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This book is dedicated to Anna, my family and all my lovely friends I got to know 
during my beautiful time in Bristol, which came to a sudden end because of the 

pandemic in March 2020.
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MELTING

This book is intended as an accessible overview 
of a natural phenomenon. It does not go 
in-depth but rather focuses on sensitisation in 
a visual way. The book is not meant to teach 
how to act. In my opinion, everyone should cau-
tiously observe what is happening and inform 
themselves what occurred before and then 
construct an opinion and decide how to act.

This is where this book should aid. It provides 
the most essential facts and images to make 
the process of gaining knowledge easier and 
more accessible. We often know a lot of facts 
and numbers about natural causes but we can 
not imagine what is happening on a visual level 
so the book features a lot of visualizations to 
bring this delicate subject closer to us.

PREFACE
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Why are 
glaciers important?

MELTING

Ice acts like a protective cover over the Earth 
and our oceans. These bright white spots 
reflect excess heat back into space and keep 
the planet cooler. In theory, the Arctic 
remains colder than the equator because 
more of the heat from the sun is reflected off 
the ice, back into space.

Glaciers around the world can range from ice 
that is several hundred to several thousand 
years old and provide a scientific record of 
how climate has changed over time. Through 
their study, we gain valuable information 
about the extent to which the planet is 
rapidly warming. They provide scientists a 
record of how climate has changed over time.

Today, about 10% of land area on Earth is 
covered with glacial ice. Almost 90% is  
in Antarctica, while the remaining 10% is in 
the Greenland ice cap.

Rapid glacial melt in Antarctica and 
Greenland also influences ocean currents,  
as massive amounts of very cold glacial-melt 
water entering warmer ocean waters is 
slowing ocean currents. And as ice on land 
melts, sea levels will continue to rise.

Why are 
glaciers melting?

SILENT GIANTS

Since the early 1900s, many glaciers around 
the world have been rapidly melting. Human 
activities are at the root of this phenomenon. 
Specifically, since the industrial revolution, 
carbon dioxide and other greenhouse gas 
emissions have raised temperatures, even 
higher in the poles, and as a result, glaciers 
are rapidly melting, calving off into the sea 
and retreating on land.

Scientists project that if emissions continue 
to rise unchecked, the Arctic could be ice 
free in the summer as soon as the year 2040 
as ocean and air temperatures continue to 
rise rapidly.

Even if we significantly curb emissions in the coming decades, more 
than a third of the world’s remaining glaciers will melt before the  
year 2100. When it comes to sea ice, 95% of the oldest and thickest 
ice in the Arctic is already gone.
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What are the effects 
of melting glaciers on 
sea level rise?
Melting glaciers add to rising sea levels, 
which in turn increases coastal erosion and 
elevates storm surge as warming air and 
ocean temperatures create more frequent 
and intense coastal storms like hurricanes 
and typhoons. Specifically, the Greenland 
and Antarctic ice sheets are the largest 
contributors of global sea level rise. Right 
now, the Greenland ice sheet is disappearing 
four times faster than in 2003 and already 
contributes 20% of current sea level rise.

How much and how quickly these Greenland 
and Antarctic ice sheets melt in the future 
will largely determine how much ocean levels 
rise in the future. If emissions continue to 
rise, the current rate of melting on the 
Greenland ice sheet is expected to double by 
the end of the century. Alarmingly, if all the 
ice on Greenland melted, it would raise global 
sea levels by 20 feet.

How do melting 
sea ice and glaciers 
affect weather patterns?
Today, the Arctic is warming twice as fast as 
anywhere on earth, and the sea ice there 
is declining by more than 10% every 10 years. 
As this ice melts, darker patches of ocean 
start to emerge, eliminating the effect that 
previously cooled the poles, creating warmer 
air temperatures and in turn disrupting 
normal patterns of ocean circulation. Re-
search shows the polar vortex is appearing 
outside of the Arctic more frequently because 
of changes to the jet stream, caused by a 
combination of warming air and ocean 
temperatures in the Arctic and the tropics.

The glacial melt we are witnessing today in Antarctic and Greenland 
is changing the circulation of the Atlantic Ocean and has been linked 
to collapse of fisheries in the Gulf of Maine and more destructive 
storms and hurricanes around the planet.

SILENT GIANTSMELTING
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What are the effects 
of melting glaciers 
and sea ice loss on 
humans and wildlife?

What happens in these places has conse-
quences across the entire globe. As sea ice 
and glaciers melt and oceans warm, ocean 
currents will continue to disrupt weather 
patterns worldwide. Industries that thrive on 
vibrant fisheries will be affected as warmer 
waters change where and when fish spawn. 
Coastal communities will continue to face 
billion-dollar disaster recovery bills as 
flooding becomes more frequent and storms 
become more intense. People are not the 
only ones impacted. In the Arctic, as sea ice 
melts, wildlife like walrus are losing their 
home and polar bears are spending more 
time on land, causing higher rates of conflict 
between people and bears.

SILENT GIANTS
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II

Disappearing 
Beauty

Olafur Eliasson
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Olafur Eliasson: 
The glacier melt series
1999/2019
In 1999, artist Olafur Eliasson documented several dozen 
glaciers in Iceland. Twenty years later, he returned to 
photograph them again.

On view in the exhibition the new photographic series brings 
together images from 1999 and 2019 to reveal the radical 
threat to our climate.  

“In 1999 I travelled to Iceland to document a number of the 
country’s glaciers from the air. Back then, I thought of the 
glaciers as beyond human influence. They were awe-inspiring 
and exhilaratingly beautiful. They seemed immobile, eternal.  
I was struck at the time by the difference between the human 
scale and the scale of geo-history. For me a glacier or a rock 
seem solid, but on the geological scale, rocks and glaciers are 
constantly in motion.

This summer, twenty years later, I went back to photograph 
the same glaciers from the same angle and at the same 
distance. Flying over the glaciers again, I was shocked  
to see the difference. Of course, I know that global heating 
means melting ice and I expected the glaciers to have 
changed, but I simply could not imagine the extent of change.  
All have shrunk considerably and some are even difficult to 
find again. Clearly this should not be the case, since 
glacial ice does not melt and reform each year, like sea ice. 
Once a glacier melts, it is gone. Forever. It was only in seeing 
the difference between then and now – a mere twenty years 
later – that I came to fully understand what is happening.  
The photos make the consequences of human actions on the 
environment vividly real. They make the consequences felt.

This August, I joined a group of people to commemorate 
the passing of Okjökull, the first glacier in Iceland to vanish 
entirely as a result of human activity. It was a humbling 
experience. A plaque laid at the site bears an inscription, 
drafted by the Icelandic writer Andri Snær Magnason, that 
poses a question to future generations: ‘We know what is 
happening and what needs to be done. Only you know if we 
did it.’

I hope that we have now reached a turning point. We have  
a responsibility towards future generations to protect our 
remaining glaciers and to halt the progress of global heating. 
Every glacier lost reflects our inaction. Every glacier saved  
will be a testament to the action taken in the face of the 
climate emergency. One day, instead of mourning the loss  
of more glaciers, we must be able to celebrate their survival.”

– Olafur Eliasson

DISAPPEARING BEAUTY

The glacier melt series 1999/2019, 2019
Guggenheim Museum Bilbao

The glacier melt series 1999/2019, 2019
Reykjavík Art Museum, Hafnarhús

MELTING
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Ice Watch (2014)

Olafur Eliasson has extracted 30 blocks of glacial ice from the 
waters surrounding Greenland and placed them in public 
spaces across London, where they will be left to melt. 
Called Ice Watch, the temporary installation is meant to serve 
as a visual reminder of the impact of climate change on the 
environment.

The hunks of ice are scattered across two locations.  
There are 24 in a circular grove outside Tate Modern and six 
additional blocks outside the Bloomberg headquarters in the 
City of London.Eliasson hopes that the project will “give 
feelings to things that are otherwise unemotional” and 
encourage the “big players, the state, but also the private 
sector and large companies” to act.

“It is so abstract, it's so far away Greenland, it's literally  
out of our body and it's in our brain and I wanted simply to 
change that narrative of the climate from our brain and 
emotionalise it into our bodies”.

Eliasson worked with geologist Minik Rosing to transport over 
100 tonnes of free-floating, glacial ice from the waters of  
the Nuup Kangerlua fjord in Greenland. The ice had separated 
from its sheets and was discovered melting into the ocean.

“The cultural sector has a very strong relationship with  
the general civic society and I think the cultural sector has 
the mandate to express itself and to voice its concern when 
the so called public sector, the politicians fail to do so,” 
explained Eliasson. “We must recognise that together we 
have the power to take individual actions and to push for 
systematic change. Let's transform climate knowledge into 
climate action,” he continued.

The project follows a report published by the 
Intergovernmental Panel on Climate Change on 8 October, 
which stated that we have only 12 years to limit the most 
drastic effects of climate change.

“Since 2015, the melting of ice in Greenland has raised 
global sea level by 2.5 millimetres. Since the discovery of the 
greenhouse effect in 1896, global temperatures have 
increased more than one degree celsius. Earth is changing 
at an ever-increasing speed,” said Rosing.

“I think it matters for people to actually put their ear to the 
ice and suddenly realise that is has a very subtle cracking, 
hopping, crisp noise because the melting releases pressure 
bubbles that have been stuck in the ice for 10,000 years,” 
said Eliasson. “Ten thousand years ago there was 30 per cent 
less carbon dioxide in the atmosphere, so the smell of the ice 
blocks should be the smell of the air from 10,000 years ago.”

“The ice is amazingly beautiful – you can smell it, you 
can kiss it, and essentially put your hands on it and 
touch Greenland”

DISAPPEARING BEAUTYMELTING

Free-floating, glacial Ice, Greenland

Transporting the ice in intermodal containers

Bankside, outside Tate Modern, London, 2018
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DISAPPEARING BEAUTYMELTING

The exhibition got extended to Paris and Copenhagen, Place du Panthéon, Paris, 2015

Bankside, outside Tate Modern, London, 2018 City Hall Square, Copenhagen 2014

City Hall Square, Copenhagen 2014
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Global Glacier
Recession
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Global Glacier 
Recession

Contributions to 
Sea Level Rise

Glaciers respond to slight but prolonged 
changes in climate. At least some aspects of 
these climate changes may be deduced from 
observations of glacier fluctuations. This 
useful relationship was the basis for scientific 
activity beginning in the 18th and 19th centu-
ries, and led directly to the formation of the 
International Commission of Snow and Ice in 
1894. The study of glacier fluctuations is rele-
vant to an understanding of climate and cli-
mate change over temporal scales from years 
to a century or more, and at regional to 
global spatial scales. 

As glaciers wax and wane, they store or 
release water; this "natural regulation" of 
runoff from glacierized areas is critical to 
water supply and use in many mountain 
areas. This storage or release of water also 
affects global sea level; at least one third 
of the observed sea level rise in the last 100 
years has come from the melting of 
glaciers exclusive of the Greenland and Ant-
arctic Ice Sheets. We live in a time of 
increasing greenhouse gas concentrations 
with an attendant warming of the climate.
 
Understanding how glaciers of the world 
react is vital to better defining the regional 
pattern of climate change, and to project 
future changes in water resources and sea 
level. The critical link between glaciers 
and climate is the glacier mass balance. 
Mark Dyurgerov of INSTAAR has produced an 
updated global synthesis of existing mass 
balance data aimed at improving our under-
standing of glacier-climate interactions.

One of the most serious consequences of 
global warming is rising sea level. With so 
much human activity concentrated along 
coastlines and areas only a few meters above 
sea level, modest flooding will likely cause 
societal and economic distress. Contributing 
to global sea level rise are thermal expansion 
of ocean water and melting glaciers, ice caps 
and ice sheets. Other causes may be impor-
tant locally but are not significant on  
a global basis. The contributions to sea level 
rise due to changes in the Antarctic and 
Greenland ice sheets, although not well 
understood, are thought to be smaller than 
the contributions from mountain glaciers and 
smaller ice caps. The World Glacier Monitor-

MELTING

Composite ASTER image showing 
retreat of the Gangotri Glacier 
terminus in the Garhwal Himalaya 
since 1780. Glacier retreat boundaries 
courtesy of the Land Processes 
Distributed Active Archive Center.

ing Service (WGMS) publications are the main 
sources of data used in this data set. The 
goal of this work is less ambitious than that 
of the WGMS (which aims to create and  
make accessible a complete database of all 
characteristics of glaciers, including fluctua-
tions) but goes beyond the WGMS mass 
balance publications. A similar effort has 
been made at Trent University in Canada.  
This data set presents measurements of 
glacier mass balance from records collected 
over the history of mass balance measure-
ment activity. Until now, these data were 
spread through many publications, which  
may explain why glaciological data have not 
been used as fully as they could be. 
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GLOBAL GLACIER RECESSION

Mass balance data have not been appropri-
ately organized, i.e. digitized, quality checked, 
made accessible electronically, and compiled 
as a continuous series of variables. It has 
taken many years to gather, organize, and 
present the mass balance and related data 
contained in this data set. This time series of 
the main parameters of glacier regime is 
available for use by the climate and hydrolog-
ical communities and other scientific disci-
plines. Changes in glacier mass balance must 
be estimated accurately to compare with 
other components of the water balance of 
the Earth, such as changes in the amount of 
water stored in the ground and changes in 
mass of the Greenland and Antarctic ice 

sheets. The critical link between glaciers and 
climate is the glacier mass balance. Mass 
balances of more than 300 glaciers have  
been measured at one time or another since 
1946. All of these data are included, but the 
short analysis represented in these tables 
and graphs emphasizes the 1961-2001 time 
period. This analysis is focused on mountain 
glaciers and smaller ice caps, which have a 
total area at least 785x103 km2. Although 
they make up only 4% of the total land ice 
area, they may have contributed to as much 
as 30% of sea level change in the 20th 
century due to rapid ice volume reduction 
connected with global warming.

Glacier-covered regions of the earth (blue) and 
benchmark glaciers (red dots, exclusive of the Greenland 
and Antarctic ice sheets) with the mass balance records 
used to calculate global glacier change time series.

Antarctica
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Largest Contributors to Global Water Cycle 
and Sea Level Rise

Region Percentage of 
Total Area

Percentage of 
Contribution 
to Volume 
Change
1961-2003

Arctic

High Mountain Asia

Alaska and 
Coastal Mountains
 
NW USA and 
SW Canada

Patagonia Ice Fields

Europe

52.7

19,4

15

6,5

3,3

3,1

31,5

23,9

23

16,6

4,7

0,3

Glaciers in northwestern USA and southwestern Canada, 
Alaska, high mountain Asia, and the Patagonian ice fields 
have lost disproportionately large volumes of ice, relative 
to their surface area.

44

GLOBAL GLACIER RECESSION

Measurements of Glacier Change

Annual change in global glacier thickness (left axis, meters of 
water equivalent, m/yr) and cumulative value (right axis, m), 
based on surface area-weighted mass balance observations. 
Dates of major volcanic eruptions are shown, since strato-
spheric aerosols have a cooling effect on climate. Red arrow 
highlights volume rate change.

Annual glacier contribution to sea level change (left axis, mm/
yr), and cumulative value (right axis, mm) based on area-
weighted averaged mass balance.

45
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MELTING

Presently, 10 percent of land area on Earth is covered 
with glacial ice, including glaciers, ice caps, and the ice 
sheets of Greenland and Antarctica. Glacierized areas 
cover over 15 million square kilometers.

Glaciers store about 69 percent of the world's fresh 
water.

During the maximum point of the last ice age, glaciers 
covered about 32 percent of the total land area.

Starting around the early 14th century, and lasting to  
the mid-19th century, the world experienced a 
“Little Ice Age” when temperatures were consistently 
cool enough for glaciers to advance in many 
areas of the world.

In the United States, glaciers cover over 90,000 square 
kilometers. Most of those glaciers are located in 
Alaska, which holds 87,000 square kilometers of glacial 
ice.

If all land ice melted, sea level would rise approximately 
70 meters worldwide.

Glacier ice crystals can grow to be as large as baseballs.

→

→

→

→

→

→

→

Facts about Glaciers
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FACTS
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Glacial ice often appears blue when it has become very 
dense and free of bubbles. Years of compression gradually 
make the ice denser over time, forcing out the tiny air 
pockets between crystals. When glacier ice becomes 
extremely dense, the ice absorbs a small amount of 
red light, leaving a bluish tint in the reflected light, 
which is what we see. When glacier ice is white, that 
usually means that there are many tiny air bubbles still 
in the ice.

North America's longest glacier is the Bering Glacier in 
Alaska, measuring 190 kilometers long.

The Kutiah Glacier in Pakistan holds the record for the 
fastest glacial surge. In 1953, it raced more than 12 
kilometersin three months, averaging about 112 meters 
per day.

Antarctic ice is up to 4,7 kilometers thick in some areas

Antarctic ice shelves may calve icebergs that are over  
80 kilometers long.

The largest glacier in the world is the Lambert-Fisher 
Glacier in Antarctica. At 400 kilometers long, and  
up to 100 kilometers wide, this ice stream alone drains 
about 8 percent of the Antarctic Ice Sheet.
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Is  Global Warming  Real?

In recent years, global warming and  
climate change have been the subject of a 
great deal of political controversy.
But as the science becomes clearer and 
consensus grows impossible to ignore, 
debate is moving away from whether  
humans are causing warming and toward 
questions about how best to respond.

Temperatures rising

Evidence of rising temperatures is pervasive 
and striking: Thermometer records kept over 
the past century and a half show Earth's 
average temperature has risen more than 
0,9 degrees Celsius, and about twice that in 
parts of the Arctic.

That doesn’t mean temperatures haven't 
fluctuated among regions of the globe or 
between seasons and times of day. But by 
analyzing average temperatures all over the 
world, scientists have demonstrated an 
unmistakable upward trend.

This trend is part of climate change, which 
many people consider synonymous with 
global warming. Scientists prefer to use 
“climate change” when describing the 
complex shifts now affecting our planet’s 
weather and climate systems. Climate  
change encompasses not only rising average 
temperatures but also extreme weather 
events, shifting wildlife populations and 
habitats, rising seas, and a range of other 
impacts.

All of these changes are emerging as  
humans continue to add heat-trapping 
greenhouse gases to the atmosphere.

How is climate change measured?

Although we can't look at thermometers 
going back thousands of years, we do have 
other records that help us figure out what 
temperatures were like in the distant past. 
For example, trees store information about 
the climate in the place they’re rooted. Each 
year trees grow thicker and form new rings. 
In warmer and wetter years, the rings are 
thicker. Old trees and wood can tell us about 
conditions hundreds or even thousands of 
years ago.

Windows on the past are also buried in lakes 
and oceans. Pollen, particles, and dead 
creatures fall to the bottom of oceans and 
lakes each year, forming sediments. Sedi-
ments contain a wealth of information about 
what was in the air and water when they fell. 
Scientists reveal this record by inserting 
hollow tubes into the mud to collect layers of 
sediment going back millions of years.

For a direct look at the atmosphere of the 
past, scientists drill cores through the 
Earth's polar ice sheets. Tiny bubbles trapped 
in the ice are actually samples from the 
Earth's past atmosphere, frozen in time. 
That's how we know that the concentrations 
of greenhouse gases since the Industrial 
Revolution are higher than they've been for 
hundreds of thousands of years.

Computer models help scientists to under-
stand the Earth's climate, or long-term 
weather patterns. Models also allow scien-
tists to make predictions about the future 
climate by simulating how the atmosphere 
and oceans absorb energy from the sun and 
transport it around the globe.

RISING

An iceberg melts in the waters off Antarctica. Climate change has accelerated the rate of ice loss across the continent.

As sea levels rise, salty ocean 
waters encroach into Florida’s 
Everglades. Native plants and 

animals struggle to adapt to the 
changing conditions.
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The western U.S. has been locked in a drought for years. The dry, hot weather has increased the intensity and destructiveness of forest fires.

MELTING

Bunches of oil palm fruit are harvested by hand and then trucked to a mill in mainland Malaysia, 
where they are processed. Ancient forests around the tropics are being cut down to make space for 
palm oil plantations. When these forests are lost, the carbon they held locked up in their tissues is 
released into the atmosphere, contributing to further global warming.

In the high plains of Bolivia, a man surveys the baked 
remains of what was the country’s second largest lake, 

Lake Poopó. Drought and management issues have 
caused the lake to dry up.

RISING

are the reason

Several factors affect how much of the sun's 
energy reaches Earth's surface and how much 
of that energy gets absorbed. Those include 
greenhouse gases, particles in the atmos-
phere (from volcanic eruptions, for example), 
and changes in energy coming from the sun 
itself.

Climate models are designed to take such 
factors into account. For example, models 
have found that changes in solar irradiance 
and volcanic aerosols have contributed only 
about two percent of the recent warming 
effect over 250 years. The balance comes 
from greenhouse gases and other human-
caused factors, such as land-use changes.

The speed and duration of this recent 
warming is remarkable as well. Volcanic 
eruptions, as an example, emit particles that 
temporarily cool the Earth's surface. But they 
have no lasting effect beyond a few years. 
Events like El Niño also work on fairly short 
and predictable cycles. On the other hand, 
the types of global temperature fluctuations 
that have contributed to ice ages occur on 
cycles of hundreds of thousands of years.

The answer to the question, “Is global 
warming real?” is yes: Nothing other than the 
rapid rise of greenhouse gas emissions from 
human activity can fully explain the dramatic 
and relatively recent rise in global average 
temperatures.

We 
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Climate change is impacting flora and fauna across the Arctic. Although scientists don't know specifically what killed this individual polar 
bear, experts warn that many of the bears are having trouble finding food as the sea ice they historically relied on thins and melts earlier.

Lake Urmia, in Iran, is a critical bird habitat and used to be a popular tourist destination. It is drying 
up because of climate change and management issues.

The Scherer power plant in Juliet, Georgia, is the largest coal-fired power plant in the U.S. It burns 34,000 tons of coal daily, 
pumping over 25 million tons of carbon dioxide into the atmosphere each year.

Ice melts on a mountain lake. 
Lakes around the world are 

freezing less and less over time, 
and in a few decades, thousands of 

lakes around the world may lose 
their winter ice cover entirely.
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The Amazon is losing the equivalent of nearly one 
million soccer fields of forest cover each year, much 
of which is cut down to make way for agriculture. 
When forest is lost, the carbon it sequestered ends 
up in the atmosphere, accelerating climate change.
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“If we don't have it, we don't need it,” 
pronounces Daniel Fagre as we throw on our 
backpacks. We're armed with crampons, ice 
axes, rope, GPS receivers, and bear spray to 
ward off grizzlies, and we're trudging toward 
Sperry Glacier in Glacier National Park, 
Montana. I fall in step with Fagre and two 
other research scientists from the U.S. 
Geological Survey Global Change Research 
Program. They're doing what they've been 
doing for more than a decade: measuring 
how the park's storied glaciers are melting.

So far, the results have been positively 
chilling. When President Taft created Glacier 
National Park in 1910, it was home to an 
estimated 150 glaciers. Since then the 
number has decreased to fewer than 30, and 
most of those remaining have shrunk in area 
by two-thirds. Fagre predicts that within 30 
years most if not all of the park's namesake 
glaciers will disappear. “Things that normally 
happen in geologic time are happening 
during the span of a human lifetime,” says 
Fagre. “It's like watching the Statue of 
Liberty melt.”

Scientists who assess the planet's health 
see indisputable evidence that Earth has 
been getting warmer, in some cases rapidly. 
Most believe that human activity, 
in particular the burning of fossil fuels and 
the resulting buildup of greenhouse gases in 
the atmosphere, have influenced this 
warming trend. In the past decade scientists  
have documented record-high average 
annual surface temperatures and have been
observing other signs of change all over 
the planet: in the distribution of ice, and in 
the salinity, levels, and temperatures of the 
oceans.

“This glacier used to be closer,” Fagre 
declares as we crest a steep section, his 
glasses fogged from exertion. He's only half 
joking. A trailside sign notes that since 1901, 
Sperry Glacier has shrunk from more than 
320 hectares to 120 hectares. “That's out of 
date,” Fagre says, stopping to catch his 
breath. “It's now less than 100 hectares.”
Everywhere on Earth ice is changing. The 
famed snows of Kilimanjaro have melted 
more than 80 percent since 1912. Glaciers in 
the Garhwal Himalaya in India are 

BY DANIEL GLICK

The Big Thaw
As the climate warms, how much, and how quickly, 
will Earth's glaciers melt?

retreating so fast that researchers believe 
that most central and eastern Himalayan 
glaciers could virtually disappear by 2035. 
Arctic sea ice has thinned significantly over 
the past half century, and its extent has 
declined by about 10 percent in the past 30 
years. NASA's repeated laser altimeter 
readings show the edges of Greenland's ice 
sheet shrinking. Spring freshwater ice 
breakup in the Northern Hemisphere now 
occurs nine days earlier than it did 150 years 
ago, and autumn freeze-up ten days later. 
Thawing permafrost has caused the ground 
to subside more than 4.6 meters in parts of 
Alaska. From the Arctic to Peru, from 
Switzerland to the equatorial glaciers of 
Man Jaya in Indonesia, massive ice fields, 
monstrous glaciers, and sea ice are 
disappearing, fast.

When temperatures rise and ice melts, more 
water flows to the seas from glaciers and ice 
caps, and ocean water warms and expands 
in volume. This combination of effects has 
played the major role in raising average 
global sea level between 10 and 20 
centimeters in the past hundred years, 
according to the Intergovernmental Panel on 
Climate Change (IPCC).

Scientists point out that sea levels have 
risen and fallen substantially over Earth's 
4.6-billion-year history. But the recent rate 
of global sea level rise has departed from the 
average rate of the past two to three 
thousand years and is rising more rapidly—
about one-tenth of an inch a year. A 
continuation or acceleration of that trend 
has the potential to cause striking changes 
in the world's coastlines.

Driving around Louisiana's Gulf Coast, 
Windell Curole can see the future, and it 
looks pretty wet. In southern Louisiana 
coasts are literally sinking by about a meter 
a century, a process called subsidence. A 
sinking coastline and a rising ocean combine 
to yield powerful effects. It's like taking the 
global sea-level-rise problem and moving it 
along at fast-forward.

The seventh-generation Cajun and manager 
of the South Lafourche Levee District 
navigates his truck down an unpaved mound 
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of dirt that separates civilization from 
inundation, dry land from a swampy horizon. 
With his French-tinged lilt, Curole points to 
places where these bayous, swamps, and 
fishing villages portend a warmer world: his 
high school girlfriend's house partly 
submerged, a cemetery with water lapping 
against the white tombs, his grandfather's 
former hunting camp now afloat in a stand 
of skeleton oak snags. “We live in a place of 
almost land, almost water,” says the 52-year-
old Curole.

Rising sea level, sinking land, eroding coasts, 
and temperamental storms are a fact of life 
for Curole. Even relatively small storm surges 
in the past two decades have overwhelmed 
the system of dikes, levees, and pump 
stations that he manages, upgraded in the 
1990s to forestall the Gulf of Mexico's 
relentless creep. “I've probably ordered more 
evacuations than any other person in the 
country,” Curole says.

The current trend is consequential not only 
in coastal Louisiana but around the world. 
Never before have so many humans lived so 
close to the coasts: More than a hundred 
million people worldwide live within a meter 
of mean sea level. Vulnerable to sea-level 
rise, Tuvalu, a small country in the South 
Pacific, has already begun formulating 
evacuation plans. Megacities where human 
populations have concentrated near coastal 
plains or river deltas — Shanghai, Bangkok, 
Jakarta, Tokyo, and New York — are at risk. 
The projected economic and humanitarian 
impacts on low-lying, densely populated, and 
de sperately poor countries like Bangladesh 
are potentially catastrophic. The scenarios 
are disturbing even in wealthy countries like 
the Netherlands, with nearly half its 
landmass already at or below sea level.

Rising sea level produces a cascade of 
effects. Bruce Douglas, a coastal researcher 
at Florida International University, calculates 
that every 2.5 centimeters of sea-level rise 
could result in 2.4 meters of horizontal 
retreat of sandy beach shorelines due to 
erosion. Furthermore, when salt water 
intrudes into freshwater aquifers, it 
threatens sources of drinking water and 
makes raising crops problematic. In the Nile 
Delta, where many of Egypt's crops are 

cultivated, widespread erosion and saltwater 
intrusion would be disastrous since the 
country contains little other arable land.

In some places marvels of human 
engineering worsen effects from rising seas 
in a warming world. The system of channels 
and levees along the Mississippi effectively 
stopped the millennia-old natural process of 
rebuilding the river delta with rich sediment 
deposits. 
In the 1930s oil and gas companies began to 
dredge shipping and exploratory canals, 
tearing up the marshland buffers that helped 
dissipate tidal surges. Energy drilling 
removed vast quantities of subsurface liquid, 
which studies suggest increased the rate at 
which the land is sinking. Now Louisiana is 
losing approximately 65 square kilometers of 
wetlands every year, and the state is 
lobbying for federal money to help replace 
the upstream sediments that are the delta's 
lifeblood.

Local projects like that might not do much 
good in the very long run, though, depending 
on the course of change elsewhere on the 
planet. Part of Antarctica's Larsen Ice Shelf 
broke apart in early 2002. Although floating 
ice does not change sea level when it melts 
(any more than a glass of water will overflow 
when the ice cubes in it melt), scientists 
became concerned that the collapse could 
foreshadow the breakup of other ice shelves 
in Antarctica and allow increased glacial 
discharge into the sea from ice sheets on the 
continent. If the West Antarctic ice sheet 
were to break up, which scientists consider 
very unlikely this century, it alone contains 
enough ice to raise sea level by nearly 6 
meters

Even without such a major event, the IPCC 
projected in its 2001 report that sea level will 
rise anywhere between 10 and 90 
centimeters by the end of the century.  
The high end of that projection — nearly a 
meter — would be “an unmitigated disaster,” 
according to Douglas. Down on the bayou,  
all of those predictions make Windell Curole 
shudder. “We're the guinea pigs,” he says, 
surveying his aqueous world from the 
relatively lofty vantage point of 3.7 meter 
earthen berm. “I don't think anybody down 
here looks at the sea-level-rise problem and 

puts their heads in the sand.” That's because 
soon there may not be much sand left.

Rising sea level is not the only change Earth's 
oceans are undergoing. The ten-year-long 
World Ocean Circulation Experiment, 
launched in 1990, has helped researchers to 
better understand what is now called the 
ocean conveyor belt.

Oceans, in effect, mimic some functions of 
the human circulatory system. Just as 
arteries carry oxygenated blood from the 
heart to the extremities, and veins return 
blood to be replenished with oxygen, oceans 
provide life-sustaining circulation to the 
planet. Propelled mainly by prevailing winds 
and differences in water density, which 
changes with the temperature and salinity of 
the seawater, ocean currents are critical in 
cooling, warming, and watering the planet's 
terrestrial surfaces — and in transferring heat 
from the Equator to the Poles.

The engine running the conveyor belt is the 
density-driven thermohaline circulation 
(“thermo” for heat and “haline” for salt). 
Warm, salty water flows from the tropical 
Atlantic north toward the Pole in surface 
currents like the Gulf Stream. This saline 
water loses heat to the air as it is carried to 
the far reaches of the North Atlantic. The 
coldness and high salinity together make the 
water more dense, and it sinks deep into  
the ocean. Surface water moves in to replace 
it. The deep, cold water flows into the South 
Atlantic, Indian, and Pacific Oceans, 
eventually mixing again with warm water and 
rising back to the surface.

Changes in water temperature and salinity, 
depending on how drastic they are, might 
have considerable effects on the ocean 
conveyor belt. Ocean temperatures are rising 
in all ocean basins and at much deeper 
depths than previously thought, say 
scientists at the National Oceanic and 
Atmospheric Administration (NOAA). Arguably, 
the largest oceanic change ever measured in 
the era of modern instruments is in the 
declining salinity of the subpolar seas 
bordering the North Atlantic.

Robert Gagosian, president and director of 
the Woods Hole Oceanographic Institution, 
believes that oceans hold the key to 
potential dramatic shifts in the Earth's 
climate. 
He warns that too much change in ocean 
temperature and salinity could disrupt the 
North Atlantic thermohaline circulation 
enough to slow down or possibly halt the 
conveyor belt — causing drastic climate 
changes in time spans as short as a decade.

The future breakdown of the thermohaline 
circulation remains a disturbing, if remote, 
possibility. But the link between changing 
atmospheric chemistry and the changing 
oceans is indisputable, says Nicholas Bates,  
a principal investigator for the Bermuda 
Atlantic Time-series Study station, which 
monitors the temperature, chemical 
composition, and salinity of deep-ocean 
water in the Sargasso Sea southeast of the 
Bermuda Triangle.

Oceans are important sinks, or absorption 
centers, for carbon dioxide, and take up 
about a third of human-generated CO2.  
Data from the Bermuda monitoring programs 
show that CO2 levels at the ocean surface 
are rising at about the same rate as 
atmospheric CO2. But it is in the deeper 
levels where Bates has observed even 
greater change. In the waters between 250 
and 450 meters deep, CO2 levels are rising at 
nearly twice the rate as in the surface 
waters. “It's not a belief system; it's an 
observable scientific fact,” Bates says. “And it 
shouldn't be doing that unless something 
fundamental has changed in this part of the 
ocean.”

While scientists like Bates monitor changes 
in the oceans, others evaluate CO2 levels in 
the atmosphere. In Vestmannaeyjar, Iceland, 
a lighthouse attendant opens a large silver 
suitcase that looks like something out of a 
James Bond movie, telescopes out an 
attached 4.5 meter rod, and flips a switch, 
activating a computer that controls several 
motors, valves, and stopcocks. Two two-and-
a-half liter flasks in the suitcase fill with 
ambient air. In North Africa, an Algerian monk 
at Assekrem does the same. Around the 
world, collectors like these are monitoring 
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the cocoon of gases that compose our 
atmosphere and permit life as we know it to 
persist.
When the weekly collection is done, all the 
flasks are sent to Boulder, Colorado. There, 
Pieter Tans, a Dutch-born atmospheric 
scientist with NOAA's Climate Monitoring  
and Diagnostics Laboratory, oversees a slew 
of sensitive instruments that test the air in 
the flasks for its chemical composition.  
In this way Tans helps assess the state of the 
world's atmosphere.

By all accounts it has changed signifi-
cantly in the past 150 years.

Walking through the various labs filled with 
cylinders of standardized gas mixtures, 
absolute manometers, and gas chromato-
graphs, Tans offers up a short history of 
atmospheric monitoring. In the late 1950s a 
researcher named Charles Keeling began 
measuring CO2 in the atmosphere above 
Hawaii's 4,169-meter Mauna Loa. The first 
thing that caught Keeling's eye was how CO2 
level rose and fell seasonally. That made 
sense since, during spring and summer, 
plants take in CO2 during photosynthesis and 
produce oxygen in the atmosphere. In the fall 
and winter, when plants decay, they release 
greater quantities of CO2 through respiration 
and decay. Keeling's vacillating seasonal 
curve became famous as a visual 
representation of the Earth “breathing.”

Something else about the way the Earth was 
breathing attracted Keeling's attention.  
He watched as CO2 level not only fluctuated 
seasonally, but also rose year after year. 
Carbon dioxide level has climbed from about 
315 parts per million (ppm) from Keeling's 
first readings in 1958 to more than 375 ppm 
today. A primary source for this rise is 
indisputable: humans' prodigious burning of 
carbon-laden fossil fuels for their factories, 
homes, and cars.

Tans shows me a graph depicting levels of 
three key greenhouse gases — CO2, methane, 
and nitrous oxide — from the year 1000 to the 
present. The three gases together help keep 
Earth, which would otherwise be an 
inhospitably cold orbiting rock, temperate by 

orchestrating an intricate dance between the 
radiation of heat from Earth back to space 
(cooling the planet) and the absorption of 
radiation in the atmosphere (trapping it near 
the surface and thus warming the planet).
Tans and most other scientists believe that 
greenhouse gases are at the root of our 
changing climate. “These gases are a 
climate-change driver,” says Tans, poking his 
graph definitively with his index finger. The 
three lines on the graph follow almost 
identical patterns: basically flat until the 
mid-1800s, then all three move upward in a 
trend that turns even more sharply upward 
after 1950. “This is what we did,” says Tans, 
pointing to the parallel spikes. “We have very 
significantly changed the atmospheric 
concentration of these gases. We know their 
radiative properties,” he says. “It is 
inconceivable to me that the increase would 
not have a significant effect on climate.”

Exactly how large that effect might be on the 
planet's health and respiratory system will 
continue to be a subject of great scientific 
and political debate — especially if the lines 
on the graph continue their upward 
trajectory.

Eugene Brower, an Inupiat Eskimo and 
president of the Barrow Whaling Captains' 
Association, doesn't need fancy parts-per-
million measurements of CO2 concentrations 
or long-term sea-level gauges to tell him 
that his world is changing.

“It's happening as we speak,” the 56-year-old 
Brower says as we drive around his home in 
Barrow, Alaska —the United States' 
northernmost city — on a late August day. In 
his fire chief's truck, Brower takes me to his 
family's traditional ice cellars, painstakingly 
dug into the permafrost, and points out how 
his stores of muktuk —  whale skin and 
blubber recently began spoiling in the fall 
because melting water drips down to his 
food stores. Our next stop is the old Bureau 
of Indian Affairs school building. The once 
impenetrable permafrost that kept the 
foundation solid has bucked and heaved so 
much that walking through the school is 
almost like walking down the halls of an 
amusement park fun house. We head to the 
eroding beach and gaze out over open water. 

“Normally by now the ice would be coming 
in,” Brower says, scrunching up his eyes and 
scanning the blue horizon.

We continue our tour. Barrow looks like a 
coastal community under siege. The 
ramshackle conglomeration of weather-
beaten houses along the seaside gravel road 
stands protected from fall storm surges by 
miles-long berms of gravel and mud that 
block views of migrating gray whales. Yellow 
bulldozers and graders patrol the coast like 
sentries.

The Inupiat language has words that describe 
many kinds of ice. Piqaluyak is salt-free 
multiyear sea ice. Ivuniq is a pressure ridge. 
Sarri is the word for pack ice, tuvaqtaq is 
bottom-fast ice, and shore-fast ice is tuvaq. 
For Brower, these words are the currency of 
hunters who must know and follow ice 
patterns to track bearded seals, walruses, 
and bowhead whales.

There are no words, though, to describe how 
much, and how fast, the ice is changing. 
Researchers long ago predicted that the 
most visible impacts from a globally warmer 
world would occur first at high latitudes: 
rising air and sea temperatures, earlier 
snowmelt, later ice freeze-up, reductions in 
sea ice, thawing permafrost, more erosion, 
increases in storm intensity. Now all those 
impacts have been documented in Alaska. 
“The changes observed here provide an early 
warning system for the rest of the planet,” 
says Amanda Lynch, an Australian researcher 
who is the principal investigator on a project  
that works with Barrow's residents to help 
them incorporate scientific data into 
management decisions for the city's 
threatened infrastructure.

Before leaving the Arctic, I drive to Point 
Barrow alone. There, at the tip of Alaska, 
roughshod hunting shacks dot the spit of 
land that marks the dividing line between the 
Chukchi and Beaufort Seas. Next to one 
shack someone has planted three 2.4 meter 
sticks of white driftwood in the sand, then 
crisscrossed their tops with whale baleen, a 
horny substance that whales of the same 
name use to filter life-sustaining plankton 
out of seawater. The baleen, curiously, looks 
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like palm fronds.So there, on the North Slope 
of Alaska, stand three makeshift palm trees. 
Perhaps they are no more than an elaborate 
Inupiat joke, but these Arctic palms seem an 
enigmatic metaphor for the Earth's future.
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"Most ice on Earth is 
very close to melting conditions"
glacier expert warns

Measuring ice melt and the unprecedented 
changes in our cryosphere — the frozen parts 
of the planet which regulate the climate by 
reflecting the sun’s heat  — is crucial for 
understanding future situations, he says.

We spoke to Prof. Kääb about the importance 
of the cryosphere and what we know about 
how it’s changing. 

→ Why is the cryosphere important?

“The cryosphere — that is glaciers and ice 
sheets, snow, sea ice, permafrost, and lake 
and river ice — and changes of the 
cryosphere affect the lives of hundreds (of) 
millions (of people) and many ecosystems in 
various direct and indirect ways. Seasonal or 
year-round snow covers around 45 million sq 
km, and glaciers and the Greenland and 
Antarctic ice sheets an additional 15 million 
sq km, together (constituting) around 40% of 
the Earth’s land area.”

“Importantly, most ice on Earth is very close 
to melting conditions, a few degrees below 
0°C, and thus reacts very sensitively to 
changes in air temperatures. Small 
temperature changes can trigger melt and 
(large) environmental changes. Sea level 
change through increased melt of glaciers 
and ice sheets is certainly the most far-
reaching effect of ice melt on Earth.”

Even if we change our emissions now, we are committed to a lot of 
ice melt, says Prof. Kääb.

→ How are sea levels changing?

“Melting of glaciers, (and) the two ice sheets 
in Greenland and Antarctica contributes to 
more than half of the currently measured sea 
level rise and they are projected to contribute 
more. The other half is thermal expansion— 
as the ocean gets warmer it expands — and 
all this sea level change affects people 
around the world, especially in coastal areas, 
(and) even if living far away from the melting 
ice.”

“Mean sea level is projected to rise about 1 
metre by 2100 and will threaten coastal 
societies. How much the ocean would rise in 
(the) case of an, unrealistic, complete melt of 
the Antarctic ice sheet is around 60m.”

→ What are the other impacts of ice melt?

“In terms of more local effects, there are a 
number of hazards relating to glaciers and 
thawing permafrost that we expect to 
increase. For instance, if glaciers retreat they 
leave steep mountain flanks uncovered so 
there is debris and rocks that are set to 
destabilise. So, we expect more rockfalls or 
debris flows from such areas.”

“Greenhouse gas emissions from thawing 
permafrost are much less understood, but 
could have an equally wide, actually global, 
impact by enhancing manmade emissions.”

“Then there are also hazard situations that 
could actually improve. (Ice avalanches from 
glaciers)  can destroy infrastructure, houses 
and kill people. But (there’s) the extreme case 
(where) if a glacier retreats very much, then 
the hazard from related ice avalanches could 
actually reduce.”

EXPERIENCES

→ Do you think we have passed a tipping   
 point when it comes to ice melt?

“The term tipping point is a bit controversial, 
because in most cases we don’t really know. 
Another term that is better is what the IPCC 
(International Panel on Climate Change) uses 
– committed (climate) change. So, climate 
change that man has contributed to has 
committed changes to the future.”

“That means the excess energy that mankind 
has already caused (through greenhouse gas 
emissions capturing the sun’s heat) will 
commit a long-term change in glaciers, ice 
sheets and ocean temperatures. Change that, 
let’s say, over a hundred years is irreversible. 
Even if we change our emissions now, a lot of 
ice melting has been committed.”

“Glaciers are typically found comparably close to where people 
live. That means their changes affect people quite directly.”

– Professor Andreas Kääb, University of Oslo, Norway

→ You focus on glaciers. Why do we need to  
 understand glacier change?

“Glaciers are typically found comparably 
close to where people live. That means  
their changes affect people quite directly. 
Understanding glacier change helps to adapt 
to related climate change impacts such as 
changes in dry-season run-off and water 
supply, changes in glacial landslides and 
avalanches, or changes in the touristic value 
of glaciers.”

“Glaciers reflect climate change in a very 
visible and clear way. Their shrinkage has 
become for good reason an icon of climate 
change. For scientists, glaciers are important 
to illustrate climate change and make it 
understandable for a large audience.”

→ You were the coordinator of ICEMASS, a   
 project using satellite imagery to measure  
 and analyse changes to glaciers. How did  
 you analyse change?

“We have increasingly more and more 
different satellite data, and what the 
satellites measure is very different. My main 
goal, my main achievement, of the ICEMASS 
project was actually bringing different data 
together and integrating them. For instance, 
we use optical satellite images repeatedly to 
measure glacier flow. This works perfectly 
fine unless you have cloud cover or polar 
night (24-hour darkness). Then we use radar 
images that penetrate through clouds for 
the same purpose. But this does not give us 
the volume of glaciers.”
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“For that we use, among others, satellites 
that shoot laser beams, like your laser 
pointer, and they measure the return time of 
this signal. The signal is sent from a satellite, 
bounces (off) the glacier surface, and comes 
back to the satellite. The time difference is 
directly related to the distance from the 
satellite to the (glacier surface). So, if you 
know the satellite position very well, which 
we do, then you can measure the height.  
And if you do that, over time, repeatedly, you 
get also the changes in glacier thickness and 
volume.”

→ And what did you find?

“For me, personally, the most important 
results are more regional scale results.  
We developed glacier volume changes over a 
number of areas where little was known 
before. One of the examples that made it  
into the Nature journal, for instance, was 
glacier volume changes over the Himalayas 
and Central Asia. There was a lot of different 
numbers around for these melting glaciers — 
some actually massively contradicted each 
other — from very little change to massive 
change. And we (really) narrowed this 
uncertainty down.”

→ What did your project reveal about the   
 state of glaciers around the world?

“We found glacier mass loss in almost all 
regions we looked at. Unexpected large 
losses we measured in the European Arctic, 
on Svalbard. The massive retreat of sea ice  
in this sector of the Arctic raises air tem-
peratures at a rate of roughly double the 
global average. The result is glacier melt rates 
(that are) much higher than one would  
expect so far north. In addition, about half of 
the glacier mass loss comes not from direct 
glacier melt but from glaciers that massively 

increased their ice flow and thus their ice 
discharge into the ocean.”

“We found unexpected low changes in glacier 
mass, lower than the global average, in parts 
of Central Asia, in the Karakoram, Pamir, and 
western parts of Tibet. There is even a region 
where glaciers grow a little bit. By also 
measuring changes of lakes without direct 
river outflow, we could show that the region 
received in recent years more precipitation, 
which let the lakes and the glaciers grow, 
despite air temperatures increasing at the 
same time.” 

→ This year’s IPCC Special Report on the   
 Ocean and Cryosphere says climate change  
 will cause up to 80% loss of glaciers in   
 some places by the year 2100. What can  
 research do to help society prepare for this  
 future melting?

“Carbon dioxide levels are much higher than 
they have been for the last 1 million years or 
more. This means our climate is at a stage 
where we don’t have historical experience to 
build sound statistics on extreme events. So, 
we need to monitor more what is going on 
now and then we need to better model future 
scenarios.”

“The EU has their own fleet of satellites, the 
Sentinels within the Copernicus programme. 
They are really a game changer because 
before them there were mostly occasional 
scientific satellites.”

“These EU satellite constellations, in my 
experience, help develop models and 
strategies for really long-term perspectives. 
(We need these) satellites to allow for the 
long-term, consistent, observations that we 
need to predict and adapt to climatic 
changes.”

“We're missing 30-40 meters”

Environmentalists mourned the death of the 
glaciers on Stelvio last Saturday. With 
banners, poems and a requiem yodel. 

“I didn't notice anything of that,” Karlheinz 
Tschenett commented on the “Requiem on a 
Glacier” action. The owner at the Hotel Baita 
Ortler, situated at an altitude of around 
3,000 metres above sea level, knows the 
situation better than anyone else. For almost 
four decades now, Tschenett has spent his 
summers at the Baita Ortler in the midst of a 
fascinating glacier world on the ridge. 
A long time during which he was able to 
observe the retreat of the Madatsch Glacier 
at close range. “It was in the 1980s when you 
could first notice a change”, says Tschenett. 
Over the years, the ice sheet had continuous-
ly melted. “We are missing 30 to 40 meters,” 
he says. Currently, the ice sheet in the upper 
part of the glacier is still 60 to 70 meters 
thick. In the lower part, about 20 metres. 
But the glaciers have also visibly receded all 
around. “And the Trafoier ice wall has almost 
completely disappeared,” he regrets. There 
have also been more rockfalls. “It's the same 
problem worldwide,” he says. 

Karlheinz Tschenett from the Hotel Baita Ortler on Stelvio has 
been observing the retreat of the glaciers all around for decades. 
When the great melting began and how it affected the summer 
skiing area. 

But what impact does this have on the 
summer ski area, which is one of the few  
that is still open at all and where numerous 
ski professionals do their training every year? 

“It still works”, says Karlheinz Tschenett, 
“even though nobody understands why  
we are the only glacier ski resort in Europe to 
close in winter despite the best snow 
conditions”.  At the same time, not least 
because of climate change, there have long 
been efforts to connect the Trafoi and 
the summer ski area with a cable car. “Trafoi 
would be upgraded and the Stilfserjoch 
would be environmentally friendly in summer 
and winter and accessible independently  
of the ,mountain pass road,” emphasizes 
Karlheinz Tschenett. As a result, the well-
known serpentine road, built between 1820 
and 1825, could also be closed more 
frequently for events such as bicycle races. 
"All of this would be ecologically friendly  
and could be achieved without major in-
tervention, since power poles could already 
be crossing the yoke and the route could  
run alongside it," explains Tschenett. In any 
case, the Terna line will soon be upgraded to 
provide a cross-border connection to Milan. 

But we have not yet reached that point. And 
there is resistance to another railway project 
in the National Park. What Tschenett again 
cannot understand: “What could be more 
environmentally friendly than a cable car?”
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