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Introduction

Global warming, the greenhouse effect, climate change...these buzzwords have been echoing through the

media for years now. We're constantly bombarded with images and stories.

Melting glaciers all over the globe and sea ice that diminishes every summer...sea creatures that can't

survive in warmer waters and decreasing fish stocks that threaten the livelihood of those who depend on

them...raging  wildfires and heat waves that kill or sicken thousands of people...changes in disease

patterns that make humans more susceptible to serious illnesses...more  devastating  floods in some areas

and longer droughts in others...

These events all have a dramatic impact on society and modern life, and projections by climate scientists

suggest that topics like these will continue to be in the headlines.

However, as with much of science news, there are often stories that seem contradictory and confusing.

To sort this out and understand the background behind these stories, we need to answer questions like:

Is climate change real? Can humans really alter Earth's climate, and how does that fit with our

knowledge of how climate has changed naturally throughout history?

How do we know? How have scientists come to their current understanding of climate change?

Why should we care? What are the things that might change in the future that will affect us and

future generations?

How sure are the scientists? How much agreement is there among them?

And, what steps can we take next?

Scientists have been working to answer these questions for decades.

In some ways, it's like putting together a giant puzzle. Each individual piece tells you little, but as the

pieces are assembled, the puzzle becomes a recognizable picture, even if some parts are still unfinished.

Today most climate scientists agree that the puzzle pieces clearly show that human-induced climate

change is happening.

In this module, we'll dump all the pieces out on the table to let you look at them, explore how scientists

are fitting them together, and see where a few are still missing.

To top
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What Changes Climate?
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CLIMATE INFLUENCES: THE FIRST INKLING

Around 1900, a respected Swedish scientist named Svante Arrhenius published a series of papers and a

book that included a crazy-sounding prediction. He and a colleague were studying the carbon cycle by

estimating the changes in carbon dioxide (or CO2) produced by natural processes such as rock weathering,

volcanic eruptions, and ocean absorption.

He also looked at a source no one had thought of before—humans. Was it possible that humans could

change the climate? Arrhenius took his colleague's calculations of carbon emissions from human activities

and crunched the numbers.

When atmospheric carbon doubled, he figured, it would be enough to raise Earth's temperature 9-11°F

(5-6°C), but it would take thousands of years to do it at 1896 rates. By the time his book on the subject

was published in 1908, so much more coal was being burned, Arrhenius revised his estimate to centuries.

But he reasoned that a warmer climate would be a GOOD thing—understandable, perhaps, given his home

in Stockholm, a few hundred miles shy of the Arctic Circle.

Although Arrhenius went on to win the Nobel Prize for Chemistry in 1903, his carbon calculations faded into

obscurity. In the hundred years since Arrhenius made his estimate—remarkably close to today's best

figure—scientists hotly debated the causes of past and current climate change. However today, most

climate scientists agree that multiple lines of evidence clearly show that human-induced climate change is

taking place.

To top
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CLIMATE INFLUENCES: NATURAL FACTORS

Earth's climate shifts over time because so many different land, ocean, and space phenomena have a hand

in it. The sun is the main driver of Earth's climate, as it provides most of the energy. The sun's energy

output increased about a tenth of a percent from 1750 to 1950, which contributed about 0.2°F (0.1°C)

warming in the first part of the 20th century. But since 1979, when we began taking measurements from

space, the data show no long-term change in total solar energy, even though Earth has been warming.

Repetitive cycles in Earth's orbit can influence the angle and timing of sunlight. The tilt and wobble of

Earth's axis and the degree to which its orbit is stretched produce the Milankovitch cycles, which scientists

believe triggered and shut off ice ages for the last few million years. But these changes take thousands of

years, and so cannot explain the warming in this century.

Click to open a drifting continents & ocean currents animation.

Drifting continents make a big difference in climate over millions of years by changing ice caps at the poles

and by steering ocean currents, which transport heat and cold throughout the ocean depths. These currents

in turn influence atmospheric processes. Snow and ice on Earth also affect climate because they reflect

more solar energy than darker land cover or open water.
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Huge volcanic eruptions can cool Earth by injecting ash and tiny particles into the stratosphere. The

resulting haze shades the sun for a year or two after each major blast. Dust and tiny particles thrown into

the air by both natural processes and human activities can have a similar effect, although some absorb

sunlight and help heat the climate.

Greenhouse gases, which occur both naturally and as a result of human activities, also influence Earth's

climate.

To top
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CLIMATE INFLUENCES: GREENHOUSE EFFECT

Earth's surface absorbs heat from the sun and then re-radiates it back into the atmosphere and to space.
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Much of this heat is absorbed by greenhouse gases, which then send the heat back to the surface, to other

greenhouse gas molecules, or out to space. This is commonly called "the Greenhouse Effect" but "the

blanket effect" may be more appropriate. Though only 1% of atmospheric gases are greenhouse gases,

they are extremely powerful heat trappers. By burning fossil fuels faster and faster, humans are effectively

piling on more blankets, heating the planet so much and so quickly that it's hard for Mother Nature and

human societies to adapt. 

Though carbon dioxide gets the most press, it's certainly not the only greenhouse gas, nor even the most

powerful. However, humans produce more of it than any other greenhouse gas, and it's very long-lasting

(50-100+ years). In the United States, CO2 comprises more than 80% of total greenhouse gas emissions.

EXAMPLE OF HUMAN-PRODUCED GREENHOUSE GASES

  Global Warming Potential (Relative to CO2)

Species Lifetime (years) 20 years 100 years 500 years

Methane 12+/- 3 56 21 6.5

Nitrous Oxide 120 280 310 170

Sulfur hexafluoride 3,200 16,300 23,900 34,900

Carbon tetrafluoride 50,000 4,400 6,500 10,000

The other greenhouse gases are both natural and human-made. The most common are methane, nitrous

oxide, ozone, fluorinated gases, and water vapor. Methane, for example, is only about 8% of U.S.

greenhouse gas output, but is 21 times more powerful than carbon dioxide per molecule, although it does

not stay in the atmosphere as long. It is produced naturally in wetlands, melting permafrost, termites,

belching cows, and by human activities, such as fossil fuel production, landfills, and rice cultivation.

Water vapor is by far the most important gas in the natural greenhouse effect, contributing 60% of the

effect to carbon dioxide's 26%. Human activities don't directly increase water vapor. Instead, warming

produced by other gases, such as CO2, increases evaporation and allows the atmosphere to hold more

water vapor. And in fact, satellites have detected an increase in atmospheric moisture over the oceans at a
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rate of 4% per degree F of warming (7% per degree C) since 1988. This additional water vapor then adds

to the warming because water vapor is a greenhouse gas. More water vapor can also produce more

clouds, which have a complicated effect of both cooling the atmosphere by reflecting light and warming it

by trapping heat below the clouds.

The main factors that determine the effect of greenhouse gases on climate are:

The amount and rate of greenhouse gas emissions

The effectiveness of each gas in trapping heat, and

The length of time each gas stays in the atmosphere (for example, CO2 lingers in  the atmosphere

for hundreds of years)

Other greenhouse gases like water vapor are more powerful on a molecule for molecule basis, but the

flood of manmade carbon dioxide emissions into the atmosphere this century and its atmospheric staying

power are why carbon dioxide is the focus of concerns.

To top
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CLIMATE INFLUENCES: THE CARBON CYCLE

Carbon dioxide isn't stuck in the atmosphere once it gets there. It moves into and out of living organisms,

soil, rock, and water. For example, plants take up carbon dioxide in the air to make wood, stems, and

leaves, and then release it back into the air when the leaves fall or the plants die. Forest fires release large

amounts of CO2, providing an important reason to preserve forests. Animals, including humans, take up

carbon when they eat plants, and then release CO2 back into the atmosphere via respiration.

Over very long time frames, the weathering of rocks can add carbon to surface waters that run into the

ocean. Eventually, this carbon is removed from the water and forms limestone. It can later be released

back into the atmosphere from volcanoes when the rock is melted.

In ancient times when Earth had a much warmer climate, huge swamps buried plant material faster than it

could decay, and when the buried remains were subjected to heat and pressure, they became coal. In

similar ways, microorganisms buried on lake and sea bottoms throughout Earth's history produced oil.

These processes locked up lots of carbon as oil, gas, and coal. By burning these fuels in the last 150 years,

we have suddenly released into the atmosphere carbon that took hundreds of millions of years to store.

To top
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CLIMATE INFLUENCES: THE CARBON CYCLE

Certainly, temperatures in Earth's past have been higher (and lower) than today, and

CO2 concentrations have varied considerably. At certain times, changes in the Earth's orbit caused warmer

temperatures, which increased CO2 and produced additional warming in a feedback process. But today, the

CO2 released by human activities is triggering the increase in temperatures.

What do you think? How does the 2008 concentration of CO2 compare to the highest concentration

observed during the last 800,000 years?

a) Higher than the highest peak (more than 300 parts per million atmospheric molecules [ppm])

b) About the same as the highest peak (about 300 ppm)

c) About the same as the lowest level (about 180 ppm)

d) In between the lowest and highest levels (about 240 parts per million)

Answer: The correct answer is a). The average 2008 CO2 concentration recorded at Mauna Loa, Hawaii

was 385.3 ppm. Compare that to the high value of 300 ppm found in the 800,000-year long ice core

record. Not only is today's concentration higher, the increase is occurring much faster (over about a

century) than past CO2 spikes, which generally happened over several thousand years.
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What makes all this worrisome is that we are pushing the system out of the range human civilization has

adapted to. The last time the poles were this warm was about 125,000 years ago during the last period

between ice ages. The warming we saw in the 20th century happened 10 times faster than the climb out of

the last ice age.

Click to view the History of Earth's Climate interaction.

To top
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Is It Real?
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EVIDENCE OF CHANGE: TEMPERATURES

Earth is getting warmer by virtually every measure we know, and the temperature has been well above

normal for more than 25 years. Although increases of 1.0-1.6°F (0.6-0.9°C) over the last century or so

may not sound very threatening, remember that's a global average. The warming is stronger over land

than over oceans and in the higher latitudes than in the tropics.

What do you think?

Looking at the graph, what can you conclude about the 2008 temperatures?

2008 was the coolest year since 20001.

2008 was warmer than any year before 19882.

Global warming has ended3.

Worldwide CO2 emissions dropped significantly in 20084.
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Temperatures in 2008 are consistent with global warming5.

Answer: The correct answers are a) ,b), and e). While 2008 was relatively cool compared to the other

years so far in this century, it was still one of the warmest years since 1880.

But why did the temperature decrease in 2008?

Let's look at the global map of surface temperature anomalies for the year.

Notice that much of the world (and especially the Arctic) was warmer than normal (red and orange colors),

although the U.S. was fairly close to normal. This illustrates the idea that you can't just look at the weather

in one area—you need to see the picture over the entire planet.

Note also the large pool of cooler (blue and green) temperatures in the Pacific Ocean. These lower

temperatures reflect a strong La Niña pattern, a naturally occurring oscillation of tropical ocean

temperatures that also shape weather patterns. So how did the 2008 La Niña affect the picture?
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Looking at the seasonal temperatures, we can see that the La Niña cooling cycle was strongest in the low

latitudes and that it bottomed out in the winter (December 2007 through February 2008).  Once the La

Niña pattern relaxed, temperatures bounced upward again. This is a good example of natural climate

variability superimposed on the global warming signal.

To top
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EVIDENCE OF CHANGE: OCEANS

Ships and buoys that dot the globe tell us the oceans are heating up too. The top 1,000 feet (300 meters)

or so of the ocean have warmed by 0.5°F (0.3°C) over the past 50 years. The deep sea, too, has warmed.

A NOAA study that looked at the period from 1948 to 1998 found that every ocean warmed to at least

3,300 feet (1,006 m).

And as air and oceans warm, the seas have risen. Global average sea level since 1993 has risen at a rate

of about 0.13 inches (3.3 millimeters) per year. All together, the IPCC estimates the oceans rose 4 to 10

inches (10-25 centimeters) in the 20th century from melting ice and snow and the physical expansion of

warmer water.

Sea levels aren't the only way oceans change. Seawater, which is normally alkaline, is becoming less so as

extra CO2 in the air is absorbed. When the gas dissolves in the ocean, it reacts with carbonate ions to form

carbonic acid. As a result, the oceans are now 30% less alkaline than they were just 100 or so years ago. 

Though that doesn't sound like a big deal, it means times will be much harder for ocean creatures like

coral, plankton, and shellfish that depend on abundant carbonate ions as raw material for shell-building. If

populations of these organisms plummet, the fish that eat them and the millions of people that eat the fish

will suffer as well.

To top
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EVIDENCE OF CHANGE: SNOW AND ICE

Snow and ice reflect the sun's energy back to space. Without this white cover, more water can evaporate

into the atmosphere where it acts as a greenhouse gas, and the ground absorbs more heat. Snow and ice

are melting at rates unseen for thousands of years, and this has profound climate consequences. As with

air temperature, most of the melting in our 100 years or so of official record keeping has occurred after

1980.

Spring snow cover has decreased since 1922 at an average rate of about 2% per decade in the Northern

Hemisphere, including a steep 5% drop during the 1980s. River and lake ice don't last as long as they used

to either. As permafrost melts in the vast northern tundra, trees locals colorfully call "drunken trees" are

falling over and buildings are crumbling as the ground disintegrates beneath them. 

 

With a few exceptions, glaciers have been shrinking across the globe. In Glacier National Park, for

example, there were 150 glaciers in 1850. Today, there are 26. In Switzerland, the Tortin Glacier, which

supported a local ski area, shrank so much that the Swiss put a city-block sized insulating sheet over the

glacier's edge to slow its retreat.
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Sea ice is dwindling too, especially in the Northern Hemisphere. Satellites have seen average Arctic sea ice

shrink by 2.7% per decade from 1978 to 2006, with faster melting in summer.

In summer 2007, the Northwest Passage north of Canada became navigable for the first time as the polar

cap melted to its lowest level on record—30 years faster than IPCC scientists had predicted; 2008's melt

was second only to 2007. 

To top
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EVIDENCE OF CHANGE: RAIN AND DROUGHT

Climate Change 2007: The Physical Science Basis. Working Group I Contribution to the Fourth Assessment Report of the

Intergovernmental Panel on Climate Change. Figure 3.39, Cambridge University Press.

More water vapor held by a warmer atmosphere also leads to heavier rains and more snowfall. In

particular, heavy rains are increasing in temperate zones. For example, in the continental United States,

intense precipitation increased by 20% over the past century, while total precipitation increased 7%.

Climate Change 2007: The Physical Science Basis. Working Group I Contribution to the Fourth Assessment Report of the

Intergovernmental Panel on Climate Change. FAQ 3.2, Figure 1, Cambridge University Press.

More evaporative power doesn't just mean more rain—paradoxically, it also means that some areas get

drier as storm tracks shift. A 2004 study by the National Center for Atmospheric Research found that the

percentage of Earth's land experiencing serious drought had more than doubled since the 1970s.

And, along with drought, wildfires have become more widespread recently across the U.S. and Canadian
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West.

To top
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EVIDENCE OF CHANGE: ECOSYSTEMS

Increased warmth has also affected living things. Plants and animals are experiencing longer growing

seasons across the Northern Hemisphere. For example, the Japanese keep very detailed records on the

blossoming of their Tokyo cherry trees, so they know they are blooming 5 days earlier on average than

they were 50 years ago. 

Mosquitoes, birds, and insects are also moving north in the Northern Hemisphere. The pine beetle, a native

pest of lodge pole and jack-pine trees, has chewed up tens of thousands of square miles of forest across

North America, staining the green forest with the rust of dead needles. A 2008 Nature article attributed

their move northward and to higher elevation forests to warmer winters, hotter summers, and less rain.

To make matters worse, the scientists projected that the beetles themselves could become a force for

climate change. For example, the carbon released by the decay of the trees they have killed in British

Columbia may cause the forest to emit more carbon than it absorbs.

To top
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EVIDENCE OF CHANGE: THE HUMAN ELEMENT: CO2

In pre-industrial times, carbon dioxide made up about 280 parts per million atmospheric molecules. In

2008, it makes up about 385 parts per million—30% more. So what's the big deal about a few hundred

parts per million? Not only is the present atmospheric carbon dioxide concentration higher than it has been

for at least 800,000 years, the rate of change is accelerating. Previously it never exceeded 30 parts per

million per thousand years, but now, carbon dioxide has risen by 30 parts per million in the last 17 years.

Worldwide, burning fossil fuels is the major source of CO2, but CO2 can also come from cutting trees,

burning forests or grasslands, agriculture, and interestingly, making cement. 

What do you think?

What country or group of countries had the highest total CO2 emissions in 2007?

United States1.

China2.

Russia3.

Japan4.

European Union-15 (Austria, Belgium, Denmark, Finland, France, Germany, Greece, Ireland, Italy,

Luxembourg, Netherlands, Portugal, Spain, Sweden, United Kingdom)

5.

Other large developing countries (Brazil, Mexico, South Africa, Saudi Arabia, India, and Iran)6.

Answer:  The correct answer is b). According to data from the Netherlands Environmental Assessment

Agency, China passed the U.S. in 2006 and is now the largest emitter of CO2. Notice that the combined

emissions of the EU-15 group and the large developing countries group are lower than the U.S. emissions.

What do you think?

What country or group of countries had the highest per capita CO2 emissions in 2007?

United States1.

China2.

Russia3.

India4.

European Union-15 (Austria, Belgium, Denmark, Finland, France, Germany, Greece, Ireland, Italy,

Luxembourg, Netherlands, Portugal, Spain, Sweden, United Kingdom)

5.

Answer:  The correct answer is a). On a per person basis, the United States emits more than twice as

much as the citizens of the EU-15 and about 10 times as much as people in India.
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EVIDENCE OF CHANGE: THE HUMAN ELEMENT: OTHER GREENHOUSE GASES

Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II, and III to the Fourth Assessment Report of the

Intergovernmental Panel on Climate Change. Figure 2.3, Geneva, Switzerland.

Carbon dioxide isn't the only greenhouse gas climbing alarmingly fast. Methane is now about 1,780 parts

per billion. During the last 650,000 years, it never exceeded 790 parts per billion. And worryingly,

methane has begun building up in the atmosphere again after stabilizing between 1999 and 2006. Some

evidence points to melting permafrost across the Northern Hemisphere, where decaying plant material

produced methane that was frozen in the tundra for millennia.

Nitrous oxide (N20) is another greenhouse gas produced by both natural and human-related sources. Less

of this gas is emitted than CO2, but it is a more powerful heat trapper on a per molecule basis and has an

atmospheric lifetime of 120 years.
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Some industrial chemicals, such as fluorinated gases, are considered to be "high global warming potential

gases" because of their potency and long atmospheric lifetimes. For example, nitrogen trifluoride, a

cleaning agent used in making flat panel TVs, computer monitors, and thin-film solar panels, has increased

30-fold since 1978 and is thousands of times more powerful as a greenhouse gas than carbon dioxide.

To top
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EVIDENCE OF CHANGE: THE HUMAN ELEMENT: ARE HUMANS THE CAUSE?

Climate Change 2007: Synthesis Report. Contribution of Working Groups I, II, and III to the Fourth Assessment Report of the

Intergovernmental Panel on Climate Change. Figure 2.5, Geneva, Switzerland.

But couldn't the warming still be a natural variation? Scientists have looked for alternative explanations

based on what caused climate changes in Earth's past. None of them fit the bill. Computer models help

cinch the case for a human cause. The solar and volcanic conditions of the last 50 years would likely have

produced cooling, based on our models' best estimates. Only the addition of the extra greenhouse gases

and particles to our computer models can reproduce the pattern of warming we've seen over the past

century.

To top

Climate Change: Fitting the Pieces Together: Print Version http://www.meted.ucar.edu/broadcastmet/climate/print.htm

27 of 72 17-11-2009 21:54



How Do We Know?
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THE EXPERTS: IPCC

Figuring out what influences climate, how it has changed in the past, whether it's changing now, and how it

might affect our future has required the expertise of thousands of scientists and other experts from dozens

of fields who were brought together in one body: the IPCC.

Since it was formed in 1988, the IPCC's purpose has been to bring together the experts who can provide

decision makers and others with an objective source of information. It does not, however, conduct any

research itself. The IPCC's Assessment Reports (issued in 1990, 1995, 2001, and 2007) also don't tell us

what to do. They discuss options, but leave prescribing policies for dealing with climate change up to

individual nations.

But who are the experts involved in the IPCC and what do they do? These specialists (more than 2,000 of

them) represent about 140 countries, a variety of fields, and a range of views. Their function is to assess

the latest peer-reviewed literature and to achieve consensus about where the weight of the evidence

points and where uncertainties lie.

Remember that this means they are looking at papers that have already been reviewed in depth by other

experts before the articles were published in a scientific journal. For the 2007 Report, they examined

29,000 data sets. The assessment also included computer modeling to determine the cause of climate

change and to predict future impacts.

LEVELS OF CONFIDENCE

Terminology Degree of confidence in being correct

Very high confidence At least 9 of 10 chances of being correct

High confidence About 8 of 10 chances

Medium confidence About 5 of 10 chances

Low confidence About 2 out of 10 chances

Very low confidence Less than 1 out of 10 chance

LIKELIHOOD SCALE

Terminology                 Likelihood of occurrence/outcome

Virtually certain >99% probability of occurrence

Very likely >90% probability

Likely >66% probability

About as likely as not 33-66% probability

Unlikely <33% probability

Very unlikely <10% probability

Exceptionally unlikely <1% probability

The IPCC was very careful in its use of language. Phrases such as "likely" and "low confidence" have very

specific meanings. For example,

Similarly, expressions of the likelihood of something occurring are also well-defined:

So when the IPCC states, "Changes in snow, ice and frozen ground have with high confidence increased the

number and size of glacial lakes," the phrases mean that the scientists believe there is an 8 out of 10

chance the statement is correct.

To top
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THE EXPERTS: OTHER EXPERTS

The IPCC isn't the only group that has taken up the question of climate change. In the U.S., many

government agencies (such as the National Oceanic and Atmospheric Administration [NOAA], National

Aeronautics and Space Administration [NASA], and Environmental Protection Agency [EPA]), non-profits

like the National Center for Atmospheric Research (NCAR), and universities have groups that work on

climate change.

The U.S. Climate Change Science Program is tasked with integrating federal research on climate and

global change and has produced a number of reports on climate. In addition, the National Academy of

Sciences (NAS), which was created in 1863 to provide independent advice to the U.S. government on

scientific and technological issues, has also worked on the topic. All of these groups support the major

conclusions of the IPCC.
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TOOLS: DATA: PALEOCLIMATE

If you want to know what is changing climate now, it's helpful to understand what has changed it in the

past. The record of the Earth's past climate comes from many different data sources

Geology

Atoms (called radionuclides) produced by cosmic rays

Fossils

Lake and ocean sediments

Other techniques that the general public is more familiar with include:

Ice cores

Tree rings

Coral growth patterns

Climate models

Ice cores: Ice cores drilled from deep within ice sheets or glaciers give us our longest look back in

time—as far back as 800,000 years, so far. Analyses of the water molecules, air bubbles, and material

such as ash and dust can provide information on local temperatures, greenhouse gases, volcanic eruptions,

and other factors that influence climate.
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Tree rings: Tree ring analysis (dendrochronology) looks at changes in the thickness of annual growth rings

that are determined by seasonal and climatic variations of temperature, precipitation, or both.

Dendrochronology is a very useful tool for looking at climate over the last 7,000 years or so. For example,

tree rings have shown poor growth in years when ice cores indicate large volcanic eruptions, which shroud

the sun and cool the earth.

Coral growth patterns: The growth rate and density of coral skeletons also vary with temperature and

other environmental conditions, so their growth patterns can be analyzed much like tree rings. The

chemical composition of the coral in a particular ring provides information about sea surface temperatures,

salinity, runoff, and upwelling.
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Climate models: Climate models are used to test explanations for past and future climate changes. For

example, a model run by NCAR looked at four periods— a warm period 250 million years ago, one of

abrupt warming 55 million years ago, a glacial period about 21,000 years ago, and the Little Ice Age

(about 500 years ago). Scientists found that the models produced changes similar to what actually

happened. This gives scientists more confidence about using models to make future estimates.

To top

Climate Change: Fitting the Pieces Together: Print Version http://www.meted.ucar.edu/broadcastmet/climate/print.htm

33 of 72 17-11-2009 21:54



TOOLS: DATA: OBSERVATIONS

Scientists use many different tools to study present climate.

Surface observations: Three main climate centers—NASA, NOAA, and the University of East Anglia in the

United Kingdom—each assess data from surface monitoring stations and calculate global average

temperatures. While their methods differ, as do some of the finer details of their results (such as rankings

of warmest years), they all agree that the 20th century has warmed about 1.4°F (0.8°C).

In addition to temperature, water and moisture measurements also tell us how the climate is changing. In

order to evaluate patterns of precipitation and drought, scientists measure rain and snowfall, evaporation,

soil moisture, and stream flow.

Atmospheric observations: Climate change doesn't just happen at the surface, so scientists look higher

up in the atmosphere to see whether temperature, water vapor, clouds, and the sun's energy are

changing. Data for these come mainly from satellite or weather balloon measurements.
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TOOLS: MODELS: WHAT THEY ARE

Global climate models simulate the chemical and physical processes that drive Earth's climate. These

models are used to study Earth's past climate changes, and they are an important tool to check our

understanding of how climate processes work. Models are also the only way we have to evaluate how the

climate might change in the future. In other words, they are a big part of how we come to understand

climate science.

Much like the models that broadcast meteorologists use to issue weather forecasts, climate models

simulate Earth's climate system with a 3-dimensional grid that extends through the land, ocean, and

atmosphere. The grid may have 10 to 60 different levels in the atmosphere and surface grid spacings of

about 60 by 90 miles (100 by 150 km)—the size of Connecticut. The models perform trillions of calculations

that describe changes in many climate factors in the grid.
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The models project possible climates based on scenarios that cover a range of assumptions about global

population, greenhouse gas emissions, technologies, fuel sources, etc. The model results provide a range

of possible impacts based on these assumptions.

In the 1960's when climate science was in its infancy, these models were relatively limited. New

components and better resolution in the decades since have greatly improved the models. However, it's

worth noting that even early on, the relatively crude models already showed many of the features that

have been observed today, such as the greater warming in higher latitudes relative to lower latitudes.
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TOOLS: MODELS: UNCERTAINTIES

Climate modelers are the first to point out that the models are imperfect, so it's reasonable to ask what

the uncertainties are and whether, given those, we can trust models to provide useful predictions. Their

main shortcomings are:

Limited observations

Incomplete understanding of climate processes and their interrelationships

Imperfect model representations of the processes

Relatively large grid boxes that don't represent smaller terrain features

Climate Change 2007: The Physical Science Basis. Working Group I, Contribution to the Fourth Assessment Report of the

Intergovernmental Panel on Climate Change. FAQ 8.1, Figure 1, Cambridge University Press.

To determine whether climate models are useful and where problems might exist, scientists run tests to

see how well the results match actual past temperature changes.

If the two don't match, then scientists have to figure out if there's a problem with the observations or with

some component of the models. For example, a few years ago some of the satellite data did not show

parts of the atmosphere warming at the same rate as models did. Eventually an error in the satellite data

calculations was found, and now the two are in agreement.
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TOOLS: MODELS: CLIMATE AND WEATHER MODELS

A common critique of climate predictions is, "If weather model forecasts aren't reliable more than a week

out, how can models predict climate decades in the future?" While weather and climate models are based

on similar physics, they are not predicting the same thing. Weather forecasts look at the day-to-day

changes on a local level, while climate predictions are focused on longer term processes and global or

regional scales.  Subtle chaotic atmospheric variations make short-term weather forecasts difficult beyond

8-10 days. Climate models deal with the longer-term influences of the sun, oceans, land, and ice on the

atmosphere.  Predicting a temperature at a particular place at a particular hour is a different problem than

projecting an average temperature in a large region or over the entire globe and over a year, decade, or

century.

The bottom line is that models have shown a reasonably consistent picture of warming and its causes.
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Why Should We Care?
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ONLY A FEW DEGREES?: WHY IT MATTERS

Climate Change 2007: The Physical Science Basis. Working Group I Contribution to the Fourth Assessment Report of the

Intergovernmental Panel on Climate Change. Figure 10.8, Cambridge University Press.

Global average temperatures are expected to increase by about 2-13°F (1-7°C) by the end of the century.

That may not sound like a lot, so what's the big deal? The problem is that small changes in global average

temperature can lead to really large changes in the environment.

Only a few degrees have made the difference between ice ages, temperate periods, and a hothouse Earth

with green poles. During the last ice age, global average temperatures were only 7-13°F (4-7°C) colder,

but ice ploughed as far south as Illinois. About 125,000 years ago, average temperatures were only a

degree or so warmer than today, but sea levels eventually rose as much as 20 feet (6 meters) higher.

Small changes in the global average temperature also mean heat waves get hotter and droughts get drier.

This happens thanks to small changes in the way air and water circulate around the globe. For instance,

Climate Change: Fitting the Pieces Together: Print Version http://www.meted.ucar.edu/broadcastmet/climate/print.htm

40 of 72 17-11-2009 21:54



during the wetter and cooler climate of the last ice age, the Great Basin of California was filled by a great

lake ringed with pine forests. When the climate became warmer and drier at the ice age's end, the lake

dropped 500 feet and lost 90% of its surface area. The pine forests became sagebrush desert. Such

changes in precipitation could be just as important, or even more important, than temperature increases

for many parts of Earth.

Climate Change 2007: The Physical Science Basis. Working Group I Contribution to the Fourth Assessment Report of the

Intergovernmental Panel on Climate Change. Figure 10.4, Cambridge University Press.

These effects are not temporary, either. The climate is like a large ship: once it starts turning, it is hard to

stop. Whatever the new direction is, it will affect your children, your grandchildren, and many generations

after.

What will a changing climate mean for us in the future? Scientists make the best assumptions they can

using models to project what might happen. But we don't know for certain what will happen or when

because we don't know what choices people will make about changing energy sources, limiting population

growth, preserving forests, etc . Some impacts are more certain than others, some will occur sooner and
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others later, and some will affect developing nations more than wealthier ones.
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ONLY A FEW DEGREES?: HOTTER SUMMERS/WARMER WINTERS

Climate Change 2007: The Physical Science Basis. Working Group I Contribution to the Fourth Assessment Report of the

Intergovernmental Panel on Climate Change. Figure 10.19 (b), Cambridge University Press.

Of course, there will always be natural variability, with some places and some years warmer or cooler than

average. In general, however, summers will get hotter, not only because of higher temperatures but also

because humidities will increase. A warming trend on top of natural variability means that temperatures

will cross today's heat thresholds more often. For example, the 2003 European heat wave that killed

35,000 people was a combination of global warming and extreme natural variability and could not have

happened without both. Models predict that in many places, an extreme heat event that we only see once

every twenty years today will happen once every three years by the middle of this century, and even

more frequently by century's end.
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Climate Change 2007: The Physical Science Basis. Working Group I Contribution to the Fourth Assessment Report of the

Intergovernmental. Panel on Climate Change. Figure 10.19 (a), Cambridge University Press.

On the plus side, winters will be warmer in many places, reducing heating bills. And the number of days

with frosts is likely to decrease. On the downside, it means more snow may fall as freezing rain, making

ice more of a problem for motorists, pilots, and seniors. 
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ONLY A FEW DEGREES?: DROUGHTS AND FLOODS

Climate Change 2007: The Physical Science Basis. Working Group I Contribution to the Fourth Assessment Report of the

Intergovernmental. Panel on Climate Change. Figure 10.18 (b), Cambridge University Press.

Because a warmer planet will boost evaporation and change atmospheric moisture circulation, many dry

areas will become drier and wet areas wetter. In North America, on average, precipitation is likely to be

less frequent but more intense when it does fall.

Climate Change 2007: The Physical Science Basis. Working Group I Contribution to the Fourth Assessment Report of the

Intergovernmental. Panel on Climate Change. Figure 10.18 (d), Cambridge University Press.
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This may mean that the American Southwest becomes drier. Indeed, we have already begun to see these

trends in the past few decades. And along with increased droughts comes an increased potential for

wildfires.
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ONLY A FEW DEGREES?: SEA-LEVEL RISE

The oceans will continue their rise in the coming century. The IPCC's best estimates range from a few

inches to a few feet (few centimeters to half a meter) by 2100. If seas rise two feet (0.6 meters), the

United States could lose 10,000 square miles (26,000 square kilometers) of land surface, mostly on the

Gulf and Atlantic coasts. If they rise three, they will inundate Miami and most of coastal Florida. Sandy

shoreline erosion happens at about 100 times the rate of sea level rise, so a few inches' increase in the

ocean level can greatly affect coasts. And since nearly half of the world's population lives in low-lying

coastal areas, continued population growth along coasts increases vulnerability from sea-level rise, storm

surge, and flooding.
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Everywhere coastlines will flood more often, particularly in cities not rich enough to build sea walls or

adapt in other ways. Saltwater will spoil many freshwater aquifers that provide drinking water. And the

loss of coastal wetlands is not trivial. One estimate projects 17-43% of U.S. wetlands could be submerged,

of which more than half would be in Louisiana. Though new wetlands will form farther inland, their total

area will probably be reduced, which would put New Orleans and other coastal cities at even greater risk

from hurricane storm surge.

The IPCC's projections are at best a rough estimate, however, because we don't know how much and how

far the planet's great ice sheets will melt.  Meltwater draining through the Greenland Ice Sheet and newly-

discovered hidden lakes trapped under the Antarctic Ice Sheets contribute to uncertainty about how much

seas may rise in this century and beyond. The complete loss of either the West Antarctic Ice Sheet or the

Greenland Ice Sheet could eventually raise sea levels on the order of 20 feet (6 meters).
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ONLY A FEW DEGREES?: EXTREME WEATHER

What do you think? How do you think hurricanes are likely to be affected by global warming in the future?

a) More hurricanes

b) Fewer hurricanes

c) More intense (stronger wind speeds, heavier rain)

d) Less intense (lower wind speeds, less rain)

Answer: This actually is a subject of considerable scientific debate. Scientists are not sure whether the

frequency of hurricanes will change, but they think that those that do form will likely be more intense with

stronger wind speeds and heavier rain (answer c).

Studies suggest that for every 1.8°F (1°C) increase in tropical sea surface temperatures, core rainfall will

increase by 6-18%, and surface wind speeds of the strongest hurricanes will increase 1-8%. Storm surge

levels are also likely to increase. However, some studies suggest that vertical wind shear increases may

reduce hurricane activity, at least in some areas.

We don't have enough data on tornadoes to determine whether their frequency or severity is changing.

And global climate models can't currently simulate features as small as these storms.

While winters will be warmer overall, when storms do occur, they will likely produce more snowfall,

stronger winds, and higher waves, although these effects may vary with location.
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OTHER EFFECTS: OCEAN ECOSYSTEMS

As the oceans absorb more carbon dioxide, the chemistry of the ocean changes, putting many sea

creatures at risk. The IPCC projects that by 2100 the pH of the ocean will drop to its lowest point in at least

20 million years. This means that tiny creatures at the bottom of the ocean's food chain will struggle to

make their calcium-carbonate shells. Nearly every sea creature from plankton to whales would be directly

or indirectly affected. If the ocean food chains collapse, many people in the world who depend on fish for

food will go hungry, and seafood may become a delicacy that only the wealthy can afford.
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OTHER EFFECTS: HEALTH

Here, too, the news is not good: people are already suffering from climate-related causes and more will be

killed or sickened as the planet warms. Death rates spike an average of 6% during heat waves, so

heat-induced deaths will probably rise sharply as temperatures increase and heat waves become more

prolonged and intense. On the plus side, warmer winters could help reduce flu and other ailments.

As temperatures get milder, ticks, mosquitoes, rodents, and other carriers of disease will expand their

range and sicken more people, particularly in developing countries. Here in the United States, dengue

hemorrhagic fever, a tropical, mosquito-borne disease, hit for the first time in modern times in 2005 in the

Lower Rio Grande Valley. Experts worry that dengue could become widespread in the U.S., and the

reappearance of malaria is not out of the question either.

Air pollution will likely worsen, since higher temperatures and humidities will allow more ozone and particle

pollution to form and linger longer. This will produce more asthma and deaths from heart and lung disease.

One scientist at Stanford estimates there will be 1,000 additional air-pollution-related deaths per year for

every 1.8°F (1°C) increase in temperature in the U.S.

More heavy downpours and floods will produce more diseases associated with flooding—like allergic

reactions to mold and gastrointestinal disease outbreaks. Cryptosporidium is a water-borne parasite that

causes an unpleasant gastrointestinal illness. Milwaukee experienced a serious outbreak in 1993 in the

aftermath of that year's great floods. Warmer ocean temperatures also favor the seafaring bacteria that

cause cholera.

In the general irritation category, more carbon dioxide also helps plants like ragweed make more

allergens and poison ivy make more of its irritating oil.
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OTHER EFFECTS: ECONOMICS

Most people will see climate change delivered to them in the form of higher water, energy, and insurance

bills. Why? More droughts, higher temperatures, and more extreme weather will require lifestyle

alterations ranging from what crops we grow to how we recreate. Climate change expands the range of

conditions we need to prepare for, and that preparation costs.

Warmer temperatures will also mean less snow overall at certain latitudes because more will fall as rain,

and the snow that does fall will melt faster. The consequences of this are plain to ski resort operators—a

shorter, poorer ski season—but it also makes a difference to local water supplies. In some areas,

snowpack will melt sooner and more suddenly (as it already is in most western states), and will flow

uselessly past reservoirs that are still full during the winter. It also means rivers and streams will flow less

during the later, hotter parts of summer. The difference this makes to farmers and ranchers is obvious, but

it also affects people living in areas that depend on snow-fed reservoirs for water. There will likely be less

water, and it will be more expensive.

On the other hand,  the IPCC projects increases of 5-20% in crop yields in the first decades of this century.

But with increased drought, flood, shrinking water supplies, and heat, farmers will have their hands full,

and production in some regions could falter or fail. A 2008 report by the U.S. Department of Agriculture

predicts grain and oilseed crops will likely grow faster, but the crops will be more prone to failure if climate

variability increases and precipitation becomes less dependable. Additionally, invasive weeds tend to grow

faster than most cash crops with higher CO2, and some herbicides will be less effective.

And ironically, with higher temperatures comes an increased potential for killing freezes. This is because

plants start growing earlier, making them more vulnerable to sudden spring-time cold spells. The

consequences of this will likely be felt in the produce aisles. An April 2007 frost that followed a week of

warm weather caused more than $2 billion in agricultural losses in the central and southeastern U.S.
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OTHER EFFECTS: SECURITY

Even national security is in the crosshairs of climate change. The U.S. military and intelligence

communities have recognized climate change is a "threat multiplier." It increases competition for scarce

resources, worsens conditions that cause governments to fail, and produces breeding grounds for

extremism and terrorism.

"National Security and the Threat of Climate Change"

2007, CNA Corporation

"Climate Change and National Security"

2007, Council on Foreign Relations

"Global Climate Change: National Security Implications"

2008, U.S. Army War College

"National Intelligence Assessment on the National Security Implications of Global Climate Change to 2030"

2008, Deputy Director of National Intelligence for Analysis 
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OTHER EFFECTS: REGIONAL IMPACTS

Below are some of the more likely effects that U.S. regions can expect in the next century. All areas of the

U.S. are expected to have higher summer temperatures and reduced winter cold stress.

Northeast:

Coastal erosion, loss of wetlands, and increased damage to roads and utilities from storm surges

increased by sea-level rise

Reduced winter recreation; increased summer recreation

Increased ice storms

Northward shifts in the ranges of plants and animals

Increase in heat-related illness and death, especially in urban areas

Southeast and Gulf Coast:

Increased coastal erosion, reductions in barrier islands and wetlands

Increased coastal flooding from sea-level rise, storm surge, and heavy rain events

Increased forest fires and insect outbreaks

Increase in heat-related illness and death, especially in urban areas

Midwest and Great Lakes:

Lower lake and rivers levels, affecting recreation, shipping, hydropower

Reduced fish stocks due to warmer waters

Worsening water quality as habitats are lost and undesirable organisms, such as algae, multiply

Increased agricultural productivity

Increase in heat-related illness and death, especially in urban areas

Great Plains:

Better farm yields in some areas

Agricultural productivity shifts northward as drought potential increases

Intensified spring floods

Increase in heat-related illness and death, especially in urban areas

West:

Possibly intensified winter precipitation

Earlier snowmelt and reduced snowpack, reducing levels in some reservoirs

Decreased yields of crops that are already near climate thresholds such as California wine grapes

Less groundwater recharge

Increased wildfire potential

Alaska:

More pest outbreaks affecting forests

General increase in plants and animals

Less sea ice and warming adversely affects habitat for polar bears, marine mammals, and other

wildlife

Damage to infrastructure from melting permafrost

Increased opportunities for summer activities

Hawaii:

Likely sea level rise of 17-25 inches (43-64 centimeters) by 2100

Possible large precipitation increases, depending on changes in El Niño

Increased flooding from high surf and floods

More frequent and intense droughts, with increases in forest fires

Potential adverse impacts to plants and animals in the cloud forests
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How Sure Are Scientists?
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IPCC CONFIDENCE/PROBABILITIES: SIGNS, EFFECTS, CAUSES

Though the greenhouse gas hypothesis has been thoroughly poked and prodded, no credible competing

explanation has emerged that fits the bulk of the evidence. If greenhouse gases had remained unchanged,

scientists found that solar and volcanic activity during the last half century should have produced cooling,

not warming.  Thus, the IPCC concluded it is "very likely", or greater than a 90% chance, that something

other than natural causes is at work.

Here are the IPCC's confidence levels in other signs and effects of climate change, as well as for the

evidence that humans are responsible.

IPCC CONFIDENCE IN SIGNS OF CLIMATE CHANGE

Signs Certainty %

Probability

Warming of the climate system Unequivocal 100%

Less frequent cold days, cold nights, and frosts, more frequent hot

days and hot nights over most land areas

Very likely >90%

During the second half of the 20th century, highest average Northern

Hemisphere temperatures in at least the past 1,300 years

Likely >66%

Global area affected by drought has increased since the 1970s Likely >66%

IPCC CONFIDENCE IN OBSERVED EFFECTS OF CLIMATE CHANGE

Effects Confidence

Level

Quantitative

Confidence
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Recent warming strongly affects terrestrial biological

systems, including earlier spring events and poleward

and upward shifts in plant and animal ranges

Very high At least 9 out of 10

chance of being correct

Increases in number and sizes of glacial lakes High About 8 out of 10

chance of being correct

Increasing ground instability in mountain and other

permafrost regions

High About  8 out of 10

chance of being correct

Increased runoff and earlier spring peak discharge in

many glacier and snow-fed rivers

High About 8 out of 10

chance of being correct

Warming of lakes and rivers in many regions, with

effects on thermal structure and water quality

High About 8 out of 10

chance of being correct

IPCC CONFIDENCE IN HUMAN ATTRIBUTION

Evidence humans are responsible Certainty % Probability or

Quantitative

Confidence

Global average net effect of human activities since 1750

is warming

Very high

confidence

At least 9 out of 10

chance of being correct

Solar + volcanic forcings have produced cooling in last

50 years

Likely >66%

Most of observed increase in global average

temperatures since mid-20th century due to increases

in greenhouse gases from human activities

Very likely >90%

Human-caused warming over last 30 years has a had a

visible influence on many physical and biological systems

Likely >66%
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IPCC CONFIDENCE/PROBABILITIES: CONFIDENCE IN FUTURE PROJECTIONS

Click to open the Surface Temperature Change Relative to 1870-1899 Baseline animation.

The IPCC found there is "high agreement" and "much evidence" that with current policies and practices,

global greenhouse gas emissions will continue to grow over the next few decades. They also agreed that if

we stopped burning fossil fuels today, the Earth would continue to warm due to long-lived gases and

oceanic heat that are already in the system. So some amount of climate change and its impacts is

inevitable.

Scenario Best Estimate Likely range

Low emissions 3.2°F (1.8°C) 2.0-5.2°F (1.1-2.9°C)

Medium emission 5.0°F (2.8°C) 3.1-7.9°F (1.7-4.4°C)

High emissions 7.2°F (4.0°C) 4.3-11.5°F (2.4-6.4°C)

The big unknown is how much and how soon we will reduce greenhouse emissions in the future. For the

2007 IPCC report, modelers looked at a number of scenarios that made various assumptions about fossil

fuel use, economic growth, population, and technologies. Their estimates for temperature change by the

end of the century are shown in the table and the previous animation.
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IPCC CONFIDENCE/PROBABILITIES: CONFIDENCE IN FUTURE IMPACTS

Effect IPCC Likelihood % Probability,

Confidence

20-30% of plant and animal species become

extinct if global average temperatures exceed

2.7-4.5°F (1.5-2.5°C)

Likely (extinction rate)

Medium confidence

temperatures will exceed

2.7-4.5°F (1.5-2.5°C)

>66%

5 out of 10 chance

By 2080, millions experience floods due to

sea-level rise

Very high confidence At least 9 out of

10 chance

Frequency of warm spells and heat waves

increases

Very Likely >90%

Frequency of heavy precipitation increases Very likely >90%

Areas affected by drought increase Likely >66%

Intense tropical cyclone activity increases Likely >66%

Millions experience adverse health effects,

especially in undeveloped countries

Likely >66%

Impacts from higher temperatures are difficult to evaluate, since they depend not only on how warm

things get, but also on how fast humans adapt. This, in turn, depends on such things as national wealth and

access to education and health care. This table describes impacts that the experts are reasonably confident

about.
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TWO POSITIONS: IT'S NOT HAPPENING

Although many statements that climate change is bogus are based on false or incomplete information,

there have also been some legitimate scientific criticisms of climate change science. It's important to

separate one from the other, particularly since misinformation can be stubbornly persistent, especially on

the Internet. For example, you can find several websites and blogs where someone states that global

warming is due to increased energy from the sun. However, observations of the sun for the past 30 years

show no increase in its energy production.

The important questions posed by reputable climate scientists who disagree with most of their peers are

these:

Do we really know enough about the drivers of climate to be really sure that we know what causes

change?

Are scientists grossly underestimating the complexity of the Earth system?

Are climate models good enough to accurately simulate the complex climate system?

Are there processes that will limit warming naturally by producing a negative feedback?

These questions are important, and science thrives on debate that fuels further investigations. It is always

possible that questions raised will lead to new information that will change our perspective. However, to

date the majority of climate scientists are convinced that enough of the puzzle is visible to conclude that

the world is warming and human activities are largely responsible.
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TWO POSITIONS: IT'S WORSE THAN WE THINK

On the other hand, some climate scientists think IPCC has been far too conservative. They believe

warming in the next century will be much greater than the IPCC assessments indicate, and there is some

evidence to support this. For example, Arctic sea ice is melting much faster than scientists predicted. Also,

actual fossil fuel emissions in recent years have exceeded all but the highest IPCC projections.
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Since 2000, they have grown four times faster than in the 1990s. Some argue that the IPCC near-future

assumptions about global energy use are too optimistic. A recent study also concludes that the IPCC

estimates were too rosy with regard to how quickly developing countries will be able to afford technologies

to reduce greenhouse gas emissions.

Scientists in this camp also say sea levels may rise far more than we anticipate because our calculations

aren't taking into account the unexpectedly large melting and disintegration of the Greenland and Antarctic

Ice Sheets. They also point out the last IPCC report was limited to already-published and peer-reviewed

research, and the conclusions had to be reached by consensus. This is bound to produce a cautious,

conservative estimate for the future, they say.
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TWO POSITIONS: CONSENSUS?

The IPCC is a very important process for determining consensus on climate change, but there are other

ways to find out what scientists who know the most about climate really think. In 2007, the Statistical

Assessment Service at George Mason University conducted a random survey of U.S. scientists who:

Are members of either the American Meteorological Society (AMS) or the American Geophysical

Union (AGU)

Are listed in American Men and Women of Science, 23rd Ed.

Live in the U.S.

Have expertise and/or professional experience in the area of climate science
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Ninety-seven percent of the 489 respondents agreed that "global average temperatures have increased"

during the past century. That's up from 60% in 1991. Eighty-four percent said they personally believed
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human-induced warming is occurring, and 74% said "currently available scientific evidence" substantiates

this, up from 41% in 1991. Only 5% said that human activity doesn't contribute to greenhouse warming,

and 11% were uncertain. So the survey does indicate the bulk of climate scientists—those most

knowledgeable about the field—now agree that human activity contributes to global warming.

As with all science that affects our lives, we need to be educated consumers. Do your homework, starting

with the IPCC reports. All of the reports provide interesting information, although they are lengthy and

quite technical. The AR4 Synthesis Report (www.ipcc.ch/pdf/assessment-report/ar4/syr

/ar4_syr.pdf) is easy to read and provides a good summary of the other reports. Also look at the work

from other authoritative sources such as the National Academy of Science (NAS), the American

Meteorological Society (AMS), the American Geophysical Union (AGU), the American Association for the

Advancement of Science (AAAS), the National Oceanic & Atmospheric Administration (NOAA), the

Environmental Protection Agency (EPA), the National Aeronautics and Space Administration (NASA), etc..

When looking at information (particularly on the Internet) look at the source of the information—is it likely

to be biased one way or the other? If so, look for alternative views from other sources and see what they

say. Ask questions—if you read something that seems to contradict something else, then dig deeper. Trace

the origins of the statement to the original source. Is it a peer-reviewed journal or something less

exacting? What are the credentials of the author—is it a scientist with climate expertise?
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What Next?
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STRATEGIES: ADAPTATION AND MITIGATION

Climate change may seem too large a problem to tackle, but it's a treatable problem. It won't be easy,

and the longer we delay, the more difficult and expensive it will be.

There are two facets to combating climate change:

Adaptation (adjusting to the changing conditions) and

Mitigation (reducing greenhouse gases)

Adaptation includes strategies such as growing different crops that are suited to a different climate,

building walls to hold back the rising seas, or moving people to safer locations. Adaptation is not optional

because of the greenhouse gases already in the atmosphere. But there is still a choice. Will the adaptation

be planned, or will it involve strife and large loss of life?

Reducing greenhouse gases—the mitigation part of addressing climate change—is necessary if we're going

to limit the damage.

Here is the way one team of Princeton researchers sees it: Our current path is toward doubling CO2

emissions in the next 50 years, with even greater increases beyond that. In order to get off this path, we

need to find ways to keep emissions constant for the next 50 years and then reduce them during the

second half of the century. This would limit atmospheric CO2 to about 570 ppm—still greater than the

roughly 380 ppm in the atmosphere today, but enough to avoid the worst predicted consequences.
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In order to hold carbon emissions constant over the next 50 years, we need to find some combination of

ways to cut 8 billion tons of carbon emissions per year. In the graph, the difference between where we are

and where we'd like to be forms a triangle with a height of 8 billion tons in 2055. This triangle can be

divided into 8 wedges representing one billion tons each.

What Do You Think?

Below are some technologies that could reduce one billion tons, or one wedge, of carbon. Some of these

we could do right away, while others are based on technologies still being studied, such as capturing and

storing carbon. Note also that this list represents only some of the possible strategies. However, the

longer we wait to reduce emissions, the higher the target will need to be, and the more adaptation will be

necessary. In 2004, when the wedges concept was first introduced, the target was only 7 billion tons.

Increased Efficiency & Conservation

• Efficient vehicles: Double car fuel efficiency in 2055 from 30 miles per gallon (mpg) to 60 mpg

A typical 30 mpg car driving 10,000 miles a year emits a ton of carbon annually. Projections are 2 billion

passenger vehicles will be on the road by 2055. Doubling fuel efficiency would save a wedge of emissions.

Car size and power could probably decrease in order to achieve this. Decarbonization of airline travel will

likely prove more difficult, and aviation is the fastest growing component of transportation today.

• Reduced vehicle use: Halve the miles traveled by the world's cars in 2055

In order to achieve this wedge, society may have to invest in increased public transport and urban design

changes. Because reducing vehicle use often means increased use of mass transit, which also emits

carbon, some of the reduced emissions from this category may be double-counted.

• Efficient buildings: Cut emissions by 25% in all buildings

Significant emissions come from heating and generating electricity for buildings and industry. Two wedges

are available in this category: one from residential and another from commercial buildings. In both the

residential and commercial buildings, almost half of the savings are to be found in developing countries.

The trend toward large houses and many appliances is a challenge to achieving this wedge.

• Efficient electricity production: Double the efficiency of coal-fired power plants

Today's coal-burning power plants produce about ¼ of the world's carbon emissions. The emission savings

for this wedge come from converting the fuel to electricity more efficiently at the power plant. Utilities

would have to spend more money to achieve this wedge, potentially raising prices for consumers.

Carbon Capture & Storage (CCS)

• CCS Electricity: Capture and store carbon from 800 large coal or 1600 large natural gas power plants

In CCS, the CO2 power plants normally release to the air would be captured and stored underground in

geologic formations. The global storage capacity in oil and gas reservoirs is estimated at 10 to 20 wedges

worth, but the method is currently experimental. Demonstration projects store about 1 million tons of

carbon underground per year; it would take 3,000 similar projects to achieve one wedge. A main question
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is safety—small leaks from storage reservoirs would simply weaken the system, but a large leak could be

deadly for any people or animals nearby.

• Capture CO2 at hydrogen plants: Increase hydrogen fuel production from coal by a factor of 10 and

store the captured CO2

Hydrogen could be used as a substitute vehicle fuel. When it's burned, the product is water. But making

the hydrogen from fossil fuels itself produces CO2. This CO2 can be captured and stored relatively

efficiently at a central production plant, but new infrastructure would be needed to get the hydrogen from

production facilities to small-scale users. Hydrogen is currently costly to produce, and there are safety

issues associated with handling and storing it.

• Capture CO2 at coal-to-synfuels plant: Capture and store carbon from 180 coal-to-synfuels facilities

By mid-century, the world could be out of cheap oil and may turn to making synthetic fuel from coal.

However, this process uses much more carbon than making fuel from crude oil. Carbon capture and

storage could mitigate some of the emissions if carbon is captured and stored during the production

process. However, carbon would still be emitted when the fuel is used by vehicles or buildings, so synfuels

would only break even with emissions from gasoline and diesel. Achieving this wedge would require

capturing emissions from 180 plants of the size of a synfuels plant in Secunda, South Africa, that produces

165,000 barrels of synfuel a day. As of 2008, this plant was the largest point source of atmospheric CO2

emissions in the world since it is not currently capturing and storing this gas.

Fuel Switching

• Nuclear electricity: Triple the world's current nuclear capacity

Nuclear power provides about 17% of the world's electricity and produces no CO2. One wedge would be

saved if the current nuclear production tripled and replaced fossil fuel power plants. Perceptions about

safety problems and waste storage issues make this a controversial energy source in the U.S.

• Natural gas electricity: Replace 1,400 large coal-fired power plants with natural gas plants

Because natural gas has a lower carbon content and natural gas plants are more efficient, switching to this

fuel would result in about half the emissions of coal. Achieving this wedge would require generating about

four times the global production from natural gas power plants operating in 2000. The availability and price

of natural gas will be a challenge to achieving this wedge.

• Wind electricity: Increase wind-generating capacity 30 times

Wind energy currently makes up less than 1% of global electricity, but it is growing about 30% per year.

An emissions wedge could be saved by displacing coal-based electricity through expanding current wind

capacity by a factor of 30. This would require a combined area roughly the size of Germany, but the land

can be used for other purposes such as crops or pasture. Difficulties include the availability of storage

systems to compensate for the intermittency of the wind. Another limitation is the Not In My Back Yard

phenomenon, in which people protest the siting of wind turbines nearby because they view them as an

eyesore, a threat to property values, or a danger to creatures such as birds and bats.

• Solar electricity: Increase solar capacity 700 times

Photovoltaic solar cells can be expensive and can't collect energy at night. Solar panels also require

significant surface area— a combined area of about the size of New Jersey to produce one wedge.

However, the arrays could be located on both dedicated land or multiple-use surfaces such as building

roofs and walls. This is one-fifteenth of the land required for a wedge from wind power, but land with only

panels on it may or may not be reusable for other purposes as land with wind turbines is. Solar power

currently provides less than 0.1% of global electricity.

• Wind hydrogen: Increase wind electricity 80 times and use it to generate hydrogen vehicle fuel

Wind power can produce hydrogen by splitting water molecules into hydrogen and oxygen. A wedge would

require four million 1 megawatt wind turbines, which would take up significant land areas, though the land

could also be used for farming or pasture. Hydrogen fuel can, however, be less safe to use and store than

gasoline, and infrastructure for producing, delivering, and using the fuel would need to be created. As with

wind power for electricity, finding acceptable locations for wind farms can be problematic.

Renewable Energy & Biostorage

• Biofuels: Increase biofuel production 30 times

Fuel made from plants still emits CO2, but the CO2 would have been released back to the atmosphere

anyway as the plants decayed. Consequently, burning biofuels doesn't increase net atmospheric CO2

concentrations. Achieving a wedge would require the use of about one-sixth of the world's cropland, or an

area about the size of India. This could potentially drive up food prices. If biofuel croplands are created by

razing tropical forests, biodiversity suffers and carbon is released by the decaying or burned trees. Land
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resources could be stretched by using crop residues like husks and cobs for biofuel production, or by

growing biofuel crops on lands that aren't suitable for food crops. Scientists are working on producing

plants and algae that are super-efficient photosynthesizers, and thus require less land to produce the same

amount of energy.

• Reduced deforestation, increased reforestation: Halve global deforestation and double forest

planting in 50 years

Today there is a net removal of carbon from the atmosphere by forests and soils, even though

deforestation adds between 1 and 2 billion tons of carbon to the atmosphere. Halting global deforestation

would provide one wedge of emission savings, but to achieve the same savings through reforestation

would require new plantings over an area the size of the continental U.S. Presently, about 40% of tropical

deforestation is in Latin America, while 30% takes place in Africa and 30% in Asia. In Latin America,

forests are mainly cut to provide pasture for cattle; in Asia, cropland is number one; and in Africa fuel

wood and cropland share primary responsibility. Therefore, preserving forest reduces future land available

for food production.

• Conservation tillage: Apply carbon management strategies to all of the world's farm fields

Converting forest and grassland to cropland causes the loss of one-third to one-half of the carbon that had

formerly been stored in the soil. This can be reversed by reducing the time the land is bare and by

increasing cover crop planting. Conservation tillage, or less-invasive plowing techniques like no-till

agriculture that reduce the aeration of the soil, are another effective approach. In fact, these practices can

actually help the soil begin to store carbon, but the benefits are erased if the land is later deep-plowed.
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STRATEGIES: WHAT YOU CAN DO

As you can see, there are many ways society can approach the struggle to reduce carbon emissions, but

there is no single solution. Many of the strategies mentioned are the realm of governments. And the

ever-growing world population means that we'll have to work that much harder to reduce global

emissions. But on an individual level, there are many things one can do to make a difference.

Click to see a list of tips about things you can do.
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FUTURE WORK: ASSESSMENTS AND RESEARCH

The IPCC is not finished with its work. A Fifth Assessment Report is planned for 2013-2014. Climate models

also continue to improve. Oceanographers, for example, want to incorporate massive ocean eddies in

models. Other scientists want to better model rain and snow's effects on water supplies to help predict

droughts and floods. And we need to learn more about what drives the giant ice sheets of the world, how

much farther they are likely to melt or slide, and how that will affect sea level.

Scientists are also working on regional models that can predict the effects of climate change locally. That

information could be used, for example, to decide whether to put funding toward more firefighters in the

West or toward research on how open summertime waters in the Arctic will affect national security.

Scientists are working to produce better datasets from both surface observations and satellites. For

example, we need to get a better handle on methane—from both ground and satellite measurements—to

improve our understanding of its contribution to global warming. Ultimately, better data will help produce

better model results, and many scientists are now working toward a "climate information system" that can

tell us more precisely how, where, and why the climate is changing and help us decide how best to

respond.

In short, the puzzle is already complete enough to know we need to take action, but climate scientists will

continue working to improve the picture. These efforts will provide more pieces of the puzzle to help

decision makers target adaptation and mitigation actions to preserve our future.
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