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Introduction 
A subject both complex and controversial, climate change is a problem of global proportions. A 
²Ŝō ǎŜŀǊŎƘ ŜƴƎƛƴŜ ǿƛƭƭ ǊŜǘǳǊƴ ǿŜƭƭ ƻǾŜǊ ƻƴŜ Ƴƛƭƭƛƻƴ ǊŜǎǳƭǘǎ ŦƻǊ ŀ ǉǳŜǊȅ ŀōƻǳǘ άƎƭƻōŀƭ ŎƭƛƳŀǘŜ 
ŎƘŀƴƎŜΦέ In spite ofτor perhaps because ofτthis wealth of information, how people view and 
interpret climate change concepts varies greatly. Understanding the subject enough to 
understand the various perspectives on climate change is a significant challenge. However, 
developing this understanding is key, as climate change may be the most critical challenge 
facing our world today. Decisions made today will have far-reaching, long-standing effects. 
 
This module provides a multi-faceted context for 
understanding the issues surrounding climate change. It 
summarizes some of the readily available basic 
information, presents multiple perspectives on global 
climate change research and policy, and provides 
classroom activities that place climate change issues in a 
context accessible to students. The distinctive 
contributions of this module to the current body of 
instructional resources on global climate change include:  

¶ A unique combination of perspectives, skills, and 
tools to help individuals critically evaluate climate 
change data and controversy; 

¶ An integration of basic scientific concepts with 
potential solutions involving behavioral and 
technological change; and  

¶ The inclusion of the perspectives of researchers at the Massachusetts Institute of 
Technology (MIT) and elsewhere working on the frontier of climate change research.  

 
The topic of climate change makes headlines on a seemingly daily basis. New information is 
released from a wide variety of sources. Compiling this information and distilling it to age-
appropriate material can be a daunting task. Addressing those information needs, this module 
opens with a presentation of basic concepts about climate change and then offers some 
context for understanding those concepts and their impact on society. The final section offers 
potential solutions to the climate change problem through individual and social behavior and 
technological changes. The concluding section, Aids to Understanding, includes resources and 
additional activities for each section. 
 
  

ά¢ƘŜ Ǝƭƻōŀƭ ŀƴŘ ƘƻƭƛǎǘƛŎ ƴŀǘǳǊŜ 
of the climate change threat, 
which affects all nations and 

requires continued progress on 
technology, policy, behavioral 

shifts, and beyond, makes it 
society's grandest challenge of 
the present day, possibly of all 

ǘƛƳŜΦέ 
 

Report of the MIT Climate 
Change Conversation 

Committee (MIT C4), June 2015 
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The main sections of the module are described briefly below.  

¶ The Scientific Basis covers basic science principlesτincluding the carbon cycle and the 
ŜŀǊǘƘΩǎ radiation balanceτneeded to understand climate change and the uncertainties 
surrounding climate change.  

¶ What Do We Know and How Do We Know It? investigates how the science involved in 
climate change is evaluated and who performs the evaluations. It also looks at the shifts 
in perceptions and understanding in recent years, the range of views based on what 
appears to be the same knowledge base, and an approach for making sense of this 
complex global issue.  

¶ Climate Change and Its Potential Impact on Society examines how climate change might 
affect individuals and their jobs, communities, businesses, industries, and technology. 
Local and regional implications are considered, as well as global equity issues, such as 
how the costs and effects of climate changeτboth beneficial and harmfulτare 
distributed. 

¶ What We Can Do focuses on responses to the climate change problem. What actions 
can be takenτfrom increasing energy efficiency to adapting modes of transportation, 
from the actions of a group to those of the individualτthat will help humans adapt to or 
reduce climate change?  
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¢ƘŜ {ŎƛŜƴǘƛŦƛŎ .ŀǎƛǎ 
 
A huge amount of data is now available on climate trends; the effect that climate change is 
having on weather conditions, ecosystems, and the built environment; and forecasts of future 
trends and Earth system responses. Although many of the basic science principles are now well 
established, there still exists a level of debate among some scientists, policymakers, the media, 
and the public. Some of these disagreements have become highly polarized and politicized, 
impeding progress on finding solutions. This section summarizes the basic science principles of 
climate change and the associated uncertainties. We will also examine the participants in the 
climate change debate and possible motivations for their actions. 

Basic Science Principles 

Defining Climate  

Climate is defined on a much longer time scale than weather (which is 
typically discussed in terms of 1ς2 weeks). Often described by statistics 
such as temperature, precipitation, wind, and humidity, climate can be 
defined as the άŀǾŜǊŀƎŜ of weather over time and ǎǇŀŎŜΦέ1 According to 
Richard C. J. Somerville, climate modeler with the Scripps Institution of 
hŎŜŀƴƻƎǊŀǇƘȅΣ ά²ŜΩǾŜ ōŜƎǳƴ ǘƻ ǘƘƛƴƪ ƻŦ ŎƭƛƳŀǘŜ ŀǎ ƴƻǘ ǎƛƳǇƭȅ ǘƘŜ 
average state of the atmosphere, but the average and measures of the 
variability of the atmosphŜǊŜ ŀƴŘ ƻǘƘŜǊ ŀǎǇŜŎǘǎ ǘƘŀǘ ƛƴǘŜǊŀŎǘ ǿƛǘƘ ƛǘΦέ2 
Several factors, described as climate forcings, influence climate and 
climate change. 
 
Climate forcings are ά! ƳŜŀǎǳǊŜ ƻŦ ǘƘŜ 
influence of a particular factor on the net 
change in the earthΩǎ ŜƴŜǊƎȅ ōŀƭŀƴŎŜΦέ3 The 
energy balance of the planet Earth reacts to 
these forcings, causing a change in the climate 
state. A volcanic eruption is an example of a 
natural forcing. When a volcano erupts, it 
throws fine particles into the air. These 
particles reflect sunlight to space, reducing the 
solar energy delivered to the earthΩǎ ǎǳǊŦŀŎŜΦ4 
 
 
 
 
 

Five greenhouse gases (GHGs) are from 
both natural and human sources: water 
vapor (H2O), ozone (O3), carbon dioxide 
(CO2), nitrous oxide (N2O), and methane 

(CH4). 
 

Three trace GHGs are from human sources: 
chlorofluorocarbons (CFCs), 

perfluorocarbons (PFCs), and sulphur 
hexafluoride (SF6). 

 
Particulate materials, such as black soot, 
can also contribute to radiative forcing in 

the atmosphere. 

"Climate lasts all 
the time and 

weather only a 
few days." 

 
Mark Twain, 

"English as She is 
Taught" 
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Figure нΦ 9ŀǊǘƘΩǎ !ǘƳƻǎǇƘŜǊƛŎ [ŀȅŜǊǎ and Temperature Variations 

 
Credit: science.NASA.gov  

 
One type of climate forcing is called the greenhouse effect. Greenhouse gases (GHGs) in the 
atmosphere absorb thermal radiation emitted from the eŀǊǘƘΩǎ ǎǳǊŦŀŎŜΦ Most of the GHGs occur 
naturally. However, humans also contribute to greenhouse forcings, mostly through the 
burning of fossil fuels.5 
 
The greenhouse effect stores sƻƳŜ ƻŦ ǘƘŜ ǎǳƴΩǎ ŜƴŜǊƎȅ ƛƴ ǘƘŜ ŜŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊŜΦ This process 
can be loosely compared to a greenhouse. Radiation from the sun passes through the 
atmosphere, just as it would enter a glass greenhouse filled with plants. The plants emit 
thermal radiation, but the glass acts as a blanket and keeps part of that radiation in the 
greenhouse, which stays warm. For the earth, the GHGs serve nearly the same function as the 
glass does for the greenhouse.6 The natural greenhouse effect, first recognized and explained 
by Jean-Baptiste Fourier and Svante August Arrhenius, maintains the eŀǊǘƘΩǎ ŀǾŜǊŀƎŜ 
temperature at 15 degrees C, rather than at -6 degrees C. Because of this difference, we can 
comfortably live on this planet. Otherwise, few plants would grow well, and life on Earth would 
have developed very differently. 
 

Jean-Baptiste Fourier 
 

A sun worshipper, Jean-Baptiste Joseph Fourier ƛƴ ǘƘŜ ŜŀǊƭȅ мунлǎ ǿƻƴŘŜǊŜŘ άƘƻǿ 9ŀǊǘƘ ǎǘŀȅǎ ǿŀǊƳ 
ŜƴƻǳƎƘ ǘƻ ǎǳǇǇƻǊǘ ǘƘŜ ŘƛǾŜǊǎŜ ǊŀƴƎŜ ƻŦ ŦƭƻǊŀ ŀƴŘ Ŧŀǳƴŀ ƛƴƘŀōƛǘƛƴƎ ƛǘǎ ǎǳǊŦŀŎŜΦέ [ŀǘŜǊ ŎǊƛǘƛŎƛȊŜŘ ŀǎ ŀ 
ǎǇŜŎǳƭŀǘƛǾŜ ǿƻǊƪΣ CƻǳǊƛŜǊΩǎ άDŜƴŜǊŀƭ wŜƳŀǊƪǎ ƻƴ ǘƘŜ ¢ŜƳǇŜǊŀǘǳǊŜ ƻŦ ǘƘŜ ¢ŜǊǊŜǎǘǊƛŀƭ DƭƻōŜ ŀƴŘ 

Planetary {ǇŀŎŜǎέ ŘŜǎŎǊƛōŜŘ ŀ άōŜƭƭ ƧŀǊ ƘȅǇƻǘƘŜǎƛǎΦέ IŜ ŎƻƳǇŀǊŜŘ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜ ŀōƻǾŜ ǘƘŜ ŜŀǊǘƘ ǘƻ ŀ 
ōŜƭƭ ƧŀǊ ǿƘŜǊŜ ǘƘŜ ōƭŀŎƪ άŘƻƳŜέ ŎŀǇǘǳǊŜŘ ŀƴŘ ǊŜ-ǊŀŘƛŀǘŜŘ ǘƘŜ {ǳƴΩǎ ǿŀǊƳǘƘ ōŀŎƪ ǘƻ 9ŀǊǘƘΦ IŜ ōŜƭƛŜǾŜŘ 

ǘƘŀǘ ŀ άƎǊŜŜƴ-ƘƻǳǎŜ ŜŦŦŜŎǘέ ƳŀŘŜ ƛǘ ǇƻǎǎƛōƭŜ ŦƻǊ ƭƛŦŜ ƻƴ 9ŀǊǘƘ ǘo flourish because without this re-
heating, the planet would be too cold for life forms.7 
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Svante August Arrhenius 
 

άLǎ ǘƘŜ ƳŜŀƴ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ ǘƘŜ ƎǊƻǳƴŘ ƛƴ ŀƴȅ ǿŀȅ ƛƴŦƭǳŜƴŎŜŘ ōȅ ǘƘŜ ǇǊŜǎŜƴŎŜ ƻŦ ǘƘŜ ƘŜŀǘ-absorbing 
ƎŀǎŜǎ ƛƴ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜΚέ {ǾŀƴǘŜ !ǳƎǳǎǘ Arrhenius spent a year on thousands of calculations, the 
Ƴƻǎǘ άǘŜŘƛƻǳǎέ ƻŦ Ƙƛǎ ƭƛŦŜΣ ŦǊƻƳ ǿƘƛŎƘ ƘŜ ŎƻƴǎǘǊǳŎǘŜŘ ŀ ǎŜǊƛŜǎ ƻŦ ǘŀōƭŜǎΦ ¢ƘŜǎŜ ǘŀōƭŜǎ ǇǊŜŘƛŎǘŜŘ ŀ 

warming trend due to two gasesτwater vapor and CO2. Interestingly enough, Arrhenius' manual 
calculations agree quite well with the most recent model projections carried out using supercomputers. 

Arrhemius used the term hothouse, later called the greenhouse effect. The trend for him seemed a 
ǇƻǎƛǘƛǾŜ ƻƴŜ ōŜŎŀǳǎŜ ƘŜ ǎŀƛŘ ƛǘ ǿƛƭƭ άŀƭƭƻǿ ŀƭƭ ƻǳǊ ŘŜǎŎŜƴŘŀƴǘǎ [. . .] to live under a warmer sky and in a 

ƭŜǎǎ ƘŀǊǎƘ ŜƴǾƛǊƻƴƳŜƴǘ ǘƘŀƴ ǿŜ ǿŜǊŜ ƎǊŀƴǘŜŘΦέ8 
 

 
The recent increase in the greenhouse effect is a human-made forcing. Humans have released 
GHGs over and above natural emissions. Anthropogenic activities, including burning fossil fuels, 
have released enough CO2 to contribute 74 percent of the enhanced greenhouse effect. Other 
gases are involved, such as methane (CH4) contributing about 19 percent, and nitrous oxide 
(N2O) contributing about 7 percent.9 The additional CO2 traps thermal radiation and changes 
the radiation balance. The eŀǊǘƘΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ǎƘƛŦǘǎ ƘƛƎƘŜǊ ǘƻ ǊŜƎŀƛƴ equilibrium. 

Recent Observations Confirm Increased Temperatures  

1. Warming over the past century is higher than in the 
previous 1,000 years. NOAA (National Oceanic and 
Atmospheric Administration) uses paleoclimatology to 
study the last few thousand years. This is the best dated 
and best sampled part of the past climatic record. This 
area of study can help establish the range of natural 
climatic variability in the time before global human 
influence.10 

2. Natural variables cannot account for recent observed 
warming. According to the U.S. Global Research 
tǊƻƎǊŀƳΣ άhǾŜǊ ǘƘŜ ƭŀǎǘ ŦƛǾŜ ŘŜŎŀŘŜǎΣ ƴŀǘǳǊŀƭ ŦŀŎǘƻǊǎ 
(solar forcing and volcanoes) alone would actually have 
led to a slight cooling.έ11  

 
A particularly striking demonstration of temperature trends is provided by the temperature 
reconstructions by Prof. Michael Mann and associates, now at Pennsylvania State 
University. Using direct temperature measurements with thermometers (available only 
since the late 1800s) and proxy measurements using tree rings, coral growth, ice cores, 
boreholes, and historical records, Mann et al. estimated global average surface 
temperatures for the past 1,000 years as shown in Figure 3. The striking feature is that 
average temperatures declined slowly until around 1900. At that point, which coincides 
with a rapid increase in the use of fossil fuels such as coal and oil, the slope changes 
abruptly in both magnitude and sign. The trend has continued through the beginning of the 

For more information, 
visit the NOAA 

Paleoclimatology and 
Climate Change website 

at 
http://www.ngdc.noaa.go

v/paleo/paleo.html 
 and  

https://www.ncdc.noaa.g
ov/climate-information. 

http://www.ngdc.noaa.gov/paleo/paleo.html
http://www.ngdc.noaa.gov/paleo/paleo.html
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present century, so that average temperatures are now approximately 1º C above its long-
term, baseline value. The shape of the 1,000-year temperature record suggested the 
descriptive term "hockey stick curve" by which it is known today. 

 

CƛƎǳǊŜ оΦ άIƻŎƪŜȅ {ǘƛŎƪέ ¢ŜƳǇŜǊŀǘǳǊŜ ±ŀǊƛŀǘƛƻƴǎ 

 
Credit: IPCC 

Multiproxy reconstruction of Northern Hemishphere surface temperature variations over the past millennium 
(blue), along with 50-year average (black), a measure of the statistical uncertainty associated with the 
reconstruction (gray), and instrumental surface temperature data for the last 150 years (red), based on work by 
aŀƴƴ Ŝǘ ŀƭΦ όмфффύΦ ¢Ƙƛǎ ŦƛƎǳǊŜ Ƙŀǎ ǎƻƳŜǘƛƳŜǎ ōŜŜƴ ǊŜŦŜǊǊŜŘ ǘƻ ŀǎ ǘƘŜ άƘƻŎƪŜȅ ǎǘƛŎƪΦέ CƻǊ ƳƻǊŜ ƛƴŦƻǊƳŀǘƛƻƴΣ ǎŜŜ 
Climate Change 2001: Working Group I: The Scientific Basis. 

 

  

http://www.grida.no/climate/ipcc_tar/wg1/pdf/wg1_tar-front.pdf


 
 

Climate Change 8 

Radiation Balance and Radiative Forcing 

 

ά¢ƘŜ ōŀǎƛŎ ǇǊƛƴŎƛǇƭŜ ƻŦ Ǝƭƻōŀƭ ǿŀǊƳƛƴƎ Ŏŀƴ ōŜ ǳƴŘŜǊǎǘƻƻŘ ōȅ ŎƻƴǎƛŘŜǊƛƴƎ ǘƘŜ ǊŀŘƛŀǘƛƻƴ ŜƴŜǊƎȅ from the 
sun, which warms the eŀǊǘƘΩǎ ǎǳǊŦŀŎŜΣ ŀƴŘ the thermal radiation from the earth and the atmosphere, 

which is radiated out to space. On average these two radiation streams must balance. If the balance is 
disturbed (for instance by an increase in atmospheric carbon dioxide) it can be restored by an increase 

in the eŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ǘŜƳǇŜǊŀǘǳǊŜ.έ 
 

J. Houghton12 

 
What comes in must go out. When solar energy is 
radiated from the sun to the earth, the outgoing 
radiation from the earth must create a radiation balance. 

¢ƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ǘŜƳǇŜǊŀǘǳǊŜ ŘŜǘŜǊƳƛƴŜǎ ǘƘŜ ŀƳƻǳƴǘ 
of radiation emitted from its surface. As shown by the 
Stefan Boltzmann equation, the higher the surface 
temperature (T) of an object, such as Earth, the more 
energy (F) the object emits. The Stefan Boltzmann 
constant in the equation is represented by Ȓ (sigma). 
Sigma, in this case, is equal to 5.67 x 10-8 WM-2K-4 (watts 
per meter squared per degree Kelvin). This equation 
shows that a small change in the surface temperature will result in a 
large change in the amount of energy emitted. 
 
When the earth emits just enough infrared radiation to balance 
incoming solar radiation, its surface temperature should be -6 
degrees C (based on a lack of cloud cover). Yet the average of 
temperatures around the earth is about 15 degrees C warmer.13 
What creates this difference in temperature of 21 degrees? What is 
the effect of the radiation balance on the planet Earth?  
 
Radiative forcing is a change in average net radiation at the top 
of the troposphere. This occurs because of a change in the 
concentration of a greenhouse gas or because of some other 
change in the overall climate system.14 This forcing is tied to the 
potential for variations in weather and ultimately a change in 
the climate. If more energy is re-radiated back to Earth because 
of the greenhouse effectΣ 9ŀǊǘƘΩǎ ŀverage temperatures will be 
higher and weather will be more erratic. 

As shown by the Stefan 
Boltzmann equation, the higher 

the surface temperature of an 
object, such as Earth or the sun, 

the more energy the object 
ŜƳƛǘǎΦ ¢ƘŜ Ŝǉǳŀǘƛƻƴ ƛǎ CҐˋ¢пΦ  

 
Read more at 

http://www.meteor.iastate.edu/
gccourse/influ/images/radiation.

gif 
 

The NASA website offers 
data and activities about 
9ŀǊǘƘΩǎ ǊŀŘƛŀǘƛƻƴ ōǳŘƎŜǘ 

at 
http://missionscience.nas
a.gov/ems/13_radiationb

udget.html. 

The formula for 
converting degrees 

Centigrade to degrees 
Fahrenheit is: 

 
Tf = (9/5 * Tc) + 32 

 

http://www.meteor.iastate.edu/gccourse/influ/images/radiation.gif
http://www.meteor.iastate.edu/gccourse/influ/images/radiation.gif
http://www.meteor.iastate.edu/gccourse/influ/images/radiation.gif
http://missionscience.nasa.gov/ems/13_radiationbudget.html
http://missionscience.nasa.gov/ems/13_radiationbudget.html
http://missionscience.nasa.gov/ems/13_radiationbudget.html
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Figure 1. Movement and Balance of Radiation in the Atmosphere 

 
 

Credit: NASA  
On average, 340 watts per square meter of solar energy arrives at the top of the atmosphere. Earth returns an 
equal amount of energy back to space by reflecting some incoming light and radiating heat (thermal infrared 
energy). Most solar energy is absorbed at the surface, while most heat is radiated back to space by the 

atmosphere. For more information, see the b!{! 9ŀǊǘƘ hōǎŜǊǾŀǘƻǊȅΣ άThe Natural Greenhouse Effect.έ  

Temperature and Radiation Flux 

The temperature of the earth influences the flow of energy radiated back into space, as 
described by the Stefan Boltzmann equation. LŦ ǘƘŜ ŜŀǊǘƘΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ƛǎ ǿŀǊƳŜǊΣ ǘƘŜ Ŧƭƻǿ ƻŦ 
energy upward is greater.  
 
The eŀǊǘƘΩǎ ŀǘƳƻǎǇƘŜǊƛŎ ǘŜƳǇŜǊŀǘǳǊŜ ǊŜǎǇƻƴŘǎ ǘƻ ŎƘŀƴƎŜǎΦ If the radiation imbalance is 
positive (more solar radiation absorbed by the surface), the eŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ōŜŎƻƳŜǎ ǿŀǊƳŜǊΦ If 
it is negative, the forcing cools the surface of the earth. Extraterrestrial factors in radiative 
forcing might include the position of the earth with respect to the sun. Terrestrial factors that 
influence climate include the chemical and physical variations in the oceans, movement of land, 
changes in the makeup of the atmosphere, and the reflection of incoming energy by the earth 
and its atmosphere. The net amount of energy reflected from the earth and its atmosphere is 

http://earthobservatory.nasa.gov/Features/EnergyBalance/page6.php
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called άplanetary albedoέ and quantifies the amount of radiation from the sun that is reflected 
back into space.  
 
If planetary albedo increases, the atmospheric temperature decreases because less radiation is 
ŀǾŀƛƭŀōƭŜ ǘƻ ƘŜŀǘ ǘƘŜ ǇƭŀƴŜǘ ŀǎ ǘƘŜ ǇƭŀƴŜǘ ǊŜŦƭŜŎǘǎ ƳƻǊŜ ƻŦ ǘƘŜ ǎǳƴΩǎ ǊŀȅǎΦ The composition of 
the earth influences albedo from the amount of cloud cover to what covers the eŀǊǘƘΩǎ ǎǳǊŦŀŎŜǎ 
such as snow, ice, and vegetation.15 Increasing planetary albedo is an example of negative 
radiative forcingτthe decrease of atmospheric temperature due to less radiation absorbed by 
the atmosphere. CƻǊ ŀƴ ƛƳŀƎŜ ƻŦ ǇƭŀƴŜǘŀǊȅ ŀƭōŜŘƻΣ ǎŜŜ b!{!Ωǎ Earth Observatory website.16 
 
Increasing the amount of GHGs is an example of positive radiative forcing. The ŀǘƳƻǎǇƘŜǊŜΩǎ 
composition has quite an impact on how much energy actually radiates back to space. The 
GHGs, such as water vapor and CO2, absorb some of ǘƘŜ ǎǳƴΩǎ ǊŀŘƛŀǘƛǾŜ ŜƴŜǊƎȅΣ ƛƴŎǊŜŀǎƛƴƎ the 
atmospheric temperature to 15 degrees C due to more radiation being absorbed by the 
atmosphere. One result is that life is sustained on Earth. Since the Industrial Age began, 
anthropogenic activities have increased GHG concentrations substantially. The CO2 
concentration in the atmosphere has increased from 280 parts per million (ppm) 1,000 years 
ago to 400 ppm today.17 ¢ƘŜ ŀǘƳƻǎǇƘŜǊŜΩǎ /h2 reservoir, always present, has increased 
substantially. 

Reservoirs and Fluxes 

άSurveys show most Americans believe global warming is real. But many advocate delaying action until 
there is more evidence that warming is harmful. ¢ƘŜ άǎǘƻŎƪ ŀƴŘ Ŧƭƻǿέ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ŎƭƛƳŀǘŜΣ 

ƘƻǿŜǾŜǊΣ ƳŜŀƴǎ άǿŀƛǘ ŀƴŘ ǎŜŜέ Ǉƻƭƛcies guarantee further warming. Atmospheric CO2 concentration is 
now higher than any time in the last 750,000 years, and growing faster than any time in the past 

20,000 years. The high concentration of CO2 and other GHGs generates significant radiative forcing 
that contributes to warming. To reduce radiative forcing and the human contribution to warming, GHG 

concentrations must fall. To reduce GHG concentrations, emissions must fall below the rate at which 
GHGs arŜ ǊŜƳƻǾŜŘ ŦǊƻƳ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜΦέ  

 
 J.D. Sterman and L.B. Sweeney 18 

 
Another basic science principle useful to understanding climate change dynamics is the idea of 
reservoirs and fluxes. A reservoir is an amount of material contained in one unit. A flux is the 
amount of material transferred from one reservoir to another per unit of time. 
 
Where carbon is stored, how it is stored, and the amount that can be stored are essential to our 
understanding of climate change. The reservoirs of carbon include the atmosphere, oceans, 
soil, and all living things. Fossil fuels are also carbon reservoirs. 
{ǘŜǊƳŀƴ ŀƴŘ {ǿŜŜƴŜȅΩǎ ǊŜŦŜǊŜƴŎŜ ǘƻ άǎǘƻŎƪǎ ŀƴŘ ŦƭƻǿǎΣέ ŀƴƻǘƘŜǊ ǿŀȅ ƻŦ ǊŜŦŜǊǊƛƴƎ ǘƻ ǊŜǎŜǊǾƻƛǊǎ 
and fluxes, draws on terminology often used to describe economic and energy systems. It is 
also useful for understanding the climate system and the concept of radiative forcing.19 A 
reservoir can be compared to the balance in a bank account, with fluxes similar to deposits and 

http://earthobservatory.nasa.gov/IOTD/view.php?id=84499
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withdrawals on that account. In discussions on climate change, reservoirs are also referred to as 
sinks, usually referring to reservoirs in which the constituents of GHGs could be stored for long 
periods of time with few emissions to the atmosphere. 

Figure 4. The Earth's Carbon Reservoirs and Fluxes 

 
Credit: NASA  

Carbon reservoirs are found in the earth, biosphere, ocean, and atmosphere and annual exchanges of carbon 
dioxide between these. The units of stored carbon are thousand millions of tons (trillions of kilograms) or gigatons 
(Gt), and of the fluxes, Gt/year. An additional 5,000 to 10,000 Gt carbon also exists in the form of buried coal, oil, 

and gas, although no one is really sure what the exact amount may be. 
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Carbon Cycle 

άUnderstanding of the eŀǊǘƘΩǎ ŎŀǊōƻƴ ŎȅŎƭŜ ƛǎ ŀƴ ǳǊƎŜƴǘ ǎƻŎƛŜǘŀƭ ƴŜŜŘ ŀǎ ǿŜƭƭ ŀǎ ŀ ŎƘŀƭƭŜƴƎƛƴƎ 
intellectual problem. The impacts of human-caused changes on the global carbon cycle will be felt for 

hundreds to thousands of years. Direct observations of carbon stocks and flows, process-based 
understanding, data synthesis, and careful modeling are needed to determine how the carbon cycle is 

being modified, what the consequences are of these modifications, and how best to mitigate and 
adapt to changes in the carbon cycle and climate. The importance of the carbon cycle is accentuated 

by its complex interplay with other geochemical cycles (such as nitrogen and water), its critical role in 
economic and other human systems, and the global scale of its interactions.έ 

 
Carbon Cycle Science Working Group20  

 
Carbon, mainly in the form of carbon dioxide, moves in and out of the atmosphere and other 
reservoirs. These movements of carbon are the fluxes, or flows, which create the carbon cycle, 
and can happen on timescales from one year to centuries. About one fifth of the total amount 
of carbon in the atmosphere is cycled in and out each year.21 
 
Where carbon is stored, how it is stored, and the amount 
that can be stored are essential to our understanding of 
climate change. The reservoirs of land and ocean carbon 
are much larger than the amount of carbon in the 
atmosphere. Even small changes in either land or ocean 
reservoirs can be important since they might cause a 
significant change in the amount of carbon in the atmosphere. Also, since so many different 
processes contribute to the flux of carbon dioxide in the 
atmosphere, the amount of time it takes for atmospheric 
CO2 to return to equilibrium in the carbon cycle varies.22 
This makes predicting CO2 levels in the atmosphere 
difficult. 
 
Before the Industrial Revolution of the mid 1700s, the 
exchanges between the reservoirs were nearly constant. 
According to the measurements from ice cores going 
back several thousand years, the measurement of carbon dioxide stayed within 10 ppm of a 
mean value of about 280 parts per million by volume (ppmv).23 Since 1750, the balance has 
been disturbed. In the late 1950s, Charles David Keeling from the University of California, 
decided to measure carbon dioxide in the atmosphere. Initially alone and later with help, he 
kept a record of atmospheric carbon dioxide measurements for nearly sixty years. The results of 
his work are well known and often referred to and shown as the Keeling Curve.  
 

For more information on Keeling 
and his work, see  

https://scripps.ucsd.edu/progra
ms/keelingcurve/.  

Activities that use the Keeling 
Curve to illustrate how data help 

detect patterns are available at 
http://egsc.usgs.gov/isb//pubs/t

eachers-
packets/globalchange/globalhtm

l/guide.html. 

https://scripps.ucsd.edu/programs/keelingcurve/
https://scripps.ucsd.edu/programs/keelingcurve/
https://scripps.ucsd.edu/programs/keelingcurve/
http://egsc.usgs.gov/isb/pubs/teachers-packets/globalchange/globalhtml/guide.html
http://egsc.usgs.gov/isb/pubs/teachers-packets/globalchange/globalhtml/guide.html
http://egsc.usgs.gov/isb/pubs/teachers-packets/globalchange/globalhtml/guide.html
http://egsc.usgs.gov/isb/pubs/teachers-packets/globalchange/globalhtml/guide.html
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Figure 5. Keeling Curve Graph 

 
Credit: Scripps Institution of Oceanography, UC San Diego  

/ŀǊōƻƴ ŘƛƻȄƛŘŜ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ŀǘ aŀǳƴŀ [ƻŀ hōǎŜǊǾŀǘƻǊȅ όάYŜŜƭƛƴƎ /ǳǊǾŜέύΦ 

 

 
 

 
 
 
 
 
 
Balancing carbon storage and carbon dioxide release is essential to maintaining an environment 
fit for the life of most organisms. During photosynthesis, plants act as carbon sinks by taking in 
carbon dioxide, then using the carbon for growth and releasing the oxygen back into the 
atmosphere. The process of respiration, in which carbon release occurs when plants and 
animals breathe, die, and decay, is offset by photosynthesis.24 Plants normally use more carbon 
dioxide in the photosynthetic process than they release when they respire.25 When forest 
ecosystems, which are net carbon sinks, are deforested, they release some or all of their 
carbon. (Forest fires and decay of forest plant material release CH4 and CO2.) Both of these 
processes happen in the ocean as well as on the land. 

Measurements of atmospheric carbon dioxide taken from this observatory on 
Mauna Loa in Hawaii (1959ςpresent) show a yearly increase of 1.5 ppmv. This 
increase adds almost 3.3 thousand million tons, or gigatons (GT), to the carbon 
dioxide reservoir in the atmosphere every year. 

Credit: NOAA, 
Climate Monitoring 
and Diagnostics 
Laboratory 

https://scripps.ucsd.edu/programs/keelingcurve/co2-graphs/
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When drinking a soda pop, we experience carbon 
dioxide dissolving into and coming back out of 
water. The way the ocean works in the carbon 
cycle is a bit more complicated than a bottle of 
soda. Short-term exchanges of carbon dioxide 
occur at the surface layers of the ocean, 
especially as waves break. The concentration of 
carbon dioxide dissolved in the surface waters 
and the concentration in the air above the 
surface must be in a state of equilibrium. If the 
atmospheric concentration changes by 10 percent, 
the concentration in the water solution changes by 
only 1 percent. 26  
 
In the lower part of the ocean (below the top hundred meters), the surface water mixes slowly 
with the deeper water. The transfer of CO2 to deeper ocean water takes several hundred to a 
thousand years.27 The oceans, therefore, only provide a temporary carbon sink in the short-
term exchanges near their surface. While the oceans serve as a large reservoir for carbon 
(holding approximately 40,000 Gt), the slow rate of absorption limits the rate at which this 
reservoir responds to rapid changes in atmospheric carbon levels. 
 
Another feature of ocean dynamics also plays a role in the carbon cycle. The ocean is filled with 
life forms, the majority of which are zooplankton and phytoplankton. Phytoplankton carries out 
photosynthesis, which removes CO2 from the water. The phytoplankton are consumed by 
zooplankton and other aquatic animals. Most plankton have a short lifecycle. When they die 
and sink to the lower levels of the ocean, the carbon they contain sinks with them. One 
organism in particular, extensively studied by Penny (Sallie) Chisholm at MIT, is 
Prochlorococcus. This is the smallest and most abundant photosynthetic microbe in the ocean, 
and is responsible for the bulk of photosynthetic activity.28  
 
The process of plankton removing CO2 from the ocean via photosynthesis is called the biological 
pump. The biological pump has a net effect of moving carbon from the surface to lower levels 
of the ocean. In the spring, the upper levels of the ocean have a spring bloom of plankton, 
especially in temperate and high latitude zones of the ocean. The plankton eventually sink to 
the lower levels, and their movement is the pump. They take carbon from the surface to the 
depths, where it is lost to the carbon cycle for a long time. As the amount of carbon in the 
surface waters is reduced, more carbon dioxide from the atmosphere can be drawn down in 
order to restore the surface equilibrium. 29 

Two greenhouse gas (GHG) sourcesðthe car 
emits CO2 while running and the cow emits CH4 
while digesting food. Photo: Heather Seyfang, 
MIT. 

 
Two GHG sources: the car emits CO2 while running 
and the cow emits CH4 while digesting food.  
Credit: Heather Seyfang, MIT 
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Figure 6. Biological Pump 

 
Credit: Sallie W. Chisholm,  

άhŎŜŀƴƻƎǊŀǇƘȅΥ {ǘƛǊǊƛƴƎ ¢ƛƳŜǎ ƛƴ ǘƘŜ {ƻǳǘƘŜǊƴ hŎŜŀƴΣέ  
Nature 407: 685ς687. Reprinted by permission 

 

The biological pump illustrates one way in which CO2 is delivered to the ocean for storage in the deep. 

 

Connection Between Carbon Flux and Energy 

άModern industrial society is driven by energy [. . .] IǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ƛƳŀƎƛƴŜ ŘǊƛǾƛƴƎ ǘƘƻǎŜ ǎȅǎǘŜƳǎ ǿƛǘƘ 
enŜǊƎȅ ǘƘŀǘΩǎ ƴƻǘ ǇǊƻŘǳŎƛƴƎ ǎƻ ƳǳŎƘ ŎŀǊōƻƴ [. . . .] LǘΩǎ ǇƻǎǎƛōƭŜ ǘƻ ƛƳŀƎƛƴŜ ƭƛǾƛƴƎ ŀǘ ǘƘŜ ƭŜǾŜƭ ǘƘŀǘ ǿŜΩǊŜ 

livingτwith less energy [. . . .] .ǳǘ ƛǘΩǎ ƴƻǘ ǇƻǎǎƛōƭŜ ǘƻ ƭƛǾŜ ǘƘŜ ƭƛŦŜ ǿŜ ŘƻΣ ƳƻǾƛƴƎ ŀǊƻǳƴŘ ǘƘŜ ǿŀȅ ǿŜ 
move around, without a substantial use of energy. And the cheapest way to do that is with fossil fuels. 

So that the way we live is going to generate CO2 until we devise some other system to do it.έ  
 

 Henry (Jake) Jacoby30 

 

What accounts for the net flow of carbon into the atmosphere from many of EarǘƘΩǎ reservoirs? 
The amount of net flow is about 4 Gt (6.75 Gt from fossil fuels, 2.25 Gt to sinks).31 The answer 
might be found by looking at energy-related activities, which accounted for almost all U.S. CO2 
emissions from 1990ς2015. (See Figure 7.)  
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Fossil fuel sources accounted for 82 percent of the energy consumed in the U.S.32 The 
remaining 18 percent of U.S. fuel sources comes from nuclear (about 8 percent) and renewable 
energy sources (about 10 percent) such as hydropower, biomass, wind, and solar. Although 
there will be some growth in these renewables, overall renewables plus nuclear are expected to 
remain roughly constant as a share of the U.S. energy production through 2040.33  
 
Trends emerge from looking at the end-user data for energy consumption. Industrial CO2 
emissions from direct fossil fuel combustion and from the generation of electricity make up 37 
percent of U.S. emissions from fossil fuels, transportation activities follow closely with 31 
percent (almost all from petroleum products), industry accounts for 15 percent, and residential 
and commercial users are responsible for 10 percent. As our need for energy rises, so do our 
CO2 emissionsτif we rely on fossil fuel combustion. 34 

Figure 7. U.S. Carbon Dioxide Emissions by Source 

 
Credit: U.S. EPA  

Overview of GHGs 
Emissions from fossil fuel combustion for various end users (1995ï1999). 
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Water Cycle 

A crucial part of the eŀǊǘƘΩǎ ƴŀǘǳǊŀƭ ǎȅǎǘŜƳ ƛǎ ǘƘŜ ǿŀǘŜǊ or 
άƘȅŘǊƻƭƻƎƛŎέ cycle. The cycle describes the journey of water 
molecules from the eŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ǘƻ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜ ŀƴŘ ōŀŎƪ 
again. ¢Ƙƛǎ Ǿŀǎǘ ǎȅǎǘŜƳΣ ǇƻǿŜǊŜŘ ōȅ ǘƘŜ ǎǳƴΩǎ ŜƴŜǊƎȅΣ Ŏƻƴǎǘŀƴǘƭȅ 
exchanges moisture between the oceans, the atmosphere, and 
the land.35  
 
Two key issues when studying the water cycle and climate change are: 

¶ Water vapor is a GHG. As the temperature changes, the amount of vapor and clouds 
affect radiation flow and albedo. The direction and size of this effect are uncertain, 
although most think it is a positive feedback increasing the greenhouse effect.  

¶ Climate change affects the 
hydrologic cycle as to how much and 
where precipitation occurs.36 

 
Most of the moisture in our atmosphereτ90 
percentτresults from evaporation of oceans, 
seas, lakes, rivers, and streams. The other 10 
percent comes from evaporation of water from 
pores in plants foliage. This process is called 
transpiration. A small amount of moisture 
comes from sublimation, when ice or snow (a 
solid) changes to a gas.37 
 
The hydrologic cycle has five steps: 

1. Liquid and solid water evaporate from the 
ocean and land, becoming water vapor in 
the atmosphere. 

2. Water vapor is transported through the atmosphere by winds. 
3. Water vapor condenses into cloud droplets and crystals. 
4. Cloud particles aggregate by coalescence and accretion into larger liquid and solid drops 

that fall as precipitation to the surface. 
5. Continental rivers, aquifers, and ocean currents transport the water through land and 

ocean reservoirs.38  
  

 

 

The hydrologic cycle.  
Credit: Hailey King, NASA Goddard Space Flight Center 

For more about the 
hydrologic cycle, see the 
άWater PollutionτPoint 

Souceέ module. 



 
 

Climate Change 18 

Climate change may greatly affect the global water cycle. According to the Intergovernmental 
Panel on Climate Change AR5 Synthesis Report, άIǳƳŀƴ ƛƴŦƭǳŜƴŎŜ Ƙŀǎ ōŜŜƴ ŘŜǘŜŎǘŜŘ ƛƴ 
warming of the atmosphere and the ocean, in changes in the global water cycle, in reductions 
in snow and ice, and in global mean sea level rise; and it is extremely likely to have been the 
dominant cause of the observed warming since the mid-20th century.έ 39 

The potential effects of climate change on the water cycle are 
many. Increased atmospheric temperatures increase 
evaporation. The effect of increased evaporation leads to 
changes in precipitation patterns. These changes can 
contribute to more erratic and extreme weather events. 
Increased temperatures lead to glacial melting that increase 
sea level, even to the point of inundating coastal areas. An 
increase in the temperature of the ocean diminishes its 
capacity to absorb CO2. Warmer ocean temperatures also 
affect how circulation occurs. (For details on how climate 
change might affect the water cycle and other natural 
systems, go to Climate Change and Its Potential Impact on 
Society.)  
 

The Uncertainties of Climate Change Science 

άDue to the nature of science, not every detail is ever totally settled or completely certain. Nor has 
every pertinent question yet been answered.έ 

 
 R.J. Cicerone and Sir Paul Nurse40 

 

άThe Nature of Science [is that] we never quite know for sure.έ 
 

 Greg Craven41 

 
  

ά!ƳƻƴƎǎǘ ǘƘŜ ƘƛƎƘŜǎǘ 
priorities in Earth science 
and environmental policy 
issues confronting society 

are the potential changes in 
ǘƘŜ 9ŀǊǘƘΩǎ ǿŀǘŜǊ ŎȅŎƭŜ ŘǳŜ 

ǘƻ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΦέ 
 

wŜŀŘ ƳƻǊŜ ŀǘ b!{!Ωǎ 9ŀǊǘƘ 
Observatory website at 

http://earthobservatory.nas
a.gov/Features/Water/wate

r_cycle_2000.pdf. 

http://earthobservatory.nasa.gov/Features/Water/water_cycle_2000.pdf
http://earthobservatory.nasa.gov/Features/Water/water_cycle_2000.pdf
http://earthobservatory.nasa.gov/Features/Water/water_cycle_2000.pdf
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The complexity of climate makes it difficult to make absolute predictions of how much 
temperatures will rise and the consequences of a warmer earth. Much of the debate around 
climate has focused on, and sometimes exaggerated, the uncertainty of current conclusions on 
climate change. It is important to remember that 
uncertainty is an integral part of all science. Every scientific 
result involves a certain degree of uncertainty, and 
scientists have developed systems to accurately quantify 
their results. To evaluate the scientific result, one must 
examine the magnitude of the uncertainty, and make a 
ƧǳŘƎƳŜƴǘ ƻŦ ǘƘŜ ǊŜǎǳƭǘΩǎ ŀŎŎǳǊŀŎȅΦ 
 
This section provides an overview of how the scientific 
community describes the uncertainties of climate change 
research. Later sections will examine how others view the 
uncertainties of climate change, and how evaluation of 
ǳƴŎŜǊǘŀƛƴǘȅ ƛǎ ƧǳŘƎŜŘ ƛƴ ǎƻŎƛŜǘȅΩǎ ŘŜŎƛǎƛƻƴ ŀōƻǳǘ ǘŀƪƛƴƎ 
action to prevent and reduce climate change. 
 
Some key sources of uncertainty in climate change science 
include: 

¶ Which factors contribute to climate change and how 
do they contribute? These include clouds, natural 
cycles of CO2, CH4, N2O and other GHGs, aerosols 
(natural and anthropogenic), solar output, and 
ocean circulation.42 

 
Clouds, for instance, play different roles depending 
on the time of day. During daytime hours, clouds 
reflect solar radiation back into space, which has a 
cooling effect. However, during the night, clouds 
trap the heat radiated from the earth. The causes of 
long-term changes in nighttime humidity and cloud 
cover are not yet completely understood. What is 
the cumulative effect of both of these cloud 
functions? Do they cancel each other out, or is one 
more dominant?  
 
Scientists are also still learning about the details of 
the natural cycles of the GHGs. Many sources of CO2 
and CH4 are known, but their removal by sinks such 
as oceans and the biosphere, and at what rate, have not been established in detail. The 
rate of CO2 removal is a function of ocean circulation, which can be very slow. Ocean 
sequestration of CO2 is difficult to observe since the time scales of deep ocean 
circulation may be hundreds of years.  

The Greenhouse Gamble 
 

 
 

 
aL¢Ωǎ Wƻƛƴǘ tǊƻƎǊŀƳ ƻƴ ǘƘŜ {ŎƛŜƴŎŜ 
and Policy of Climate Change has 
created two wheels to illustrate the 
uncertainty of global warming. The 
wheels depict the possible range of 
outcomes of global warming and 
the probability of each outcome, 
based on the ProƎǊŀƳΩǎ ǊŜǎŜŀǊŎƘ 
and analysis. One wheel shows 
possible scenarios when no action 
is taken. The other (above) presents 
possible scenarios when a certain 
action is taken. How does human 
action potentially alter the global 
climate? What is the uncertainty 
presented here?  
 
 
The global warming wheels may be 
found and spun at 
http://globalchange.mit.edu/focus-
areas/uncertainty/gamble. 

http://globalchange.mit.edu/focus-areas/uncertainty/gamble
http://globalchange.mit.edu/focus-areas/uncertainty/gamble
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¶ How will the climate change (globally and 
locally)? An important question is how 
climate will be affected, not just at the global 
scale, but in specific regions. For example, 
observations have established that Arctic 
regions have been warming twice as fast as 
the global average. Which regions will face 
drought and desertification? Which regions 
will experience improved growing seasons? 
Will there be more extreme rainfalls that 
cause flooding, and who will be affected by it 
most? The continuing improvement in the 
speed and capacity of supercomputers is making it possible to run model calculations at 
increasingly fine regional resolution, but many of these questions are still unsettled. 

¶ What will be the effects of that change, both on human society and the environment? 
The ecosystem is as complex as the climate system. We do not have a complete picture 
of how the ecosystem and its components will react to changes in the climate. Which 
species will adapt? Which will become extinct? How will we have to adapt our societies 
to deal with the new climate? What is the range of possibilities? On the extreme side, 
will there be huge numbers of environmental refugees as land floods worldwide and the 
middle latitudes become too hot to be livable? In the middle range, will the U.S. 
agriculture industry be severely damaged by changes in the growing seasons for corn 
and wheat? Or will it merely mean buying more summer clothes and rain gear instead of 
sweaters and winter coats?  

¶ Will humans, given our knowledge, react (or 
not) to prevent or offset the predicted climate 
change? Given our current knowledge, will we 
choose to take action, such as switching to 
entirely renewable energy sources, to prevent 
possible extreme events that could result from 
climate change? Will we look on the challenges 
of mitigation as opportunities to be energy 
efficient and to develop new technologies to help us? The human factor contributes to 
the uncertainty in predicting climate change. We are capable of using our knowledge to 
change our behavior to prevent further damage to the climate system. We are also 
capable of deciding that the evidence does not warrant a change in behavior, especially 
if it could be costly. These are the two extremes that must be taken into account when 
trying to model future climate change. It is still uncertain which way on the continuum 
society will choose to move.  

 
Decisions must be made in spite of the uncertainty surrounding climate change. While scientists 
work to better comprehend the climate system, governments and individuals must decide 
whether or not to take action. Ideally, these solutions should be based on what scientists know 

Cryosphere is the name for the parts 
of the earth where water exists in its 

solid state (ice, snow, and 
permafrost). An important part of the 

global climate system, the 
cryosphere, is affected by and affects 

temperature, solar radiation, and 
precipitation. For more information, 

go to 
http://www.climate-cryosphere.org/. 

Characteristics of global climate 
change models are summarized in 

a chart developed by the U.S. 
Global Change Research Program: 

 
http://nca2014.globalchange.gov/

report/appendices/climate-
science-supplement. 

http://www.climate-cryosphere.org/
http://nca2014.globalchange.gov/report/appendices/climate-science-supplement
http://nca2014.globalchange.gov/report/appendices/climate-science-supplement
http://nca2014.globalchange.gov/report/appendices/climate-science-supplement
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and the predictive models generated from this knowledge. Too often, however, special 
interests and extreme views have dominated the debate. 

Modeling 

The models used by the  Intergovernmental Panel on Climate Change (IPCC)43 and various 
governments and agencies are based on mathematical equations that represent the 
interrelationships between the factors being considered. For example, climate modelers come 
up with an equation to represent how clouds deflect solar radiation back into space. This 
equation is then incorporated into a model made up of hundreds of thousands of other 
equations that represent other components of climate. Computer models are only as accurate 
as the equation formulations and as comprehensive as the computer capacity allows. The last 
several decades have resulted in vast improvements; however, both the equations and 
computers require constant improvements and expansion.44 
 
Global climate change models help research and predict what might happen in response to the 
many variables involved with the process. They should take into account changes in the: 

¶ Atmosphere (circulation, turbulence, chemical composition, particulates, etc.) 

¶ Ocean (circulation, salinity, exchange of gases with the atmosphere, etc.) 

¶ Cryosphere (seasonal and annual variations, etc.) 

¶ Biosphere (changes in water bodies and biomass, etc.) 

¶ Interactions of all of these components.45  
 
In addition, economic and social aspects can 
affect each of those components. For example, 
growing economies use more resources and 
emit more pollution. Deforestation and 
increasing CO2 emissions over the last 100 years 
are examples of how society is affecting the 
structure of the biosphere and atmosphere. 
How can we accurately model such a large and 
complex system? 
 
Due to the inherent uncertainties, it is 
extremely important to validate model results. 
Several methods, none individually sufficient, 
can be used together to show evidence of a 
ƳƻŘŜƭΩǎ ǾŀƭƛŘƛǘȅΦ The methods include: 47  

1. Simulation of the current climate. Check 
ǘƘŜ ƳƻŘŜƭΩǎ ŀōƛƭƛǘȅ ǘƻ ǊŜǇƭƛŎŀǘŜ ǘƻŘŀȅΩǎ 
climate, though this may not adequately 
test how well the model can predict 
changes over very long periods of time. 

Two Approaches to Modeling Changes in 
Technology46 
 
Why do model results differ even though they use 
the same information? Modelers analyze and 
incorporate the information in different ways, which 
can lead to different results.  
 
Bottom-up models are based on a few specific 
technologies. They look at how a set of innovative 
ǘŜŎƘƴƻƭƻƎƛŜǎ ǿƻǳƭŘ ŎƘŀƴƎŜ ǘƘŜ ǿƻǊƭŘΩǎ ŎǳǊǊŜƴǘ 
situation, often with respect to emissions reduction 
or energy conservation. These engineering-based 
models usually conclude that action to slow climate 
change will be inexpensive to society. 
 
Top-down models begin with the relationship 
between the economy and the environment. The 
rate of technological change is determined by the 
assumed rate of increases in energy efficiency (not 
related to the cost of energy). This rate is usually 
based on historical data of increasing efficiency.  

http://www.ipcc.ch/
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2. Sensitivity analysis ƻŦ ǘƘŜ ƳƻŘŜƭΩǎ 
components. Evaluate how crucial model 
outputs (i.e. sea level, rainfall, and 
temperature changes) are affected by the 
uncertainty in the submodels, such as 
atmospheric chemistry, climate, and 
economic factors.48  

3. Duplication of the greenhouse effect. Check 
ǘƘŜ ƳƻŘŜƭΩǎ ŀōƛƭƛǘȅ ǘƻ ǊŜǇƭƛŎŀǘŜ ǘƘŜ ǘƘŜǊƳŀƭ 
energy flows of the greenhouse effect within 
10 percent of the actual flow. This has already been established. 

4. Reproduction of climate history. Check whether the model simulates the climate from 
ancient history. 

 
Since climate models are not perfect, in part due to an incomplete understanding of the 
physical principles involved and of the past climate forcing. Simulations may have errors.49 
Because of these errors, climate models can project a substantial range in global temperature 
range predictions. However, models are unanimous in their prediction of climate warming due 
to the effects of GHGs. 50  

Analysis 

άUnfortunately, the global change experiments now underway are not merely academic exercises in 
the microchips of supercomputers, but are being performed on the laboratory that we and all other 

living things shareτEarth.έ 
 

 Kevin E. Trenberth, National Center for Atmospheric Research 51 

 
Collecting great quantities of data is not enough to provide an understanding of climate change. 
The data must be analyzed to gain an understanding of how components are interconnected 
and what the observed changes mean to the climate system as a whole. Natural and social 
scientists perform analysis of climate observations and data; it is not uncommon for different 
groups to reach different conclusions from the same information. Climate prediction entails 
determining future behavior for both the climate and humans based on past and present 
behavior. Natural scientists and social scientists must work together and extrapolate on the 
basis of the data collected. Given the uncertainty in climate change and the range of 
assumptions analysts must make, some of the suggested climate impacts are robust 
predictions, and others are not. 
 
Climate sensitivity is an important thing to understand because it provides an expectation for 
the level of warming in response to the amount of heat-trapping gases.52 Lǘ ƛǎ ŘŜŦƛƴŜŘ ŀǎ άa 

The Earth System Research 
Laboratory scrutinizes oceanic and 

atmospheric observations to improve 
the ability to predict climate. The lab 

provides interactive analysis and 
climate plotting pages on their 

website at 
 http://www.esrl.noaa.gov/psd/csi/. 

 

http://www.esrl.noaa.gov/psd/csi/
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metric used to characterize the response of the global 
climate system to a given forcinƎΦέ53 Climate studies 
have mainly explored how sensitive model projections 
are to different parameters. This sensitivity is 
determined by repeating a numerical simulation with 
the parameter in question set to a nominal, low, and 
high value, etc., and noting how much the model reacts 
to the change in value.54 The IPCC has used the 
sensitivity analysis approach, as has MIT with its 
Integrated Global Systems Model in which researchers 
examined the uncertainty effects from greenhouse gas 
emissions, climate sensitivity, and heat and carbon 
uptake by the deep oceans.55  
 
As a result of numerous simulations using different 
models and state-of-the-art technology 
supercomputers, climate sensitivity has been constrained to a fairly consistent distribution of 
possible values. Very low sensitivities (1º C or less for doubled CO2), would mean that global 
warming is, in fact, not something to worry about; but the probability of such a low value is less 
than 0.05 (1 chance in 20). The most likely range for climate sensitivity is 1.5º to 4.5º C.56 And 
there is a 10 percent probability that climate sensitivity is greater than 5º C, possibly as high as 
10º C.57 For reference, the global average temperature increase for the 40 percent increase in 
atmospheric CO2 which has already occurred is nearly 1º C. The climate science community has 
stated that in order to avoid serious and irreversible damage to the earth's climate system, the 
increase must be held to less than 2º C by appropriate policies and actions. The choice of such 
policies and actions then becomes an exercise in risk assessment, where, as Kevin Trenberth 
noted in the quote above, what is at risk is the earth. 

Summary  

By studying reservoirs, fluxes and the carbon cycle, scientists learn how carbon moves in and 
out of the atmosphere. Of the 6 to 6.5 Gt of carbon released annually by burning fossil fuels 
and changing land use patterns, about half is added to the atmosphere each year.58 Clearly, 
some of the carbon is being removed and deposited in carbon sinks such as oceans and 
biomass. The degree to which CO2 is taken out of the atmosphere by natural processes is one of 
the most important aspects of climate change.  
 
Aids to Understanding provides resources and activities. 
 

An example of using models to 
reduce uncertainties in climate 
change data is the method for 

constraining uncertainty 
ǇǊƻǇŜǊǘƛŜǎ άōȅ ŎƻƳǇŀǊƛƴƎ ǘƘŜ 

modeled response to 
anthropogenic forcings over the 

1961ς1995 period against climate 
ƻōǎŜǊǾŀǘƛƻƴǎ ƻŦ ǘƘƛǎ ǇŜǊƛƻŘΦέ  

 
wŜŀŘ ƳƻǊŜ ƛƴ aL¢Ωǎ 

άConstraining Uncertainties in 
Climate Models Using Climate 

Change Detection TechniquesΦέ  

http://web.mit.edu/globalchange/www/MITJPSPGC_Rpt47.pdf
http://web.mit.edu/globalchange/www/MITJPSPGC_Rpt47.pdf
http://web.mit.edu/globalchange/www/MITJPSPGC_Rpt47.pdf
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²Ƙŀǘ 5ƻ ²Ŝ Yƴƻǿ ŀƴŘ Iƻǿ 5ƻ ²Ŝ Yƴƻǿ LǘΚ 

 
Scientific uncertainty and complexity means that data collected regarding climate change may 
be open to interpretation. Uncertainty is an integral part of science and should be taken into 
account in making decisions, but the presence of uncertainty does not disqualify the result. This 
section explores who is responsible for evaluating and interpreting that data and looks at some 
of the varying viewpoints on the issue of climate change. 

The Major Actors 

In view of the complexity and uncertainty referred to above, carrying out an assessment of 
available data and communicating the results to policymakers and the general public is a crucial 
task. Who has the responsibility for evaluating the science surrounding climate change? Which 
source is the most reliable and least biased? In this section, we consider four major sources of 
authoritative analysis: the Intergovernmental Panel on Climate Change (IPCC), the American 
Association for the Advancement of Science (AAAS), the National Academy of Sciences (NAS), 
and the Vatican. All of these groups have recently issued statements on climate change. 

Intergovernmental Panel on Climate Change 

In 1988, the IPCC was created when the United Nations Environment Programme (UNEP) and 
the World Meteorological Organization (WMO) decided that a scientific panel was needed to 
άŀǎǎŜǎǎ ǘƘŜ ǎǘŀǘŜ ƻŦ ŜȄƛǎǘƛƴƎ ƪƴƻǿƭŜŘƎŜ ŀōƻǳǘ ǘƘŜ ŎƭƛƳŀǘŜ ǎȅǎǘŜƳ ŀƴŘ ŎƭƛƳŀǘŜ ŎƘŀƴƎŜΤ ǘƘŜ 
environmental, economic, and social impacts of climate change; and possible response 
ǎǘǊŀǘŜƎƛŜǎΦέ The IPCC released its First Assessment Report (FAR) in 1990. Approved after careful 
review by hundreds of leading scientists and experts, the report confirmed the scientific basis 
for climate change.59 It should be emphasized that the IPCC does not carry out original research 
on the climate, nor does it offer policy recommendations. Instead, the scientific panels review 
all available published reports on the science and present the most likely findings, typically with 
associated likelihoods of their being correct. The IPCC also presents policy options and 
scenarios along with likely outcomes as a basis for making policy decisions.  
 

ϦΧ ǇǊƻŦŜǎǎƛƻƴŀƭ ǎƻŎƛŜǘƛŜǎ ƳŀƪŜ ǳǇ ǘƘŜ ƎǊŜŀǘŜǎǘ ŎƻƭƭŜŎǘƛƻƴ ƻŦ ŜȄǇŜǊǘǎ ƻƴ ǘƘŜ ǇƭŀƴŜǘΣ ǿƛǘƘ 
massive reputations on the line, easy-to-check track records, and the least amount of bias 

you can expect from a group made of fallible humans. That's why in my opinion professional 
societies are the most credible sourcesτbecause when it comes to finding out what science 

knows, I can't come up with anything that would rank higher. Lord knows these groups 
aren't perfect. But they are simply as good as it gets." 

 
G. Craven,  

"What's the Worst that could Happen" 
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The IPCC has continued to issue assessment reports at regular intervals. The Fifth Assessment 
Report (AR.5) appeared in 2014. Each report consists of three major parts plus a Synthesis 
Report. Each of the technical parts includes a "Summary for Policymakers" which presents the 
major findings but omits the complete technical details found in the full report. Some of the key 
findings presented in the AR.5 will be discussed in the section "How have understanding and 
perceptions changed over the last decadeΚέ 
 

¶ Part 1: The Physical Science Basis. Each assessment report accumulates additional data 
from new studies of current and paleoclimates, shares improved analysis of data sets 
with more rigorous evaluation of their quality, and offers comparisons among data from 
different sources. Recent reports have included estimates of the confidence attached to 
each finding, such as "more likely than not," "very likely," or "virtually certain." 

¶ Part 2: Impacts, Adaptation, and Vulnerability. All regions are likely to experience some 
adverse effects of climate change. Small island states and low-lying coastal areas are 
among the most vulnerable because of increases in sea level and storms, and because 
they have limited capabilities to adapt. Polar regions will experience climate change 
impacts significantly as sea-ice is reduced and permafrost is altered. International 
cooperation and coordination is needed to assess impacts; build capacity; and train for 
monitoring, assessment, and data gathering.60 

¶ Part 3: Mitigation of Climate Change. Because climate change is global, long-term (up to 
several centuries), and involves complex interactions among several processes (climatic, 
environmental, economic, political, institutional, social, and technological), a response 
to climate change requires making decisions which demand taking risks while being 
uncertain about the possibility of causing irreversible 
changes. This part of the report address gaps in 
knowledge and describes the many challenges of 
mitigation.61 

¶ Synthesis Report. In addition to the three technical 
sections, the IPCC prepared a Synthesis Report (SYR) which summarized the findings of 
the three technical parts. Since this is typically the most widely read and cited of each 
assessment report, it is subject to unusually detailed review and editing. The AR.5 SYR is 
the best entry point for the inexperienced reader. 

American Association for the Advancement of Science 

The AAAS, founded over 150 years ago by a group of scientists and inventors including Thomas 
Edison, has over 140,000 members representing all branches of science, technology, 
engineering, and mathematics (STEM). AAAS' main activity has been publishing Science 
magazine and convening meetings and conferences. However, in recent years AAAS has issued 
reports and statements on key STEM issues. In 2014, AAAS issued a white paper entitled "What 
We Know: The Reality, Risks, and Response to Climate Change." The document affirms three 
statements on which there is virtually total agreement in the climate science community: 

¶ Climate change is happening here and now. 

All IPCC documents and 
reports are available at 

www.ipcc.ch. 
 

https://www.ipcc.ch/report/ar5/wg1/
https://www.ipcc.ch/report/ar5/wg2/
https://www.ipcc.ch/report/ar5/wg3/
https://www.ipcc.ch/report/ar5/syr/
http://www.ipcc.ch/
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¶ We are at risk of pushing our climate system toward abrupt, unpredictable, and 
potentially irreversible changes with highly damaging impacts. 

¶ The sooner we act, the lower the risk and cost. And there is much that can be done.62 
 
Other professional societies, such as the American Chemical Society and the American 
Geophysical Union, have also issued statements on climate change which are in general 
agreement with the AAAS position. 

National Academy of Sciences 

NAS was established by congressional charter in 1863. Together with the National Academy of 
Engineering and the Institute of Medicine, it makes up the National Academies of the United 
States. NAS members are selected by nomination and approval of the current membership. 
They are considered to represent the elite of the American scientific community. 
 
The National Academies' working arm, the National Research Council (NRC), prepares study 
reports on a wide range of STEM-related issues. The NRC has issued a number of reports 
relating to climate change, including a massive multi-part 
report entitled "America's Climate Choices." Recently, the NAS 
issued a joint statement with the Royal Society of Great 
Britain, "Climate Change: Evidence and Causes." This 
statement corroborates the IPCC and AAAS findings, among 
which are: 

¶ GHGs affect the earth's energy balance and climate.63 

¶ Human activities have added GHGs to the atmosphere.64 

¶ Climate records show a warming trend.65 

¶ Many complex processes shape our climate.66 

¶ [Nevertheless] human activities are changing the climate.67 

The Vatican 

In June 2015, Pope Francis issued a wide-ranging encyclical letter ("Laudato si'") on the topic of 
the environment, sustainability, and social justice.68 The Vatican does not carry out original 
scientific research (except in astronomy at the Vatican Observatory), so statements in the 
encyclical letter concerning climate change are based on the consensus views of the scientific 
community, including the Vatican's own Pontifical Academy of Sciences.  
 
  

NRC reports can be 
searched and downloaded 

from the NAS website at  
www.nas.edu.  

http://www.nas.edu/
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άThe climate is a common good, belonging to all and meant for all. At the global level, it is a complex 
system linked to many of the essential conditions for human life. A very solid scientific consensus 
indicates that we are presently witnessing a disturbing warming of the climatic system. In recent 

decades the warming has been accompanied by a constant rise in the sea level and, it would appear, 
by an increase in extreme weather events, even if a scientifically determinable cause cannot be 

assigned to each particular phenomenon. Humanity is called to recognize the need for changes of 
lifestyle, production, and consumption, in order to combat this warming or at least the human causes 
ǿƘƛŎƘ ǇǊƻŘǳŎŜ ƻǊ ŀƎƎǊŀǾŀǘŜ ƛǘ Χ ŀ ƴǳƳōŜǊ ƻŦ ǎŎƛŜƴǘƛŦƛŎ ǎǘǳŘƛŜǎ ƛƴŘƛŎŀǘŜ ǘƘŀǘ Ƴƻǎǘ Ǝƭƻōŀƭ ǿŀǊƳƛƴƎ ƛƴ 

recent decades is due to the great concentration of greenhouse gases (carbon dioxide, methane, 
nitrogen oxides, and others) released mainly as a result of human activity. Concentrated in the 
atmosphere, these gases do not allow the warmth of the sun's rays reflected by the earth to be 

dispersed in space. The problem is aggravated by a model of development based on the intensive use 
of fossil fuels, which is at the heart of the worldwide energy system." 

      
Pope Francis  
Laudato si 69  

 

How Have Understanding and Perceptions Changed 
Over the Last Decade? 

Over time, an increasing amount of data on the earth's 
climate has been observed, validated, and archived. 
Increasingly detailed model simulations have been carried 
out using new generations of supercomputers. The results 
have been critically examined by a large number of experts. 
All of this has advanced our understanding and reduced the 
level of uncertainty associated with climate change 
observations and forecasts. In this section, we highlight two 
particular areas in which our understanding of the climate 
system has progressed. 
 
In its First Assessment Report (FAR, 1990), the IPCC stated 
that the balance of evidence suggested that human activity 
was affecting the earth's climate patternsτa rather vague 
and indefinite statement. Successive reports have been 
increasingly definite on this point: 

¶ "more likely than not" that observed warming is caused, at least in part, by 
human activity (Second Assessment Report, SAR 1995) 

¶ "likely" (Third Assessment Report, TAR 2001) 

¶ "very likely" (Fourth Assessment Report, AR.4 2007) 

¶ "extremely likely" (Fifth Assessment Report, AR.5 2014)70 

  

The terminology used by the 
IPCC defines probability 
estimates. For example, 

"more likely than not" means 
there is a 50:50 chance that 

human activity may in fact 
not be affecting the climate. 

"Extremely likely" means that 
the null hypothesis, which is 

that our activity does not 
affect the climate, has only 1 
chance out of 100 (p = 0.01) 

of being trueτthat is, the 
odds are 100 to 1 that 

humans are causing climate 
change, with possibly 

catastrophic consequences. 
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There are a couple of important lessons from this series of statements. First, the steady 
accumulation of data and analysis has only strengthened the hypothesis that the climate is 
changing and that we are, at least in part, causing these changes. There is no credible evidence 
to the contrary. Second, the probability estimates now presented in the IPCC assessment 
reports allow us to make realistic risk assessments. Most people, when confronted with solid 
evidence that the confidence level is 95% that their actions are leading to a damaging or 
catastrophic outcome, will choose to change their actions in order to avoid such an outcome. 

Another very important insight is that the risks from climate change depend on cumulative 
carbon dioxide (CO2) emissions, which in turn depend on annual greenhouse gas (GHG) 
emissions over the next decades. This is shown in the figure below, taken from the IPCC Fifth 
Assessment Report Synthesis Report Summary for Policymakers. 

Figure 8. Cumulative Temperature Risk 

Credit: IPCC  
 

Relationship between risks from climate change, temperature change, cumulative CO2 emissions and changes in 

annual GHG emissions by 2050. 








































































































