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Introduction

A subject both complex and controversidimate changes a problem of globgroportions.A

2S00 aSIFNODK Sy3aaysS gAiAff NBOGdz2NY Sttt 20SN 2y S
OK I y I8 $pitesot or perhaps because ofthis wealth ofinformation, how people view and
interpret climate change concepts varies greatinderstanding the subject enough to

understand the various perspectives on climate chaisgesignificant challengelowever

developing this understanding is key, as climate change may be the most critical challenge
facing our world today. Decisions made today will havedaching, longstanding effects.

This module provides a mufiaceted context for
understanding the issues surrounding climate charige.
summarizes some of the readily available basic
information, presents multiple perspectives on global
climate change research and policy, grdvides
classroom activities that place climate change issues in
context accessible to student§he distinctive
contributions of this module téhe current bodyof
instructional resources on global climate change include
1 Aunique combination of pergrtives, skills, and
tools to help individuals critically evaluate climate
change data and controversy
1 Anintegration of basic scientific concepts with
potential solutions involving behavioral and
technological changeand
1 Theinclusion of the perspectes of researchers at the Massachusetts Institute of
TechnologyMIT)and elsewhere working on the frontier of climate change research

G¢KS 3IFf20Ff |
of the climate change threat
whichaffects all nations anc

requires continued progress 0|
technology, policy, behaviora
shifts, and beyond, makes
society's grandest challenge ¢
the present day, possibly of a|
A Y]

Report of the MIT Climate

Change Conversatiol
Committee (MIT C4)ude 2015

The topic oklimate changenakes 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 tagiddressing those information needs, this module
openswith a presentation of basic concepts about climate change and then offers some
context for understanding those concepts and their impact on socigtg.final section offers
potential solutions to the climate change problem through individual and soelzior and
technological change3he concluding sectioi\ids to Understandingncludes resources and
additional activities for each section.
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The main sections of the module are described briefly below.

1 The Scientific Basisovers basic science principtescluding thecarbon cycleand the
S I NJXaéidbién balance needed to understand climate change and the uncertainties
surrounding climate change.

1 WhatDo We Know and bw Do We Know It? investigates how the science involved in
climate change is evaluated and who performs the evaluatibr@dso looks at the shifts
in perceptions and understanding in recent years, the rangeesfs based on what
appears to be the same knowledge base, and an approach for making sense of this
complex global issue.

1 Climate Change and Its Potential Impact on So@rymines how climate change might
affect individuals ad 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 chamgeoth beneficial and harmfaul are
distributed.

1 WhatWe Can Do focuses on responses to the climate change probMfhat actions
can be takem from increasing energy efficiency to adapting modes of transportation,
from the actions of a group to those of the individuahat will help humansdapt to or
reduce climate change?
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A huge amount of data is now available on climate tretitks effect that climate change is

having on weather conditions, ecosystems, and the built environfrard forecasts of future

trends ard 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 polandeabliticized,

impeding progress on finding solutions. This section summarizes the basic science principles of
climate change and the associated uncertainti#e. will also examinghe participants in the

climate change debate and possible motivationstfeir actions.

BasicScience Principles

Defining Climate

Climateisdefinedon amuch longer time scale thameather vhich is
typically discusseth terms of 2 weeks)Often described by statistics
such as temperature, precipitation, wind, and humidity, climate can |
defined aghe & | @ S didveatSer over time and LJ- ©&X8cbréing to
Richard C. J. Somerville, climate modeler with the Scripps Institutio
hOSFYy 23Nl LKe&s a2SQ@S o0S3dzy G2 Wk Tt
average state of the atmosprlere, but 'Ehe average and measures Vof, "English ashe is
variability of the atmospf NBE YR 2 0 KSNJ | &4 LIJS20{ Taught U S NJ
Several factors, described as climate forcings, influence cliarate
climate change

"Climate lasts all
the time and

weather only a
few days'

A

Five greenhouse gases (GHGS) are fi
both natural and human sources: watg
vapor (HO),o0zone (Q), carbon dioxide
(CQ), nitrous oxide (MO),andmethane
(CH).

Climate forcingared ! Y S| & dzNB 2
influence of a particular factor on the net
changeintheearthd Sy SNH&The!l f
energy balance of the planet Earth reacts to
these forcings, causing a change in the clima
state.A volcanieruption is an example of a
natural forcingWhen a volcano erupts, it
throws fine particles into the aiThese Three trace GHGs are from human sces:
particles reflect sunlight to space, reducitige chlorofluorocarbons (CFCs

solar energy delivered tthe earthQ a a d4zN perfluorocarbons (PFCg)nd sulphur
9 hexafluoride (S.

Particulate materials, such afack sot,
can also contribute to radiative forcing
the atmosphere.
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Thickness of atmozphernc lavers exaggerated

for clarity. At thiz scale, our atmozphere Lower Stratosphere I
iz only about 1. 3mm thick - [13-19 km] Cooling

or about the width

of thiz line:

A

LowerT ropozphere
[0-8 km] Slight Warming

Fh,
Earth's Surfacel

Credit:science.NASA.gov

Warming
One type of climate forcing is called the greenhouse efféctenhouse gasé&SHGS) in the
atmosphere absorlthermal radiationemitted from the ¢ NJi K Q & Méstaiife 5HGdTur
naturally.However, humans also contribute to greenhouse forcings, mostly through the
burning offossil fuels

Thegreenhouse effecstores € YS 2 F (G KS adzy Q& K¢ S NHRSEdcdsK § K
can be loosely compared to a greenhouRadiation from thesun passes through the
atmosphere, just as it would enter a glass greenhouse filled with plahtsplants emit

thermal radiation, but the glass acts as a blanket and keeps part of that radiation in the
greenhouse, which stays warifor the arth, the GHG serve nearly the same function as the
glass does for the greenhou%@he natural greenhouse effect, first recognized and explained
by JearBaptiste Fourierad Svante August Arrheniusiaintains theek NI K Qa | @S NJ 3
temperature 4 15 degrees C, rathe¢han at-6 degrees (Because of this difference, we can
comfortably live on this planeDtherwise, few plants would grow well, and life on Earth would
have developed very differently.

JeanBaptiste Fourier

A sun worshipper, Jedaptiste Joseph Fourigry’ G KS SI NI & mMyHna
Sy2dzak (2 &adzLlR2 NI GKS RAGSNES NI y3aS 27
aLISOdzA F A DS 62N] X C2dzNASNRE aDSYySNI €

Planetary{ LJ 0Sa¢ RSAONAROSR | aoSftf 2FNJ KeLRiKSa
NBE o

0Stt 2F N gKS KS NI ROR | i RR YBK S Of dgl @QaNB Rl M
GKIFG HKBBENESYFFSOGE YIRS ilourlsigbdcadséviitiut Tid- |
heating, the planet would be too cold for life formi
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Svante August Arrheniug

aLa GKS YSFyYy GSYLISNIGdzZNE 2F (KS 3INER dzfdbsobigglfl ye& &l
3ras é, Ay GKS | Y2 ArtienBid\sBedtéa yeardh tifolisdnds ofzAldatations, he
Y2al GUSRA2dza¢é 2F KAa fAFSTI FTNRY 6KAOK [KS O2y
warming trend due to two gaseswater vapor and COInterestingly enough, Arrhenius' manygl
calculaions agree quite well with the most recent model projections carried out using supercom ters.
Arrhemius used the term hothouse, later called the greenhouse effect. The trend for him se imed a
LRAAGADGS 2yS 06SOFdzaS KS &l AR liveiinder & watmerdsky farid b £ €
f Saa KFINBRK SyYyg@ANRYYSFG GKI

The recent increase in the greenhouse effect is a humade forcingHumans have released

GHGaover and above natural emissiosthropogenicctivities, includag burningfossil fuels

have released enough €@ contribute 74percentof the enhanced greenhouse effedther

gases are involved, such as methanesCHntributing about 1percent and nitrous oxide

(N20) contributing about7 percent® Theadditional CQtrapsthermal radiationand changes

the radiation balanceTheel NIi K Qa G S Y LIS NI (i dzNBquitbfum¥ 64 KA IKSNI

RecentObservations Confirm Increasetemperatures

1. Warming over the past century is higher than in the

previous 1000 yearsNOAA Kational Oceanic and For more information,
Atmospheric Administration)sespaleoclimatologyto visit the NOAA
studythe last few thousand yearhis is thebest dated Paleoclimatology ang
andbest sampled part of the past climaticoard. This ClimateChange website
area of study can help establish the range of natural at
climatic varability in the time before global human http://www.ngdc.noaa.qo
influencel® v/paleo/paleo.html
2. Natural variables cannot account for recent observed and

https://www.ncdc.noaa.g

warming. According to the U.S. Global Research _ _ _
ov/climate-information. )3 VI

t NEINF YZ ah@SNI GKS €I aid
(solar forcing and volcanoes) alone would actuadlye
led to a slight cooling'!

i dz

A patrticularly 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 measuremewith thermometers (avaable only

since the late 180€) 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,000 yearsas shown in Fige 3. The striking features that

average temperatures declined slowlytil 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 tcehas continued through the beginning of the

Climate Change
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present century, so that average temperatsrarenow agoroximately 1° C above its long
term, baseline value. The shape of th®Q0-year temperature record suggested the
descriptive term "hockey stick curve" lmhich it is known today.

CAIdNB od al 20188 {GAO]¢ ¢SYLJS’I]J- NE

T T T T T T T | T T T T T T T T T T T T

L NORTHERN HEMISPHERE
05 -

Departures in temperature (°C)
from the 1961 to 1980 average

L Data from thermometers (red) and from tree rings, |
L corals, ice cores and historical records (blue).
1 i 1 M i | i L 1 i L | i i 1

1200 1400 1600 1800 2000
Year

Credit: IPCd
Multiproxy reconstruction of Northern Hemishphere surface temperature variations over the past millennium
(blue), along with 5§ear average (black), a measure of the statistical uncertainty associated with the
reconstruction (gray), and instrumental suctatemperature data for the last 150 years (red), based on work by
alyy S fd o6mMphppod ¢KAA FAIANE KFa a2YSdiAYSa ogy
Climate Change 2001: Working Group I: The Scientific. Basis
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Radiation Balance and Radiative Forcing

G¢KS o6Faird LINRYOALX S 2F It 206Ff & NYAY 3frodlthg
sun, which warms theleNJi K Q& & ttieNBerm& @diatidn §fdfh the arth and the atmosphere

which is radiated out to space. On average these two radiation streams must balance. If the bak

disturbed (for instance by an increase in atmospheric carbon dioxide) it castbeed by an increas

inthed NI KQ&a &adzNFEWDS

J. Houghtor?

What comes in must go out. When solar enegyy i
radiated from the sun to theaath, the outgoing

radiation from the earth must create a radiation balance
¢KS SINIKQa &daNFI OS GSYLX
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 Bysigma). .
Sigma, in this case, is equal to 5.67 ® WM2K* (watts A LA A ISRy

per meter squared per degree Kelvin). This equation eSS AT

shows that a small change in the surface temperature will result in a
large change in the amount of energy emitted. The formula for
converting degrees
When the earth emits just enough infrared radiation to balance  ENeYNTo[F=1e (Rt Ne[=le (1=
incomingsolar radiation its surface temperature should bé Fahrenheit is:
degrees C (based on a lack of cloud cover). Yet the average of
temperatures around the earth is about 15 degrees C warther. Ti=(9/5*T) + 32
What creates this difference in temperature of 21 degrees? Wha
the effect ofthe radiation balance on the planet Earth?

As shown by the Stefal
Boltzmann equation, the highe
the surface temperature of arn
object, such as Earth or the sul
the more energy the object

SYAlao ¢KS Sj

Read more at

I . : . The NASA website offer
Radiative forcings a change in average net radiation at the {0/ N N

of thetroposphere Thisoccurs because of a change in the 9 NIIiKO& NJ H
concentration of ggreenhouse gasr because of some other
change in the overaflimate systent* This forcing is tied to the
potential for variations in weather and ultimately a change in
the climate If more energy is readiated back to Earth because
of thegreenhouse effe@ 9 I Xe¥adge @eenpetatures will be
higherand weather will be morerratic.

at
http://missionscience.nas
a.gov/ems/13 radiationb
udget.html
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Figure 1. Movement and Balance of Radiation in the Atmosphere

~~emitted by clouds: 9%

atmospheric window: 12% 4

convection: evaporation: "-_
oo 250 surface

reflected by y ' absorbed by
surface: 7% / surface; 48%

Credit: NASA
On average, 340 watts per square meter of solar energy arrives at the top of the atmosphere. Earthaeturns
equal amount of energy back to space by refleg some incoming light angdiating 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, seethe ! { ! 9 | NIi K Thé MafiNbreén®dude Effet

Temperature and Radiation Flux

The temperature of the @&th influences the flow of energy radiated back into spacse,
described by thé&Stefan Boltzmann equatiol. ¥ G KS SIF NI KQa G SYLISNI i
energy upward is greater.

Theel NI KQ& F GY234LIKSNRO (SY IdehdintiaNBbaMdieaidJ? v R a
positive more solar radiatiorabsorbed by the surface), tre NI KQa a dzNF I OSf o6 S
it isnegative, the forcing cools the surface of teath. Extraterrestrial factors imadiative
forcingmightinclude the position of thearth with respect to the sunlerrestrial factors that
influence climate include the chemical and physical variations in the oceans, movement of lan
changes in the makeup of the atmosphere, and the reflection of incoming energy lesirtine

and its atmosphereThe netamount of enegy reflected from thesarth and its atmosphere is

Climate Change
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calledoplanetary albedé and quantifies the amount of radiation from the sun that is reflected
backinto space.

If planetary albedo increases, the atmospheric temperature decreases because less rasliation
FgFAftlrofS G2 KSIG GKS LX FySa | The corpSsitibdfof y S NB
the earth influencesalbedofrom the amaint of cloud cover to whatoversthe & NJi K Q& & dzNJF I
such as snowice,andvegetation®® Increasing planetary albeds an examplef negative

radiative forcing the decrease of atmospheric temperature due to less radiation absorbed by

the atmosphereC2 NJ 'y A Yl 3S 27F L)} | Gad Obsttdatorinwebsit’R2> 4SS

Increasing the amount of GHGs is an examp|gostftive radiative forcingThel G Y 2 & LIK S NB Q &
compositionhas quite an impact on how much energy actually radiates back to spaee.

GHGssuch as water vapor and g@bsorb someaff KS  adzy Qa NI RAI ihedS Sy SN
atmospheric temperature to 15 degrees C due to more radiation being absorbed by the
atmosphere One result is that life is sustained on Ea8mce the Industrial Age began,
anthropogenicactivities have increased GHG concentrations substantidily.CQ

concentration in the atmosphere has increased from P&0ts per million gpm) 1,000 years

ago to 400 ppntoday’¢ KS I (i Y 2 &JdrékeB/difSaMéys présent, has increased

substantialy.

Reservoirs and Fluxes

dSurveys show most Americans believe global warming is real. But many advocate delaying actjon until/
there is more evidence that warmingisharmfulkK S & a d 2 O 5 (K
K26 SOSNE YSI ya ciessdudainteefuiier warshBdtmasithdrid C&roncentration i
now hgher than any time in the [a§t0,000 years, and growing faster than any time in the st
20,000 yearsThe high concentration of é&nd otherGHGgenerates significant radiative fang |
that contributes to warmingTo reduce radiative forcing and the human contribution to warming, (@HG
concentrations must falllo reduce GHG concentrations, emissions must fall below the rate at | hich
GHGs# NBY2QOSR FTNRBY[JUKS I i

J.D. Steman and L.B. Sweené¥

Another basic science principle useful to understanding climate change dynamics is the idea of
reservoirs and fluxe#\ reservoir is an amount of material contained in one UAftux is the
amount of materiatransferred 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 chang€&he reservoirs of ¢hon include the atmosphereceans,

soil, and all living thingsF-ossil fuelsire also carbon reservoirs.

{GSNXYIY YR {6SSySeQa NBFTFSNByOS G2 aaiz201a |y
and fluxes, draws oterminologyoften used to describe economic and energy systdins.

also uséul for understanding thelimate systenand the concept ofadiative forcing® A

reservoir can be compared to the balance in a bank account, with fluxes similar to deposits and

Climate Change
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withdrawals on that accountn discussions on climate change, reservoirsadse referred to as
sinks usually referring to reservoirs in which the constituent&éfGould be stored for long
periods of time with few emissions to the atmosphe

Figure 4The Earth's Carbon Reservoirs and Fluxes

Vegetation 610
1.6

Storage in GtC
Fluxes in GtClyr

Credit: NASA
Carlon reservoirsare found in the arth, 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 giggton
(@), and of the fluxes, B/ear. An additional 00 to 10000 G 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

dUnderstanding of theleNJi K Q& O Nb2y OeOfS A& Syi
intellectual problem. The impacts of humeaused changes on the global carbon cycle will be felgifor

economic and other human systems, and the global scale of its interat ns.

Carbon Cycle Science Working Gréu

Carbon mainly in theform of carbon dioxidemoves inand out of the atmosphere and other
reservoirs These movements of carbon are the fluxes, or flows, which create the caytote
andcan happen on timescales from ogear to centuriesAbout one fifth of the total amount
of carbon in the atmosphere iyded in and out each yeat.

Where carbon is storedhow it is stored, and the amount
that can be stored are essential to our understanding o
climate changeThe reservoirs of land and ocean carbo
are much larger than the amount of carbon in the
atmosphere Even small changes in either land or ocea
resenoirs can be important since they might cause a
significant change in the amount of carbon in the atmosphAiso, since so many different
processes contribute to the flux of carbon dioxide in the

For more information on Keelin{
and his work, seg

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

atmosphere, the amount of time it takes for atmospheri Activities that use the Keelini
CQ to return to equilibriumin the carbon cycle varie3. Curve to illustrate how data helf
This makes predicting G@vels in the atmosphere detect patterns are available &
difficult. http://egsc.usgs.gov/isbubs/t
eachers
Before the Industrial Revolution of the mid 1700s, the BEETS I e (o] o\ st ate =V s llo s r=\[at iy

exchanges between the reservoirs were nearly consta l/quide.html.
According to the measuremesifromice coreggoing
back several thousand years, the measurement of carbon dioxide stayed witppniof a
mean value of about 280 parts per million by volume (ppfA8ince 1750, the balance has
been disturbedIn the late 1950sCharles David Keegirfromthe University of Californja
decided to measure carbon dioxide in the atmosphénéially alone and later with help, he
kept a record of atmospheric carbon dioxide measureméotsearly sixty yearshe results of
his work are well known andften referred to and Bown as the Keelingutve.

Climate Change
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Figure 5Keeling Curve Graph
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Measurements of atmospheric carbon dioxide taken from this observatory ¢
Mauna Loa in Hawaii (196@resent) show a yearly increase of 1.5 ppmv. Thi
increase adds almost 3.3 thousand million tons, or gigatons (GT), to thenca
dioxide reservoir in th atmosphere every year.

Balancing carbostorage anctarbon dioxideelease is essential to maintaining an environment
fit for the life of most organism®uring photosynthesis, plants act earbon sinkdy taking in
carbon dioxide, then using the carbon for growth and releasing the oxygen back into the
atmosphere The process afespiration in which carbon release occurs when plants and
animals breathe, die, and decay, is offsefpyptosynthesig Plarts normally use more carbon
dioxide in the photosynthetic process than they release when they respikthen forest
ecosystems, which are net carbon sinks, are deforested, they release some or all of their
carbon.(Forest fires andecay of forest plant ntarial release CHand CQ.) Both of these
processes happen in the ocean as well as on the land.

Climate Change
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When drinking a soda pop, we experience carb
dioxidedissolving into and coming back out of
water. The way the ocean works in tlearbon
cycleis a bit more complicated than a bottle of
soda.Shortterm exchanges of carbon dioxide
occur at the surface layers of the ocean,
especially as waves breakhe concentration of
carbon dioxide dissolved in the surface waters
and the concentration ithe air above the - : S e -
surface must be in a state efjuilibrium If the Two GHG sources: the car emits:@aile running
atmospheric concentration changes by fiércent g?g;i't‘:eHcé’;’:heeTgZ &a"r‘:g"'fvl?'TgeSt'”g food.

the concentration in thavater solution changes by

only 1percent 26

s T e i U S e e et e

In the lower part of the ocean (below the top hundred meters), sheface water mixeslowly
with the deeper waterThe transfer of C£lo deeper ocean water takes several hundred to a
thousand yeard’! The oceangherefore, only provide a temporargarbon sinkn the short

term exchanges near their surfad&'hile the oeans serve as a large reservoir for carbon
(holding approximately 40,000t{;the slow rate ofbsorptionlimits the rate at which this
reservoir responds to rapid changes in atmospheric carbon levels.

Another feature of ocean dynamics also plays a moliéaé carbon cycleThe ocean is filled with
life forms, the majority of which areooplanktonand phytoplankton Phytoplankton carries out
photosynthesis, which removes &ftbom the water. The phytoplankton are consumed by
zooplankton and other aguat&nimals.Most plankton have a short lifecycM/hen they die

and sink to the lower levels of the ocean, the carbon they contain sinkghath. One

organism in particular, extensively studied by Penny (Sallie) ChishoMT at
ProchlorococcusThis ighe smallest and most abundant photosynthetic microbe in the ocean,
andis responsible for the bulk of photosynthetic activiy.

The processof plankton removing C&rom the ocean via photosynthesisdalledthe biological
pump. The biological pumpasa net effect of moving carbon from the surface to lower levels
of the oceanln the springthe upper levels of the ocean have a spring bloom of plankton,
especially in temperate and high latitude zones of the oc&#e. plankton eventually sink to
the lower levels, and their movement is the punfheytake carbon from the surface to the
depths, where it is lost to the carbon cycle for a long tide the amount of carbon in the
surface waters is reduced, more carbon ditexfrom the atmosphere can ldrawn down in
order to restore the surface equilibriur®®
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Figure 6. Biological Pump
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Nature 407: 68§687. Reprinted by permissiof

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

Connection Between Carbon Flux and Energy

dModern industrial society is driven by ene[gy] G Qa L2aaio f AY L 3AMyY S

elSNHe GKIFdQa yz2i LINE. mm:;yauzé?&a)\ od£C

livingt with lessenergy...]. dzi A0 Q&a y2i0 LI2aairotsS {2

move around, without a substantial use ofeegy. And the cheapest way to do that is with fossil fugls.
So that the way we live is going to generate GQil we devise some other system to dé

Henry (Jake) JacoBfy

What accounts for the net flow of carbon into the atmosphere from mangasi Kr@s&rvoir®
The amount of net flow is about@t (6.75 Gt from fossil fugl&.25 Gt to sinks}: The answer
might be found by looking at energglated activities, which accounted for almost all U.S; CO
emissions from 192015 (Se Figure?.)
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Fossil fuesourcesaccounted for 8ercentof the energy consumed in the WPSThe

remaining 18ercentof U.S. fuel sources comes from nuclear (abopeé&enf andrenewable
energy sourcegabout 10perceni such ashydropower,biomass, wind, and solaAlthough

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.

Trends emerge from looking at the ewder data for energy consumpti. Industrial C@

emissions from direct fossil fuel combustion and from the generation of electricity make up 37
percentof U.S. emissions from fossil fagkansportation activities follow closely with 31
percent(almost all from petroleum producjsindustry accounts for 1percent and esidential

and commercial users are responsible forpHdcent As our need for energy rises, so do our

CQ emissions if we rely on fossil fuel combustioff

Figure 7.U.S. Carbon Dioxide Emissions by Source
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Credit:U.S.EPA
Overview ofGHGs

Emissions from fossil fuel combustion for various end users (19951 1999).
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Water Cycle

A crucial part of thele NI KQ& y I G dzNJF foraead
G K @ R NIycl2. Ehg §de describes the journefwater

moleculesromthed NI KQa &adzNF Il OS G2
againt KA a @I ad aeadsSyYs LI2gSNBR BWEERITe) =l
exchanges moisture between tloeeans, the atmosphere, and Souceé module.
the land®®

Two key issuewhen studying thevater cycleand climate change are:

1 Water vapor is &HG Asthe temperature changes, the amount of vapor and clouds
affect radiation flow andilbeda The direction and size of thégfect are uncertain,
although most think it is positive feedbackncreasing thegreenhouse effect

1 Climate change affects the _
hydrologic cycle as to how much an |
where precipitation occur? "

Most of the moisture in our atmosphere90
percentt resultsfrom evaporationof oceans,
seas, lakes, rivers, and strearibe other 10
percentcomes from evaporation of water from
pores in plantdoliage This process is called
transpiration A small amount of moisture
comes fromsublimation when ice or snowa
solid) changes to a g&s.

Joeans & Lakes
et Ao i i

The hydrologic cycle has five steps: The hydrologic cycle.
1. Liquid and solid water evaporate from the Credit: Hailey King,ABA Goddard Space Flight Cent
ocean and land, becomingater vapor in
the atmosphere.
Water vapa is transportedthrough the atmosphere by winds.
Water vapor condensesto cloud droplets and crystals.
Joud particles aggregatey coalescencandaccretioninto larger liquid and solid drops
that fall asprecipitation to the surface.
5. (ontinental rives, aquifers and ocean currents transport the water through land and
oceanreservoirs®

W
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Climate change may greatly affect tgbalwater cycle According to théntergovernmental

Panel on Climate Changd&R5 Synthesis Repoét,| dzY 'y Ay Tt dzSy OS Kl &a o6SSy
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 thebserval warming since the mi@0th centuryé3°

l.j
priorities in Earth science
and environmental policy

The potential effects of climate change on the water cycle a , 2 4
. . al yYzy3aaiud
many.Increased atmodperic temperatures increase
evaporation.The effect of increased evaporation leads to
changes in precipitation pattern¥$hese changes can : : :
: . issues confronting societ)
contribute to more erratic and extreme weather events. : )
) ) : are the potential changes ir
Increased temperatures lead to glacial melting that increase GKS 91 NI KO&
sea level, even to the point of inundating coastal aress. p = p
) . uz2z Of AYLIl U
increase in the temperature of the ocean dimirgslits
capacity to a_1bsorb. COWarmer ocean_temperaturgs also WS R Y2NB |
affect how circulation occurgFor details on how climate
change might affect the water cycle and other natural
systems, go t&limate Change and Its Potential Impact on

[:]

Observaory website at

http://earthobservatory.nas

Societ a.gov/Features/Water/wate
Society) r_cycle 2000.pdf

The Uncertainties of Climate Change Science

dDue to the nature of science,trevery detail is ever totally settled or completely certain. Nor[flas
every pertinent question yet been answeeef.

R.J. Ciceronand Sir Paul Nurgé

GThe Nature of Science [is that] we never quite know for&ifye.

Greg Cravert!
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The complexity oflimate makes it difficult to make ablute predictions of how much
temperatures will rise and the consequences of a warmer ediich of the debate around
climate has focused on, and sometimes exaggerated, the uncertainty of current conclusions o

climate changelt is importantto rememberthat
uncertainty is an integral part of all scien&sery scientific
result involves a certain degree of uncertainty, and
scientists have developed systems to accurately quanti
their results To evaluate the scientific result, one must
examine the magitude of the uncertainty, and make a
2dzRIYSYy il 2F (GKS NBadzZ G§Qa

This section provides an overview of how the scientific
community describes the uncertainties of climate chang
research Later sections will examine how others view th
uncertaintiesof climate change, and how evaluation of
dzy OSNI FAydGe A& 2dzZRISR AY
action to prevent and reduce climate change.

Somekey source®f uncertainty in climate change scienc
include:

1 Which factors contribute to climate changedhow
do they contributehese includelouds, natural
cycles of C& CH, NbO andother GHGsaerosols
(natural andanthropogenig, solar output, and
ocean circulatiorf?

Clouds, for instance, play different roles dependin
on the time of dayDuring dgtime hours, clouds
reflectsolar radiatiorback into space, which has a
cooling effectHowever, during the night, clouds
trap the heat radiated from the eartiThe causes of
longterm changes in nighttime humidity and clou
cover are not yet completelynderstood.What is
the cumulative effect of both of these cloud
functions?Do they cancel each other out, or is on
more dominant?

Scientists are also still learning about the details
the natural cycles of th&HGsMany sources of GO
and CHare krown, but their removal by sinks such

as oceans and the biosphere, and at what rate, have not been established in Te¢ail.

The Greenhous&amble

aLeQa W2Ayild t NEB
and Policy of Climate Change has
created two wheels to illustrate the
uncertainty of global warming. The
wheels depict the possible range o
outcomes of global warming and
the probability of each outcome,

basedonthe P@NJ YQ&a NI

and analysis. One wheel shows
possible scenarios when no action
is taken. The other (above) presen
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 b
found and spun at
http://globalchange.mit.edu/focus
areas/uncertainty/gamble

rate of CQremoval is a function of ocean circulation, which can be very.shmgan
sequestrationof CQ is difficult to observesince the time scales of deep ocean

circulation may be hundreds of years.
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1 Howwill the climate change (globally and
locally)? Animportant question is how
climate will be affected, not just at the globa
scale, but in specific regions. For example,
observations have established that Arctic
regions have been warming twice as fast as
the global averagéi/hich regions will face
droughtand desertification?hich regions
will experience improved growing seasons?
Will there be more extreme rainfalls that
cause flooding, and who will be affected by
most?The continuing improvement in the
speed and capacity of supercomputers is makinppésible to run model calculations at
increasingly fine regional resolution, but many of these questions are still unsettled.

1 What will be the effects of that changeoth on human society and the environment
The ecosystem is as complex as the climate systéedo not have a complete picture
of howthe ecosystem and its components will react to changes in the cliridiéch
species will adaptWhich will become extinctPlow will we have to adapt our sociesie
to deal with the new climateWhat is the range of possibilitie€h the extreme side,
will there be huge numbers of environmental refugees as land floods worldwide and the
middle latitudes become too hot to be livablé¥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?

1 Wil humans, given our knowledge, react (or
not) to preveat or offset the predicted climate
change Given our current knowledge, will we
choose to take action, such as switching to
entirelyrenewable energy sourcew® prevent
possible extreme events that could result from
climate changeWill we look on the chienges
of mitigation as opportunities to be energy
efficient and to develop new technologies to help ¢ human factor contributes to
the uncertainty in predicting climate chang&/e are capable of using our knowledge to
change our behavior to prevefiirther damage to the climate syste/e are also
capable of deciding that the evidence does not warrant a change in behavior, especially
if it could be costlyThese are the two extreme$at must be taken into account when
trying to model future climatehange t is still uncertain which way on the continuum
society will choose to move.

Cryospheras the name for the parts

of the earth where water exists in it|
solid state (ice, snow, an|
permafrost). An important part of the
global climate system, the
cryosphee, is affected by and affect
temperature, solar radiation, ang
precipitation. For more information|

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

Characteristics of global climat|
change models are summarized
a chart developed by the U.§
Global Change Research Progra

http://nca2014.globalchange.gov,
report/appendices/climate
sciencesupplement

Decisions must be made in spite of the uncertainty surrounding climate ch¥ige scientists
work to better comprehend the climate system, governments and indivisluaiist decide
whether or not to take actionldeally, these solutions should be based on what scientists know
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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 thintergovernmental Paneain Climate Chang@PCC¥ and various

governments and agencies are based on mathematical equations that represent the
interrelationships between the factors being coreidd. For example, climate modelers come
up with an equation to represent how cloudsflectsolar radiatiorback into spaceThis
equation is then incorporated into a model made up of hundreds of thousands of other
equations that represent other componenbfclimate Canputer models are only as accurate
as the equation formulations and as comprehensive as the computer capacity allogviast
several decades have resulted in vast improvements; however, both the equations and
computers require constant iprovements and expansidii.

Global climate change models help research and predict what might happen in response to th
many variables involved with the proce3fiey should take into account changes in the:

T

1
1
1
1

Interactions of all of these components.

Atmosphere (circulation, turbulence, chemicalngposition, paticulates, etc.)
Ocean (circulatiopsalinity, exchange of@ses with the atmosphere, etc.)
Qyosphere(seasoml and annual variations, etc.)

Biosphere (changes in water bodies dndmass, etc)

In addition, economic and social aspects can

affect each of those componentSor example,
growing economies use more resources and
emit more pollution. Deforestaton and

increasing C&emissions over the last 100 yearg
are examples of how society is affecting the
structure of the biosphere and atmosphere.
How can we accurately model such a large an(
complex system?

Due tothe inherent uncertaintiesit is
extremelyimportant to validate model results.
Several methods, none individually sufficient,
can be used together to show evidence of a
Y2 RSt QaTh@indthbdr maludéd
1. Simulation of the currentlimate Check
GKS Y2RStQa FoAf Al
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
Technology®

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 modelsare basedn a few specific
technologies. They look at how a set of innovative
G§SOKy2t23AS8a g2dAf R OKI y
situation, often with respect to emissions reduction
or energy conservation. These engineerbaged
models usually conclude that action tlow climate
change will be inexpensive to society.

Top-down modelsbegin with the relationship
between the economy and the environment. The
S rate(pfRechnid@yitalfchan@elis Ge®rmitp@biRtte
assumed rate of increases in energy efficiency (no
related to the cost of energy). This rate is usually
based on historical data of increasing efficiency.
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2. Sensitivity analys@8 ¥ G KS Y2 RSt
components Evaluate how crucial model
outputs (i.e. sedevel, rainfall, and
temperature changes) are affected by the
uncertainty in the submodels, such as
atmospheric chemistry, climate, and ) : :
economic factord® climate plotting pages on thei

3. [,)uplif:ation oitvheAgreenhouse effect(]ﬁec,:k htto-//www.esrl.noaa ov\\/l/ebssdlﬁis?/t
(KS Y2RStQa FoAfAide I e e et s S
energy flavs of the greenhouse effect within
10 percentof the actual flow Thishas already been established.

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

The Earth System Resear
Laboratory scrutinizes oceanic ar
atmospheric observations to improv;
the ability to predict climate. The lal

provides interactive analysis an|

Since climate models are not perfect, in part due to an incomplete understanding of the
physical principles involved and of thastclimate forcing Smulations may have error¥

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 ofGHGs°

Analysis
dUnfortunately, the global changexperiments now underway are not merely academic exercis

the microchips of supercomputers, but are being performed on the laboratory that wadl atier
living things share Earth¢

Kevin E. Trenberth, National Center for Atmospheric Resealr(

Cdlecting 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 Wiatieral and social
scientistgperform analysiof climate observations and data; it is not uncommon for different
groups to reach different conclusions from the same informat@mate prediction entails
determining future behavior for both the climate andmans based on past and present

behavior Natural scientists and social scientists must work togetherextdapolateon the

basis of the data collecte@iven the uncertainty in climate change and thege of

assumptions analysts must make, some of thggested climate impacts are robust

predictions, and others are not.

Climate sensitivity is an important thing to understand becaupeoitides an expectation for
the level of warming in response to the amount of hératpping gase§2L G A4 RSFTFAY SR
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metric used tocharacterizehe response of the global
climate systento a given forci@ & £limate studies
have mainly explored how sensitive model projection
are to different parametersrThis sensitivity is
determined by repeating a numerical simulation with
the parameterin question set to a nominakpw, and
highvalue, etc., and noting how much the model reag
to the change in valué! ThelPCQas used the
sensitivity analysiapproach, as has MIT with its
Integrated Global Systems Model in which researche
examined the uncertainty effects frogreenhouse gas
emissions, climate sensitivity, and heat and carbon
uptake by the deep ocears.

An example of using models t
reduce uncertainties in climate

change data is the method fo

constraining uncertainty

LINR LISNIIASa ao

modeled response tg

anthropogenidorcings over the

1961¢1995 period against climatg
20aSNDFGA2Y A

wSHFR Y2NE
oConstraining Uncertainties if
Climate Models Using Climat
As a result of numerous simulations using different Change Detection Techmigs® 4

models and statef-the-art technology

supercomputers, climate sensitivity has been constrained to a fairly consistenbdigin of
possible values. Very low sensitivities (1° C or less for doubled W@&uld mean that global
warming is, in fact, not something to worry about; but the probability of such a low value is les
than 0.05 (1 chance in 20). The mdi&ely rangefor climate sensitivity is 1.5 4.5° C5¢ And

there is a 1(percentprobability that climate sensitivity is greater than &° possibly as high as
10° C°" For reference, the global average temperature increase for thpetbentincrease in
atmospheric @ which has already occurred is nearlydThe climate science community has
stated that in order to avoid seriowd irreversible damage to theagh's climate system, the
increase must be held to less than@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 thequote above, what is at risk is theagh.

Summary

Bystudyingreservoirs fluxesand thecarbon cycle scientists learn how carbon moves in and

out of the atmosphereOf the 6 to 6.5 Gt of carbon released annually by burfisgil fuels

and changindand use patterns, about half is added to the atmosphere each $feziearly,

someof the carbons$ being removed andeposited incarbonsinkssuch as oceans and

biomass The degreed which CQis taken out of the atmosphere by natural processes is one of
the most important aspects of climate change.

Aids to Understandingrovides resources and activities.
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societies are the most credible sourcdgecause when it comes to finding out what sciefjct
knows, | can't come up with anything that would rank higher. Lord knows these dgjp!
aren't perfect. But theyra simply as good as it getg

G. Craven
"What's the Worst that could Happen'’

Scientific uncertainty and complexity means that data collected regacimgte changenay

be opento interpretation. Uncertainty isan integral part of science and should be taken into
account in making decisions, but the presence of uncertainty does not disqualify the Tdssilt.
section explores who is responsible for evaluating and interpreting that data and looks at some
of the vaying viewpoints on the issue of climate change.

The Major Ators

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 Ga#iiPCC), 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
Graasaa GKS adrdisS 2F SEAalGAy3d (1y26ftSR3IAS | 62 dzi
environmental, economic, and social impacts of climate change; and possible response

& G NI G tha PSCirdeased its First Assessment Report (FAR) il\ppeted after careful
review by hundreds of leading scientists and experts, the report confittmedcientific basis

for climate changé&? 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 suee 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.
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The IPCC has continued to ississessment 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 thereglort. Some of the key
findings presented ithe AR.5 will be discussed in thecton "How have understanding and
perceptins changed ovehe last decadK €

1 Part 1: TheéPhysical Science Badtmch assessment report accumulaselitional 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 sourcesRecent reports have included estimates of the confidence attached to
each findingsuch as "more likely than not;Very likely,” or "virtually certain."

1 Part 2: Impacts, Adaptation, and Vulnerabiliyl regions are likely to experience some
adverse effects of climate chandg@mall island states and leling coastal areas are
among the most vulnerable baase of increases in sea level and stqramsl because
they have limited capabilities to adagRolar regions will experience climate change
impacts significantly as seee is reduced and permafrost is alterédternational
cooperation and coordinatiorsineeded to assess impagksiild capacityand train for
monitoring, assessmenand data gathering®

1 Part 3: Mitigation of Climate Chandgecauselimate change is global, lostgrm (up to
several centuries), and involves complex interactions among several processes (climati
environmental, economic, political, institutional, social, and technologiaalsponse
to climate change requiremaking decisions which demand taking risks while being
uncertain about the possibility of causing irreversible
changesThis part of the report address gaps in All IPCC documents an
knowledge and describes the many challenges of reportsare available at
mitigation.®* www.ipce.ch

1 Synthesis Repartn addition to the three techical
sections, the IPCC preparadsynthes Report (SYR) which summaritieel findings of
the three technical parts. Since this is typically the mosielyi read and cited of each
assessment report, it is subject to unusually detailed review and editing. The AR.5 SYR
the best entry point for the inexperienced reader.

American Association for the Advancement of Science

The AAAS, founded over 150 yeage &y 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 pulsisieince
magazine and convening meegis and conferencesloweverjn recent years AAAS has issued
reports and statements on key STEM issues. In 2014, AAAS issued a white paper entitled "W
We Know: The Reality, Risks, and Response to Climate Chahgelocument affirms three
statements onwhich there is virtually total agreement in the climate science community:

1 Climate change is happening here and now
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1 We are at risk of pushing our climate system toward abrupt, unpredictable, and
potentially irreversible changes with highly damaging intpac
1 The sooner we act, the lower the risk and cost. And there is rthattcan be doné?

Other professional societies, such as the American Chemical Society and the American
Geophysical Union, have also issued statements on climate change which areral gen
agreement with the AAAS position.

National Academy of Sciences

NAS was established byrgressional charter in 1863. Together with the National Academy of
Engineering and the Institute of Medicine, it makes up the National Academies of the United
Staes. NAS members are selected by nomination andab 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 STE#lated issues. The NRC has issued a number of reports
relating to climate change, inaing a massive muipart

report entitled "America’'s Climate ChoicéRecently, the NAS NRC reports can b
issued a joint statement with the Royal Society of Great searched and downloades

Britain, "Climate Change: Evidence and Caligéss from the NASwebsiteat
statement corroborates the IPCC and AAAS findings, amon www.nas.edu
which are:

1 GHGsaffect the arth's energy balance and climaté.

! Human activities have addgsHGgo the atmosphere*

9 Climate records show a warming trefd.

1 Many complex processes shape our climte

1 [Nevertheless] human activities are changing the clinfate.
The Vatican

In June 2015, Pope Francis issued a sasging encyclical letter ("Laudato si™) on the topic of
the environment, sustainability, and social justf&he Vatican does not carry out original
scientific research (except in astronomy at thetivan 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.
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GThe climate is a common good, belonginglicand meant for all. At the global level, it is a com
system linked to many of the essential conditions for human life. A very solid scientific cors
indicates that we are presently witnessing a disturbing warming of the climatic system. Ih fe

decades the warming has been accompanied by a constant rise in the sea level and, it would(

by an increase in extreme weather events, even if a scientifically determinable cause ca
assigned to each particular phenomenon. Humanity is ctileelcognize the need for changes
lifestyle, production, and consumption, in order to combat this warming or at least the human
GKAOK LINBPRdzOS 2NJ I 3ANF @GS Ad X | ydzyo SN
recent decades wue to the great concentration of greenhouse gases (carbon dioxide, metflane
nitrogen oxides, and others) released mainly as a result of human activity. Concentrated|in t
atmosphere, these gases do not allow the warmth of the sun's rays reflected &grthdo be
dispersed in space. The problem is aggravated by a model of development based on the inte I ive
of fossil fuels, which is at the heart of the worldwide energy systgm."

Pope Francig
Laudato sf°

How Have Understanding and Perceptions Chan
Over the Last Bcade?

IPCQlefinesprobability

Over time, arincreasing amount of da on the arth's estimates. For example
climate has been observed, validated, and archived "more likely than not" means
Increasingly detailed model simulations have been carrie BRI ERISE N0 0Nl [e=R il
out using new generations of supercomputefle results human activity may in faci
have been critically examined by a large numblkeexperts. not be affecting the climate,
All of this has advanced our understanding and reduced tHE S E WA LE AN EE R E
level of uncertainty associated with climate change the null hypothesis, which i
observations and forecasts. In this section, we highlight t that our activity does not

particular areas in which our understanding of the climate BEEVi{=laRial=Xe 1af- (=M F- o]0 | (VA
system hagrogressed. chance out of 100 (p = 0.0]
of being trua that is, the

In its First Assessment Report (FAR, 1990), the IPCC stat odds are 100 to 1 tha
that the balance of evidence suggested thattan activity humans are causing climat
was affecting the arth's climate patterns a rather vague change, with possibly
and indefinite statement. Successive reports have been catastrophic consequences

increasingly definite on this point:

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

1 ‘"likely" (Third Assessment Report, TAR 2001)

1 “very likely" (Fourth Assessment Report, ARQ7)

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

Climate Change



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
changingand 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 cordraritte solid
evidencethat the confidence level is 95%aat 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 climahange depend on cumulative
carbon dioxiddCQ) emissions, which in turn depend on annual greenhousgG&ks)

emissions over the next decades. This is shown in the figure below, taken from the IPCC Fifth
Assessment Report Synthesis Report Summarydicyitnakers.

Figure 8. Cumulative Temperature Risk
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(c) ...which in turn depend on annual
GHG emissions over the next decades
Credit: IPCC

Relationship between risks from climate change, temperature change, cumulatpen@$3ions and changes in
annualGHG emissions by 2050.
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