over the past decades. In the United States for example, 10 percent of the annual
precipitation falls during very heavy rainstorms (at least 50 mm per day). At the beginning
of this century this was less then 8 percent (Karl et a. 1997). According to Groisman et al.
(1999), heavy rainstorms account for a 10 percent change in the mean total precipitation
when there is no change in the frequency of precipitation. The mean total precipitation has
changed, and for those areas where precipitation has increased heavy precipitation rates
should be higher. For example, analyses of precipitation patternsin the USA (Karl and
Knight 1998), the former USSR, South Africa, China (Groisman et al. 1999) and India (Lal
et a. 1999) show asignificant increase in heavy rainstorms.

2.3. Scalevel rise

Over the last 100 years, sealevel has risen between 10 and 25 centimetres worldwide.
Whilethisrise in sealevel may be seen asthe tail end of a continuous rise since the last ice
age, sealevel hasrisen most sharply over the last 50 years (see figure 5). Monitoring of sea
level riseis complicated, as the vertical landmass movements are, to some unknown extent,
always included in the measurements. However, since 1990, improved methods have been
developed to compensate for the vertical landmass movements. At this moment it has been
established with high confidence that the volume of ocean water has increased.

It ismost likely that the recent increase in the rate of sealevel riseisrelated to the observed
increase of the Earth's global temperature and the ocean sea surface temperature. The
volume of the ocean surface water layer expands per 0.1°C warming of the surface layer of
the oceans, such that the sealevel rises about 1 centimetre. Thus, the measured 0.6°C-sea
surface temperature increase explains a 6 centimetres sealevel rise. The observed melting
and retreating of glaciers and ice sheets indicates an additional sealevel rise between 2 and
5 centimetres.



Global

30

25 Global means sea level .

20 rate=3.1 mm/yr iif

15 1 -}

10 o1 i bt |
—~ p Sl st ¥ o t'.
e 5 | ‘ J | i A L
E | P AT L 'ty

0 1 T}.—«. e Tl F Ry hE fr

LI __ll:: :.\E!"ﬂi Ly I' 1 "'{

S il ol e N T |

'10 ﬁif H 1 ) [] 1 |' [ i

' by U
_15 -
-20 - - - T
1993 1994 1995 1996 1997 1998 1999
8.0
40 | ¢
f] r'u P
- =, .
T ) ___,h'!M?u-
e o e
§ o b, |r f
2 iy A 5T
g -4.0 : H . j{-v .I.. H-'
(N PO Y ¥
iy Amt o N o B tt (1988
8.0 q..""li{a_F-‘ii.';ﬁ fjl_l; s arnett (1988)
q ] E'I‘I-IF.'II' L}
120 Il i B Il Il i 1 Il i
1880 1900 1920 1940 1960 1980
Year

Figure5. Sealevel riseduring last century (below) and temporal variability of sea level rise computed from
TOPEX/POSEIDON (top). (Copyright Center for Space Research) (http://www.csr.utexas.edu/gmsl/tptemporal.html)

2.4. Show and I ce changes

Glaciers are melting worldwide. In the last century, glaciers on Mount Kenya have lost 92
percent of their mass and glaciers on Mount Kilimanjaro 73 percent. The number of
glaciersin Spain has decreased from 27 to 13 since 1980. Europe'sAlpine glaciers have
lost about 50 percent of their volume during the last century. The glaciers of New
Zedand have decreased in volume by 26 percent since 1980. In Russia, the Caucasus has
lost about 50 percent of its glacial ice over the last 100 years.
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Figure 6. The figure above contains data for average global mass balance for each year from 1961 to 1997, as well asthe plot
of the cumulative change (negative six metres) in mass balance for thisperiod. (Copyright: National Snow and | ce Data
Center, University of Colorado, Boulder, US).

Laser instruments indicate that Alaska has the most glaciers. A warmer atmosphere in the
winter can retain theoretically more moisture, resulting in an increase in snow precipitation
(see aso Section 2.2 on 'Precipitation’). The snow does not melt immediately, therefore the
ice sheets can increase in volume. However, this winter increase in volume is no longer
keeping pace with the melting caused by the longer and hotter summers. Glaciers have
diminished in both volume and area during the last 100 years, especially in areas of the mid
and lower latitudes.
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Figure 7. A time series of Arctic ice extent from 1978 onward. (Copyright: National Snow and | ce Data Center, University
of Colorado, Boulder, US).
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Vinnikov et a. show that the Northern Hemisphere sea ice extent has decreased during the
past 46 years. The Geophysical Fluid Dynamics Laboratory (GFDL) model and the
Hadley Centre model, both forced with greenhouse gases and tropospheric sulfate
aerosols, simulate the observed trend in seaice extent realistically. Consequently, the
decrease in seaice extent can be interpreted as the combination of greenhouse warming
and natural variability. The probability that the magnitude of the observed 1953-98 trend
(-190.000 km2 per 10 years) in seaice extent is caused only by natural variability is<0.1
percent according to along-term control run of the GFDL model. For the observed 1978-
98 trend (-370.000 km2 per 10 years) the probability is <2 percent. Others have aso
reported diminished seaice cover extent in regions such as the Northern Hemisphere
1978-1995 (Johannessen et al. 1996), the eastern Arctic Ocean and Kara and Barents seas
1979-1986 (Parkinson 1992), and the East Siberian and Laptev seas 1979-1995 (Maslanik
et al. 1996). Parkinson et al. (1999) used satellite passive microwave data for November
1978 through December 1996, which reveal an overall decreasing trend (-34.300 + 3700
km2/yr) in Arctic ice sea extents. Recently, scientists at the Goddard Space Flight Center
have combined data from the Scanning Multichannel Microwave Radiometer (SSMR) and
the Specia Sensor Microwave/lmager (SSM/1), launched by NASA in 1978 and 1987
respectively (seefigure 7 and 8).2 Trends estimated from these data suggest a net
decrease in Arctic ice extent of about 2.9 percent per decade (Cavalieri et al. 1997).

Rothrock et al. concluded from a comparison of seaice draft measurements during
submarine cruises between the periods 1993 to 1997 and 1958 to 1976 that the seaice
cover has decreased by about 1.3 m in thickness. The decrease is greater in the central and
eastern Arctic than in the Beaufort and Chukchi seas.

3Also see: http://gemd.gsfc.nasa.gov/cgi-bin/md/ for more information.
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Figure 8. Arctic seaicetrends 1979-1995. (Copyright: National Snow and | ce Data Center, University of Colorado,
Boulder, US).

All these recent trends and variations in seaice cover and thickness are consistent with
recorded changes in high-latitude air temperatures, winds, and oceanic conditions.

2.5. Circulation patterns

Atmospheric circulation

Land surfaces absorb less heat than ocean surfaces. Thisiswhy the surface temperatures

above land respond faster to an increase in radiative forcing than the ocean surfaces. One
way or another this temperature difference will affect the atmospheric circulation patterns,
the wind speed distribution/frequencies, and the strength and trajectories of high-and low-
pressure fields.

12



In fact, an increase in the number of low-pressure areas has been detected in parts of the
United States, the east coast of Australia, and the North Atlantic Ocean (Houghton et al.
1996).

Another phenomenon that islikely to be at |east partly related to a changein circulation
patternsis the relative dryness in North Africa over the last few decades. The Sahel has
become much dryer over the last 25 years. This period of desiccation represents the most
substantial and sustained change in rainfall within the period of instrumental
measurements. Thisislikely to be related to the change in the Atlantic Ocean seawater
surface temperatures. Lower temperatures south of the equator and higher temperatures
north of the equator are correlated to alower rainfall in the Sahel. The changes of the
ocean water temperature most probably lead to a change in atmospheric circulation, asa
result affecting the amounts of rain falling in the Sahel (Hulme and Kelly.)*

Recently, temperature changes have also been observed in the uppermost parts of the
atmosphere. The observations indicate a cooling of the mesosphere, between 50 and 90
kilometres up, at an unprecedented rate - perhaps as much as 1°C per year for the past 30
years, according to Gary Thomas of the University of Colorado, Boulder. In addition, the
stratospheric climate (the layer between 15 and 50 kilometres above the Earth's surface)
has changed during past decades, especially above the Arctic, according to Hans-
Friederich Graf, a senior scientist at the Max Planck Institute for Meteorology in
Hamburg. Thisisqualitatively in line with greenhouse gas theory: greenhouse gases
warm the troposphere; the heat produced at the lower levels cannot gradually diffuse
upwards and the upper atmosphere cools down, a process known as radiative cooling.

Other processes besides radiative cooling may play arole. Shindell et al. (1999) suggest
that a changing temperature gradient between the tropics and the poles may be
responsible for the extra stratospheric cooling. The increasing temperature gradient from
tropics to poles as aresult of climate change increases the strength and speed of a strong
winter wind, the polar night jet. Thispolar night jet in turn may have isolated cold,
atmospheric Arctic air from surrounding influences. Changes in the atmospheric
circulation caused by the greenhouse effect may enhance radiative cooling. A
complementary explanation of the rapid mesosphere cooling

4 Also see: http://www.uea.ac.uk/menu/acad_depts/env/all/resgroup/cserge
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is given by Gary Thomas of the University of Colorado. He suggests a planetary scale
wave phenomenon to be responsible.

The conclusion we may draw is that important temperature and circulation changes are
likely related to the enhanced greenhouse effect. Still, many of these processes are only
partially understood and the data set is too small to draw definite conclusions.

El Nifio and the North Atlantic Oscillation

As aresult of increased investments in climate change research and atmosphere and ocean
circulation analysis, the understanding of natural climate variability at the time scales of
seasons, years, and decades has significantly increased. Thisis especially true for the
ENSO (EI Nifio Southern Oscillation) and the North Atlantic Oscillation phenomena, which
can now be ssimulated by coupled atmosphere-ocean general circulation models.

During non-El Nifio years, east to west trade winds above the Pacific push water heated by
the tropical sun westward. The surface water becomes progressively warmer because of its
longer exposure to solar heating. From time to time the trade winds weaken and the
warmer water flows back eastward across the Pacific to South America. Thisiswhat is
called an El Nifio event. El Nifio isanatural climate event, occurring once every seven
years on average. Widespread droughts and floods occur simultaneously in different parts
of the world in association with El Nifio.

The occurrence of an El Nifio has profound implications for agriculture, forests (burning),
precipitation, water resources, human health, and society in general (Trenberth 1996).
Barsugli et a. (1999), for example, attributed large-scale weather events like the January
1998 ice storm in the northeastern United States and southeastern Canada, and the February
1998 rainsin central and southern California, to the 1997-98 El Nifio. Thereis also some
evidence that strong El Nifios are followed by increased rainfall in Europe the following
Spring (KNMI 1999).

SAlso see: http://www.newsci enti st.com/ns/19990501/contents.html
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Figure 9. This multi-channel satelliteimage shows numerouswildfiresin Florida during the summer of 1998. A very mild
and wet winter associated with El Nifio conditions supported abundant underbrush growth. Severe drought conditions
related to El Nifio during the late spring and early summer because of a subtropical tropical high pressure area dried out
the short-rooted understory and allowed wildfiresto spread over Florida. (Source: National Oceanic and Atmospheric
Administration, National Climatic Data Centre, Asheville, NC).

El Nifios have occurred more often since 1975, and measurements covering the last 120
years indicate that the duration of the 1990-95 EI Nifio was the longest on record.

Knutson and Manabe (1998) of Geophysical Fluid Dynamics Lab, Princeton, concluded
that the observed warming in the eastern tropical Pacific over the last decadesis not likely
aresult of natural climate variability alone. Itismore likely that a sustained thermal
forcing, such as caused by the increase of greenhouse gases in the atmosphere, has been at
least partly responsible for the observed warming over a broad triangular region in the
Pacific Ocean associated with El Nifio.

This suggests that human-induced climate change may be at least partly responsible for
the relatively extreme character of the El Nifio-related weather over the last few yearsin
many parts of the world.
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North Atlantic Oscillation

The dominant pattern of wintertime atmospheric circulation variability over the North
Atlantic is known as the North Atlantic Oscillation (NAO). This pattern is driven by a
pressure difference between Iceland, a low-pressure area and a high-pressure area near the
Azores. Positive values of the NAO index indicate stronger-than-average westerlies over the
middle latitudes related to pressure anomalies in the above-mentioned regions. This positive
phase is associated with warmer winters over Western Europe and colder winters over the
northwest Atlantic. The NAO index has increased over the past 30 years with few
exceptions, and since 1980 the NAO has tended to remain highly positive. This
phenomenon is responsible for the exceptionally high mean temperature and the many
particularly heavy rainstorms hitting Northwest Europe in the last 10 years.

However, one cannot relate any specific extreme weather event directly to climate change.
In statistical terms, an annual precipitation with a chance of occurrence of 1 in 1000 per
year is aso possible within the range of a"constant” climate.

The Royal Netherlands Meteorological Institute suggests that global warming-induced
changes in sea surface temperature and related changes in oceanic and atmospheric
circulation patterns may be partly responsible for the observed persistently positive NAO
index and the related warm and wet winters. But this cannot be proven because the
measurement period is too short and the models still produce contradictory results (KNMI
1999). Although the KNMI is prudent in their conclusions, Corti et al. (1999) indicate that
the observed warming of the Earth's surface does trigger changes in the frequency
distribution of existing modes of climate variability like the observed NAO phenomenon.
TheArctic Oscillation (AO) is an extension of NAO to all longitudes. The variability of AO
and NAO is highly correlated. The NASA Goddard Institute for Space Studies General
Circulation Model (GCM) found that much of the increase in surface winds and continental
surface temperatures of the Northern Hemisphere are the result of the enhanced greenhouse
effect. The comparison of various models indicates that the surface changes are largely
driven by the effect of greenhouse gases on the stratosphere (Shindell et al. 1999).6

6 Also see: http://www.giss.nasa.gov/research/intro/shindell.04/index.html
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2.6. (Extra)-tropical cyclones

With global climate change, a possible change in the occurrence and behaviour of
tropical and extra-tropical cyclones may be expected. A few very severe cyclones,
like Andrew, Mitch, and Floyd, have occurred during the last 10 years. However,
series of severe cyclones have happened before, so adirect relation with climate
change may not exist. Reliable records of tropical cyclone activities show substantial
multidecadal regional variability and there is no clear evidence of along-term trend in
the global activity of tropical cyclones (Henderson-Sellers et al. 1998). Similarly, the
WASA (Waves and Stormsin the North Atlantic) Group concludes that part of the
variability of the storm and wave climate in most of the northeast Atlantic and in the
North Seaisrelated to the North Atlantic Oscillation and not to global climate change
(WASA Group 1998). However, if the NAO regime isrelated to sea surface
temperature as explained in the previous section, then part of the relatively extreme
wave and storm regime is of course related to global climate change and the enhanced
greenhouse effect after all. Also, tropical sea surface temperature anomalies near
Indonesia, related to El Nifio, could influence NAO (KNMI 1999). If human induced
climate isindeed responsible for the behaviour of the ENSO phenomenon, then the
changein the NAO regimeisindirectly linked to the enhanced greenhouse effect.

The influence of El Nifio on tropical cyclone activity is more clear. For example, El
Nifio events increase tropical cyclone activity in some basins (like the central North
Pacific near Hawaii, the South Pacific, and the Northwest Pacific between 160°E and
the Dateline (Chan 1985; Chu and Wang 1997; Lander 1994), and decrease it in other
basins like the Atlantic, the Northwest Pacific west of 160°E, and the Australian
region (Nicholls 1979; Revelle and Goulter 1986; Gray 1984).

La Nifa events bring opposite conditions. Pielke and Landsea (1999) found a
relationship between the ENSO cycle and U.S. hurricane losses. The probability of
the occurrence of more than US $1 billion in damagesis0.77 in LaNifiayears 0.32in
El Nifio years and 0.48 in neutral years. Pacific seatemperatures and Atlantic
hurricane damages are strongly related. Asat least part of the observed temperature
rise can be attributed to the enhanced greenhouse effect, we conclude that the changes
intropical cyclone activity are at least partly the result of human-induced climate
change.

The overall causal relationship may be that the increase in greenhouse gas
concentrations in the atmosphere causes arise in sea surface temperatures. As
mentioned before, climate change induced changes in sea surface temperature and
related changes in oceanic and atmospheric circulation patterns may be partly
responsible for the observed persistently positive NAO index and the related warm
and wet winters. The intensity of ocean and atmospheric circulation
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phenomena such as El Nifio increases with rising sea surface temperatures. In turn, the
severity of weather extremes in many parts of the world correlates positively with the
strength of the El Nifio phenomenon. Thisisahypothesis, but a plausible one. Itis
difficult to fully test the hypothesis as the record of measurementsis too short and the
various modelling groups do not yet produce fully identical results when it comesto the
simulation of the global circulation phenomena under conditions with increased radiative
forcing.

2.7. Observed changes in ecosystems

Coral reefs represent a mutually life-sustaining association between algae and coral. Coral
reef bleaching, caused by abnormally high seawater temperatures, is areduction in the
density of algae or algal pigments. Coral reef bleaching episodes were observed in 1980,
1982, 1987, 1992, 1994, and 1998 in the Great Barrier Reef near Australia and many other
placesin theworld. Coral bleaching events worldwide have become more frequent since
the 1980s and the IPCC concluded that the observed increase is consistent with measured
seawater temperature increases.

Research shows that the population of cod in the North Seais negatively affected by a
decline in the production of young cod. Accordingto O'Brien et a., thisdecline is not only
related to overfishing but to significantly warmer seawater temperatures over the past 10
years (O'Brien, C.M. et al. 2000). Overfishing in combination with higher temperatures
endangers the long-term sustainability of cod in the North Sea.

Insects, which are especially sensitive to changes in temperature and precipitation, may be
some of the best indicators of climate change. Severa researchers have found evidence of
poleward shifts of various butterfly speciesin North America and Europe (Parmesan 1996;
1999).

Alpine plants have migrated to higher areas in the central Pals of Austria and the east of
Switzerland, according to researchers at the University of Vienna. Local observations
indicate atemperature increase of 0.7°C during the last 90 years (Grabherr et al. 1994).

These studies point in the direction of ongoing change; however, a definitive attribution to
the enhanced greenhouse effect is still disputed. The studies illustrate that ecosystems are
very sensitive to changes in temperature.
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2.8. Extreme weather events and damage cost

Apart from the meteorological debates, there is evidence that economic damage as a
result of extreme weather events has dramatically increased over the last decades (see
figure 10). Of course, inflation, population growth, and growth of global wealth contribute
to the increase in the damage costs of extreme weather events. Munich Re, one of the
world's largest re-insurance firms, compared losses in the 1960s with losses in the 1990s,
adjusted for these factors, and found that a major part of the increase in losses was due to
changes in frequency of extreme weather events (Francis and Hengeveld 1998). Swiss Re
(2000a) made alist of the 40 worst insured |osses between 1970 and 1999 and found that
only 6 catastrophes were not weather related. In the period 1963-1992, the number of
disasters causing more than 1 percent GDP damage had increased two to three times for
the weather-related disasters in comparison to the earthquake disasters (United Nations
1994).

Swiss Re (1999b) concluded that the economic losses due to natural disasters have
increased twofold during the period 1970-1990, taken inflation, insurance penetration and
price effects, and a higher standard of living into account. While real global GDP
increased by afactor of three since 1960, the total sum of extreme weather-related
damage increased by afactor of eight.

Great Weather Related Disasters 1950-1999
Economic and Uninsured Losses - Decade Comparison

80
Il Economic Losses
70 Decade| Decade Decade Decade Decade f| Factor | Factor (1999 values)
- 1950-59| 1960-69 1970-79 1980-89 1990-9980s:60s | 90s:60s | = —
[l Insured Losses
Numberf 14 | 16 | 29 | 44 70 | 28 | 44 (1999 values)
60 & =
= )
Tonoeell 38.7| 50.8| 74.5 [ 118.51399.9]) 2.3 | 7.9
%0 Tinsured 6.7 | 108 | 215 | 86.0) 3.2 | 12.7
Losses . . : . : .
40 H—— Losses in US$ billion - 1999 values
30
20
10 4
0

Figure 10. Great weather related disasters 1950-1999 (disaster s exceeding 100 deaths and/or US $100 million in claims).
(Source: Munich Re 1999b and additional M unich Reresearch at request of the authors). (c) Munich Reinsurance Company
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Rank Year
24 1983
8 1987
5 1989
4 1990
23 1990
12 1990
22 1990
3 1991
16 1991
1 1992
17 1992
15 1993
28 1993
2 1994
9 1995
26 1995
19 1995
13 1995
18 1996
25 1998
27 1998
21 1998
7 1998
29 1999
20 1999
11 1999
14 1999
10 1999
6 1999
30 1999
As of 04/00

Event

Hurricane Alicia
Winterstorm
Hurricane Hugo
Winterstorm Daria
Winterstorm Herta
Winterstorm Vivian
Winterstorm Wiebke
Typhoon Mireille
Oakland fire
Hurricane Andrew
Hurricane Iniki
Blizzard

Floods
Earthquake
Earthquake
Hailstorm
Hurricane Luis
Hurricane Opal
Hurricane Fran

Ice storm

Floods

Hailstorm Tempest
Hurricane Georges
Hailstorm
Tornadoes
Hurricane Floyd
Earthquake
Typhoon Bart
Winterstorm Lothar
Winterstorm Martin

Figures adjusted for inflation

Area

USA

Western Europe
Caribbean, USA
Europe

Europe

Europe

Europe

Japan

USA

USA

Hawaii

USA

USA

USA

Japan

USA

Caribbean

USA

USA

Canada, USA
China

USA
Caribbean, USA
Australia

USA

USA

Taiwan

Japan

Europe

Europe

Insured Losses
(million US$)

2,200
4,700
6,300
6,800
1,800
2,800
1,800
6,900
2,200
20,800
2,000
2,000
1,200
17,600
3,400
1,300
1,700
1,400
1,800
1,200
1,050
1,400
3,500
1,000
1,485
2,200
1,000
3,000
4,000
1,000

Economic Losses
(million US$)

3,500
5,600
12,700
9,100
2,600
4,400
3,000
12,700
2,600
36,600
3,700
5,800
18,600
50,600
112,100
2,300
2,800
3,400
5,700
2,600
30,900
1,900
10,300
1,500
2,000
4,500
14,000
5,000
7,500
2,000

©Munich Re 2000

Figure 11. The costs of natural disasters (Munich Reresearch).

To illustrate the impact of extreme weather events on financial services and society some

examples are given below.

Theice storm in eastern Canada was remarkable for its persistence, its extent, and the

magnitude of its destruction (Francis and Hengeveld 1998). The amount of freezing rain over
aperiod of 6 dayswas 100 mm, over an areathat extended from central Ontario to Prince
Edward Island. With 25 deaths, and an estimated damage of $1-2 hillion, it is the costliest
weather catastrophe in Canadian history (seefigure 11). Floods along the Yangtse River in

Chinain 1998 were responsible for 4,000 deaths and economic losses of $30 billion.
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The floods were caused primarily by unusually heavy summer rains, but human
management of the watershed influences the impact of rainfall.”

During April-June 1998, extreme dryness affected much of the South-Central and
Southeastern United States. Louisiana and Florida experienced only 150 mm of rainfall,
which beat the previous record low in 1895. The dryness was accompanied by record
heat in Texas, Louisiana, Arkansas, and Florida (two-four degrees above normal). One
consequence of these extreme weather conditions was, for example for Florida
widespread wildfiresin Florida. By July 5, 483,000 acres and 356 structures had been
consumed by fire, resulting in an estimated $276 million in damages (Bell et a. 1999).

7 Also see: http://www.ncdc.noaa.gov/ol/reports/chinafl ooding/chinafl ooding.htmi#sites
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3. Projections of future climate change

The climate response to an increase in greenhouse gases and sulphate aerosols has been
compared with the observed patterns of temperature change by many different research
groups. Such studies show aclear ssimilarity between the observed changes and the model
calculations. Thisiswhy the IPCC concluded "the balance of evidence suggests a
discernible human influence on global climate" (IPCC 1995). In other words, it isvery
likely that the enhanced greenhouse effect already contributes to the observed changesin
the global climate.

The quality of model simulations of current and past climate, and also of shorter prediction
periods like El Nifio, has increased over the last few years. Asaresult, the confidencein
predictions of future climate change is also increasing. Accordingto Le Treut and
McAvaney there are still substantial disagreements in the amplitude of changesin the air
temperature, water vapor, and clouds, and in details of their distribution between models
forced by a doubling of atmospheric concentrations of CO,. 8 Thus, it will remain difficult
to predict the climate at the regional or local scale. Thisis because natural climate
variability can either amplify or weaken the effects of human-induced climate change.
Prediction on aregiona scaleis difficult because of the complexity of the climate system.
Nevertheless, afew statements with considerable certainty can be made regarding
temperature, precipitation, sealevel rise, atmospheric circulation, cyclones, and certain
ecosystems. The major findings based on an assessment of the most recent literature are
presented below. The possibility of relatively unpredictable rapid changesin the climate
will also be discussed.

3.1. Temperature

With ongoing increases in greenhouse gas concentrations in the atmosphere, the global
average temperature is expected to rise between 1.3°C and 4.0°C by the year 2100,
dependent on the chosen scenario, according to climate models using the most recent
emission scenarios (see figure 12 and table 1). These preliminary scenarios were devel oped
for an IPCC Specia Report on Emission Scenarios (SRES) because the 1S92 scenarios,
developed in 1992, have some well-recognised limitations (Wigley 1999). The most
marked difference between SRES scenarios and 1S92 scenarios are the lower SO, emissions
in the SRES scenarios. Four different "marker" scenarios have been developed, and they
arecaled B1, B2, Al, and A2 (Wigley 1999).

8 See: www.bom.gov.auw/bmrc/clch/bmaiwgem_1.html
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Central | Temperature Estimates | Plus Extremes
for the Preliminary SRES Scenarios
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Figure 12. Thisgraph shows modelled temper ature change when different emission scenarios are considered. The
minimum and maximum values are the result of using different sensitivities of 1.5°C and 4.5°C (Wigley 1999).
(Copyright: Pew Center on Global Climate Change).
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O B2-mid D 492 5610 O 15 200 O 36 53
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O A2-high O 559 7210 0 2.6 390 O 68 104

Table 1. Global changes caused by the different emission scenarios. Aerosols are not taken into account (Source: Hulme et
al. 1999).

23



The temperature increase above landmasses in the Northern Hemisphere is expected to be
about two times greater than the global mean increase which means 2.5 to 8°C temperature
rise as best estimation for these landmasses, whereas the increase in the Southern
Hemisphere, dominated by oceans, is expected to be lower than the global mean (IPCC
1995). Asthelandmasses cover only aminor part of the Earth, the warming in these areas
deviates much more from the global average warming than the oceans of the Southern
Hemisphere.

An increase in the mean temperature will also lead to a substantial increase in the
probability of very warm summers see figure 13. This figure shows an example for the UK:
atemperature increase of 1.6°C will increase the probability of a so-called hot summer
from 1.3/100 per year to 33.3/100 per year in the UK.

Increasing Probabilities of Extremes

Example: Summer Temperatures in Central England

Source: Climate Change Impacts UK 1996

1961-90 2050s
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Figure 13. A small changein the mean summer temperaturein Central England (1.6°C) would cause a substantial increasein
the probability of a very warm summer. Theleft curve isbased on a 300 year s weather record, the right curve showsthe
distribution of average summer temperaturesfor a temperatureincrease of 1.6°C. In this case the probability of a so-called
hot summer in the UK would increase from 1.3/100 per year to 33.3/100 per year. (Source: Fig. 2.4in CCIRG (1996) Review
of the potential effects of climate change in the United Kingdom, Climate Change | mpacts Review Group. HM SO, L ondon,
247pp.).

3.2. Precipitation

Nearly all models project that an increase in precipitation intensity will come with
increasing greenhouse gas concentrations. Generally warmer temperatures will lead to a
more vigorous hydrological cycle (Houghton et a. 1996). The global mean precipitation
will increase by 4 to 20 percent. However, the differences on aregional scale are substantial.
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Various investigators (Cubasch et al. 1995b; Gregory and Mitchell 1995) project a shift in
the distribution of daily precipitation amounts toward heavier rainstorms simultaneous
with an increase in the number of dry daysin some areas. The number of dry days may
also increase where the mean precipitation decreases. Thisiswhy there may be an
increase in the length of dry spells. For instance, the probability of adry spell of 30 days
in southern Europe is projected to increase by afactor of 2 to 5 for a doubling of the
greenhouse gas concentrations, while the mean precipitation would decrease by only 22
percent (Houghton et al. 1996).

The future changes of precipitation in Europe include more precipitation (between +1 and
+4 percent/decade) during the winter season in most of Europe. For the summer a marked
difference in precipitation amount between northern and southern Europe is projected.
Southern Europe is expected to become dryer (up to -5 percent/decade) while northern
Europe is expected to become wetter (up to +2 percent/decade) during the summer.

Zwiers and Kharin (1998) concluded from their modelling experiments that precipitation
extremes increase more than the mean. The mean increase of precipitation is
approximately 4 percent while, for example, a 20-year extreme precipitation event return
value would increase with 11 percent.

Precipitation intensity (rainfall amount per unit time) is expected to increase when the
temperature rises (see figure 14). Whether it will rain somewhere depends on the relative
humidity: the ratio between the concentration of water vapour and the saturation value.
When the relative humidity reaches 100 percent, the water vapour condenses and
precipitation is possible. According to computer-models the distribution of the relative
humidity will hardly change when the climate changes. What will change when the
temperature increases is the absolute humidity, the concentration of water vapour in the
air, at the moment when the saturation value is reached (maximum water vapour
concentration increases 6 percent for one degree Celsius temperature increase). A hotter
climate may not cause changes in the frequency of the precipitation events (related to the
number when the relative humidity reaches 100 percent), but certainly it will cause an
increase in the amount of precipitation per event (related to the amount of water in the air
at the point of saturation).
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Trend of extreme winter rainfall in a
warmer climate (example: Netherlands)
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Figure 14. This graph showsthe change in probability of a morethan 100 mm yearly maximum 7-day rainfall event when
thetemperatureriseswith 2 or 4 degrees Celsius (Reuvekamp A, A. Klein Tank, KNMI, Change, June 1996, p. 8-10).
(Copyright: KNMI/RIVM).

3.3. Scalevel rise

"Best estimate" parameters values for sealevel rise indicate alevel which is projected to be
46-58 centimetres higher than today by the year 2100 (Wigley, 1999). These "best
estimate” values are based on best estimates for snow and ice melt and climate sensitivity.
How the "autonomous" sea level rise is processed in the projections also affects the results
of climate models. An overall rangein sealevel rise between 17 and 99 centimetres by the
year 2100 is projected, when the different estimations for melting, sea water expansion, and
climate sensitivities are taken into account (see figure 15).
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Central |Sea Level Rise Estimates | Plus Extremes
for th Preliminary SRES Scenarios
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Figure 15. Global mean sea level changes according to different SRES scenarios. The minimum and maximum values are
theresult of using different sensitivities of 1.5°C and 4.5°C and low and high ice-melt model parameter values (Wigley
1999). (Copyright: Pew Center on Global Climate Change).

Changesin sealevel will not be uniform. Regional changes will occur as aresult of
differences in both warming and ocean circulation changes. The predicted riseis mainly
caused by thermal expansion of ocean water; melting of ice sheets and glaciers make a
smaller contribution, while the projected increase in snowfall on Greenland and Antarctica
has an opposite contribution. In the long term (centuries) this opposite contribution will
diminish while the probability of a decrease in ice volume will grow.

Sea level continues to rise over many centuries even after stabilisation of the
concentrations of greenhouse gases. This leads to sealevel rise projections for 2300 that
are afactor 2 to 4 greater than the 2100 projections, resulting in a best estimate sea level
rise of 0.5 m to 2.0 m by 2300.
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3.4. Circulation patterns

El Nifo and the North Atlantic Oscillation

Most of the models indicate that the El Nifio-Southern Oscillation (ENSO) will intensify
under increased greenhouse gas concentrations. Also, the intensity of weather phenomena
associated with ENSO would increase. The mean increase of tropical seawater
temperatures and the related increase in evaporation could cause enhanced precipitation
variability associated with ENSO.

Research since 1996 suggests that El Nifio events are likely to become more persistent
and/or intense with increasing greenhouse gas concentrations, and be punctuated by strong
LaNifas. Meehl, and Washington (1996) have found these results using a coupled
Atmosphere Ocean Circulation Model. In addition, Boer et a. (1998) indicate, with models
from the Canadian Centre for Climate Modelling and Analysis, an "enhanced warmth in the
tropical eastern Pacific, which might be termed 'El Nifio like".

Most global climate models, like the above-mentioned models, are too coarse in resolution
to fully simulate the behaviour of ENSO in enhanced "greenhouse”" warming conditions.
However, anew model with a much finer resolution used by Timmerman et a. (1999) from
the Max Planck Institute in Hamburg shows more frequent El Nifio-like conditions and
stronger cold events (La Nifias) in the tropical Pacific Ocean when the model is forced by
future greenhouse warming. A number of models show an increase in El Nifio conditions,
likely interspersed with shorter and stronger La Nifias in a greenhouse gas enhanced world.
Thisin turn means an increase in the frequency of conditions associated with El Nifio-like
heavy rains and storms interspersed with short dry spellsin some regions, and more
prolonged droughts punctuated by heavy rain yearsin other parts of the world.

Paeth et al. (1998) find a significant (at the 95 percent confidence level) increase in the
mean North Atlantic Oscillation index when CO, concentrations quadruple, which resultsin
amore maritime climate (warmer winters). Also, two greenhouse warming forced models
at the Max Planck Institute show an increase in the NAO index. On the other hand, a
greenhouse forced model at the Hadley Centre in England suggests a decrease in the NAO
index (KNMI 1999). Fyfeet a. (1999) show that greenhouse gas forcing gives more
positive Arctic Oscillations and thus more positive NAOs.

28



Human induced climate change does not necessarily ater the nature of the dominant
patterns of natural variability, but will probably be projected on these patterns resulting in
achange in frequency and/or strength. Although the global coupled atmosphere ocean
models have been improved over the last five years, most of the present models remain
limited in simulating complex observed natural variability. Thisiswhy reaching an
overall consensus on the relations between climate change and changing weather
variability and extremesis difficult.

3.5. (Extra)-tropical cyclones

Carnell and Senior (1998) find that with increasing greenhouse gases the total number of
Northern Hemisphere storms decreases, but there is a tendency toward deeper low centres,
thus an increase in the severity of storms. The modelling work and observational anaysis
of Lambert (1995) supportsthis. However, another study found areduction of intensity
(Beersmaet al. 1997). At this moment, many greenhouse gas forced models suggest a
change in the behaviour of cyclones, but there is little agreement yet between the models
about the precise changes.

The formation of tropical cyclones depends not only on the sea surface temperature, but
also on anumber of atmospheric factors. Although severa models simulate tropical
cyclones with some realism, the scientific understanding of the behaviour of tropical
cyclonesisinsufficient and does not yet allow assessment of future changes. The global
number of tropical cyclones could stay constant, but the intensity of the strongest is likely
to increase.

ENSO and tropical cyclones are strongly related (section 2.5). Most greenhouse forced
models project an increase in El Nifio conditions likely interspersed with stronger but
shorter La Nifia events (section 3.4). The activity of tropical cyclonesthat are positively
influenced by El Nifio events will probably increase.
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3.6. Ecosystems

Populations, which are part of an ecosystem, can only survive if the availability of water
and the temperature varies within a specific range. Another population will replace the
present population if these boundaries are exceeded. For some species the rate of
replacement is slow (for example trees), for other speciesfast. Therefore, climate change
will probably imply imbalances and/or disruptions within ecosystems, likely resulting in
abrupt changes. Climate change will disturb the function of several ecosystems because
interactions between mutually dependent species will be disrupted (finally resulting in tree
and plant diseases for example). Thisislikely to have serious impacts on bio-diversity,
agriculture and society ("natural disasters,” plant diseases, etc.). In order to indicate the
potential consequences of climate change for some unique ecosystems, afew examples are
presented bel ow.

The frequency and intensity of coral bleaching will probably increasein the future. The
outputs of four GCMs were used to analyse the changes in coral bleaching episodes caused
by temperature changes (Hoegh-Guldberg, 1999a). In 20-40 years coral bleaching events
could be triggered by seasonal changes in seawater temperature. At this moment coral
bleaching events are triggered by El Nifio events. The frequency of coral bleaching could
reach the point when coral reefs no longer have enough time to recover.

According to Fleming and Candau (1997), climate change will have severe consequences
for the Canadian forests- probably more frequent, extreme storms and wind damage, greater
stress due to drought, more frequent and severe fires, insect disturbances, and in some areas
increased vegetative growth rates.

A warming of 3.0to 6.4°C (the range of different models caused by doubling CO, for the
areaunder consideration) could lead to loss of alpine tundra between 44° and 57°N, but
separated populations of alpine tundra may persist below climatic tree line in small patches
of open habitat (Delcourt and Delcourt 1998).

Global warming will certainly affect the largest continuous mangrove forest system in the
world, the Sundarbans in Bangladesh and India. The Sundarbans mangrove system is
unique in terms of a high biodiversity (rich fauna and flora) and its economic and
environmental values. An increase in temperature and thus salinity may affect certain
species. Sealeve rise will inundate parts of the Sundarbans, and result in a change of
habitat and the dying or migration of certain species. More frequent or severe stormsas a
result of climate change also may affect the wildlife of the Sundarbans.
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3.7. Societal Aspects

The societal impacts of climate change will become manifest through changesin the
nature and the frequency of extreme weather events such as flooding, storms, heat waves,
and dry spells. Itislikely that we are now witnessing thefirst signals. Historical series
of extreme weather events cannot be applied with confidence anymore, and it becomes
much more difficult to predict the return period of extreme weather events. Asaresult
economic damage, social disruption, and loss of life are likely to be substantial.

Climate change will also have some benefits, such as higher crop productivity where
sufficient moisture is available, expansion of tourism, and lower costs for heating homes.
On the other hand, more air-conditioning will be necessary in the summer. Shipping
routes connecting the northern continents are presently not accessible but are much
shorter than the existing routes. Globa warming could make these routes more accessible
and thus economically more attractive. The agricultural and forest areas in northern
regions could take advantage of higher temperatures and higher carbon dioxide
concentrations. However, it will take time to exploit this advantage, because society is not
prepared for such a situation. For example, it will be necessary to construct new
infrastructures (roads, water-management, and cities). The readiness to invest, to make it
possible to exploit these advantages, will strongly depend on the certainty we have about
the nature of changesin future climate. Thisis exactly the problem: the climate will no
longer be predictable, at least not at the local level.

Climate change means a global redistribution of costs and benefits of the weather. The
costs will be greater than the benefits, as society is not prepared for weather surprises and
it takes time to adjust and reap the benefits. In fact climate change is an additional
uncertainty in economic development and thus an additional cost factor. And last but not
least, (global) society does not have the instruments and institutions that can redistribute
or settle the damage. Therefore, climate changeislikely to lead to great political
tensions. Beyond that there isthe risk of amajor destabilisation of the global climate.
Thisisthe focus of the next chapter.
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4. Risks of a destabilisation of global climate

4.1. The Ocean Conveyor Belt

A magjor climate risk, quite different from the gradual rise in temperature and sealevel, is
the possibility of fast, flip-flop changesin climate. Such changes have alow probability
and they are inherently difficult to predict, but when they occur they have a major impact
on life on Earth.

A stagnation of the Ocean Conveyor Belt isone of such possible fast changes. The Ocean
Conveyor Belt is athermohaline circulation driven by differencesin the density of seawater
controlled by temperature and salinity. This conveyor belt transports an enormous amount
of heat northward, creating a climate in northwestern Europe which is on average 8 degrees
Celsius warmer than the mean value at this latitude. In the northern region of the North
Atlantic the water cools and sinks, deep water is formed, moves south, and circulates
around Antarctica, and then moves northward to the Indian, Pacific, and Atlantic basins. It
can take athousand years for water from the North Atlantic to find its way into the North
Pacific. Density differences between seawater determine the 'strength’ of the ‘conveyor belt'
circulation. A change in these density differences as aresult of climate change could lead to
a'weakening' or even a stagnation of this ocean current. Stagnation would resultin a
climate in northwestern Europe such as that of Labrador and Siberia, with more than 6
months of snow cover every year.

The conveyor belt circulation pattern is susceptible to perturbations as a result of injections
of excess freshwater (precipitation, melting) into the North Atlantic. Climate models
indicate an increase of precipitation at higher latitudes. As aresult of such afreshwater
injection the conveyor could stop within100 to 300 years from now. The total shutdown of
the conveyor will probably take less then 10 years after 100 to 300 years from now. Ice core
records indicate that past cessation in the conveyor belt resulted in adrop of 7 degrees
Celsius. Ice core records and models suggest that the conveyor circulation eventually
reestablished itself, but only after a hundred to a thousand years (Broecker 1996).

Since Broecker's 1996, work, a number of modelling groups have indeed found a decrease
in the strength of the conveyor circulation with greenhouse gas forcing, resulting in a
cooling of the North Atlantic Ocean. The processis asfollows: An increase in precipitation
at higher latitudes leads to a decrease in salt concentration in the surface water. Currently,
sinking of salt water in the vicinity of Greenland "pulls’ warm water to the North Atlantic
Ocean with lower salinity (due to the freshwater). This sinking at higher latitudes
diminishes and the strength of the conveyor circulation could decrease. Inthe long term
this source of heat for northwestern Europe could be shut off or weaken significantly.
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Wood and colleagues (1999) present greenhouse warming projections computed with a
climate-model, which for the first time gives arealistic simulation of large-scale ocean
currents. They show that one of the two main "pumps" driving the formation of North
Atlantic Deep Water could stop over a period of afew decades. There are two main
convection sites namely in the Greenland and Labrador Seas. The onein the Labrador
Sea could have a complete shutdown (Rahmstorf 1999). As stated above, such a
shutdown would have dramatic consequences for the population and ecosystemsin the
Northern Hemisphere, in particular in Europe.

4.2. Antarctica

Another risk with low probability but high impact concerns Antarctica, in particular the
West Antarctic |ce Sheet. A sealevel rise of 4-6 mis possible if thisice sheet collapses.
Current ice shelf breakups in the Antarctic Peninsula are linked to increased mean annual
and summertime surface air temperatures, an increase in mean melt season, and thus more
extensive regions of ponding, which causes break-up events (Scambos et al. 1999).

Weddell Sea

Figure 16. On 15 October 1998, an iceber g one-and-a-half timesthe size of the state of Delaware here " calved" off from
the Antarctica's Ronne | ce Shelf.
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Most climate models indicate modest temperature rises around Antarctica over the next 50
years. Over thistime period, increased precipitation will probably more than compensate for
increased surface melting. However, after these 50 years with continued temperature rise
Antarcticamay start to warm enough to have a significant impact on particularly vulnerable
parts of the ice sheet.

The interpretations about present and future changes concerning Antarctica are considerably
complex and in some cases contradictory.

Still, it is clear that small changes in the West Antarctic |ce Sheet can lead to asealevel rise
on the order of metres. With a continued increase of greenhouse gas emissions, the most
likely scenario is that the ice sheet will disappear in the ocean over a period of 500-700
years, but thereis a very small chance this may happen in the next 100 years. Sealevel could
then rise abruptly between 4 and 6 metres.

4.3. Other low-probability, high-impact climate change feedback mechanisms

Three other mechanisms with asmall chance of occurrence, but with far-reaching
consequences are discussed bel ow.

The cool and humid climate of the boreal zone (northern region of Europe and Asia) has
created conditions suitable for the accumulation of carbon in soils. About 40 percent of the
estimated global carbon reservoir in forestsis stored in the boreal zone. Global warming
could alter this situation, affecting the stored carbon and leading to a positive feedback. The
carbon reservoir is 1.2-1.5 times larger in the boreal soils than in the atmosphere (Posch et al.
1995).

The increase of ocean temperatures as a result of global warming could lead to decreased
solubility of carbon dioxide, and thus turn regional sinks into sources of higher carbon
dioxide concentrations in the atmosphere.

The potential feedback between climate change and methane clathrate could enhance global
warming. Methane clathrate is an ice-like compound in which methane molecules are caged
in cavities formed by water molecules. It formsin the oceansin continental slope sediments.
It is stable under certain temperature-depth combinations, and most of it is of biological
origin. With warming it could move from a stable to an unstable condition, resulting in the
release of enormous amounts of enclosed methane. This could lead to a complete
destabilisation of present climate. It should be stated that this model is rather speculative, it
is based on a number of assumptions that have not been verified (Harvey 1994).
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Destabilisation of the global climate has low probability but far-reaching consequences.
Asclimate isavery complex and relatively unknown and unique system, one should take
such low-probability, high-impact phenomenainto account.

In general, areduction in the emission of greenhouse gases will lead to areduction in the
rate of climate change and also to a reduction of the risk of a destabilisation of global
climate.
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5. Conclusions

On the basis of a systematic analysis of observed changes in average temperature,
precipitation patterns and intensity, sealevel, snow and ice cover, ocean and atmosphere
circulation patterns, and ecosystems behaviour, we conclude with reasonable confidence
that we are now experiencing the first effects of the increase of greenhouse gasesin the
atmosphere. At least part of the observed changes should be attributed to human-induced
climate change.

Climate change for any particular location on Earth comes with changes in the nature and
frequency of extreme weather events. Changes in the mean must have consequences for
the intensity of extremes. Therefore the recently observed series of extreme weather
events must have been influenced by the higher average temperatures. Thisimpliesthat at
least part of the damage caused by weather extremes is due to human-induced climate
change. We draw this conclusion with reasonable but not absolute confidence, as the
observed changes could, with low probability, still be attributed to natural climate
variability.

A further rise in the concentrations of greenhouse gases in the atmosphere will lead to
further changesin global climate. The consequences now expected are further rise of the
mean global temperature, an increase in extreme rainstorms, a substantial rise of sea level
and changing ocean/atmosphere circulation patterns with subsequent changing patterns,
frequencies, and intensities of extreme weather events. Accurate regional predictions
about future changes cannot be made so far.

Some regions may gain from climate change, especially in the north, while other regions
will lose. Infact, climate change brings about a global redistribution of the costs and
benefits of the weather. The costs will be greater than the benefits, as ecological and
societal systems will have difficulty adapting. Moreover, (global) society does not have
the instruments and institutions that could help to compensate the losers. Therefore,
serious political tensions should be anticipated.

Besides gradual climate change and gradually increasing societal damage, a major
additional risk isthe possible destabilisation of global climate that could occur as a result
of a stagnation of the Ocean Conveyor Belt, the collapse of the Antarctic Ice Sheet, or the
release of more greenhouse gases as a result of the warming of the oceans and/or tundra
areas. These are"low-probability, high-impact” phenomena of major importance in the
debate about climate change and policy measures to limit greenhouse gas emissions.
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Limitation of the net emission of greenhouse gases will reduce the rate of climate change,
and thus reduce the expected societal and ecological damage. In view of the distribution
issues involved, and in view of the major risks for society, early action regarding
greenhouse gas control measures is the only reasonabl e response to the climate change
challenge.
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