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METEO 469 Course Outline
Lesson 1- Introduction to Climate and Climate Change

‘The lnks below provide an outine of the material for tis lesson. Be sure to Canvas to
submit your assignments.

Introduction

GLOBAL

VARING

Credit: Today in Montclair. 9461111

you complete the Course Orientation?

About Lesson 1

ntal, and

time.
econamic impiications, one must appreciate the tofirstlay down

i ‘a5 well as aspects of other
Witha we goon

reas of
impacts and the issue of :

Inthe process, we will learn how o do basic computations and to use thearetical models of the climate system of varying complexity to address

quosiions ogarding i impacts of
investigate id “The structure of the course roughly
parlls e (realme«l o the subjet mater by herepots ofthe CC), 9

science, impact y Inerabilty, and mitigation. We il use a
variety of heso topics, video, audi p

resources.

components of the irate sysien (e simosphers, ocean Dryoevhere and osprerey Yo i oty lnlvoducs some of the other key
positon, wil

Bobreon naurs and Human Mpact on clmale o il
exploe tho crucal opic o feedback mechanisms, ncuding i we wi bgin
o explore a number of the role in

What will we learn in Lesson 12
By the end of Lesson 1, you should be able to:
define the Earth's cimate system and its components;

: dsinguish he y :
« explain the greenhouse effect

describe the role of feedback mechanisms; and
discuss the role of uncertainty in decision-making.

What will be due for Lesson 17

Ploase rofor pe

“The following it esson 1 d submission located within this lesson.

Read
o IPCC Fith Assessment Report, Working Group 1 &
 Summary for Policy Makers i

+ A Introduction: p. 4

. Carbon and O p. 1112
e of Cimats Change . 1314
DiroPredicions, v2:p
 Paricome ihe LESSON'- GENE o
What is Climate?
) pect: get. Thatis to say, lmate i the
n realy ) . buttho
Denaviorof defned ping of aceans, ca sheets, and biosphers.

favin . wo can begin hile
of behavior of the aimosphere, oceans, etc., s s average bhaviorcan change overime. Thetis 0 say.what you "expec”of i weslharg ot
always he same. For exampl,durg El Nio i th

ot e varos ovr e

W , then is es and No. Ahundred milon yearsago,during e ey pat
of X mple,
there was no ico even at the North and South poles. ptiai o . R
atthat fime?
intof why can be found in many of hat the Earth may. Some of the most

RGN etatons e om e 19 contry A BAROMIGgt, GITIE Sharcs v Lok 6ok o e o i oncerings

One section of the Age of Repiles mural in the Peabody Museum
Credit: Yale Alumni Magazine

Think About it!
Wnat features of the above mural might provide a ciue for why the arly Cretaceous was 5o warm?

Glick for answer.

So, the major to changes in The
h ibout today. are, however. not natural. They are due to human activity.

Importance: Why Should We Care About Climate Change?

Figure 1.1: Polar bears walking on meltng ice.
dit Th

=79
=
e —

'd Global Warming m

naturally, v
taking place today? Afer al, P today, but i thrived evenin regions, such as the.
interior of Antarctica, that are uninhabitable today.
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isconcepton et e o do with the the Earth. That s not, in fact, the case. Itis,instead,

the rale of chan Living things, can easlly changes in ci I the

Cranges ke posa sowy, ove hams s of years o ongor. Howova decades

is far more challenging.

Horeis 2 use (. instead of we were living
ihe last Ice Age, and pushing us out of th resembling

7o pro-indusralperod atnr han ]
oo e e o Geisous. ke o0k ot Flgoe. 15 eion v nelctos e Gul ccaet contnentl il noa o g o te st
Ice Age 18,000 years ago, vs. the current continental outine.

Figure 1.2: Sea Level: Today vs. the Pleisocene Epoch - Enlarge 1

Crodit: E2A
Everyhing g wouid be looded
would tha have taken’
th thaw after tho increase from 180 parts pr milion (ppm)
10 about 260 ppm. This was a smaler increase than th presenttime increase dus to human actiles, such as fossi fue burming, which ths far
ised COy about 400 prm-a evel which
So, arguaby, f fho dawn of industalzation had occurred 18,000 years ago, y the cimato tothe
oo prendustral stae
. over a period
centures hat crrenty proj <0,
3 “01d Orfeans” he Gulfof Mexico 100+ miles off
e coast f New rioans. f the urrent locato of New Orieans"
By some measures, human ntrfrence wihthe clmate backthen, had would
climate. Pl from those of the
imes pror o What is tha the o s
abjeciively "optmar. Th and our pled 04 p i
ourcase, 9
a1 cause signiicant conseduen; disupton n ourwor.
Here is an oxample tht relaes how p in the changing n
o 2010 o “ho popuar star Goorg
Telvision n y p nd &:48 I the Inked video o)
Figure 1.3: CBC's ‘on the right).
So, hopetuly, o about But
So, in the remainder of tis lesson, we are going 1oy 1 begin gobal
warming
Overview of the Climate System - Part 1
The components of the climate system
a number compornents. I this course, we il focus on the

., hydrosphere, cryosphere, and biosphere. Piease ciick on the arrow i the

hrough

Credit: Schematic of Climate System, [PCC 2007 1

Atmospheric Structure and Composition

The . and the spend the most time talking about

One key P

Figure 1.4: Atmospheric structure.
Gredit Britannica.com

. y getto 50 k. . the Eart's atmosph futher in the
discussion below, conslutes a very thin shell around the Earth
e @poneildecay of roseurs withalfude [l
Ideat s o o o rtoabs s e Wi o 5V MIET bl ot o apls 1.8 s 94, re e v oo e
e I ou case, he 0o 1 es, and he appropiat fr of e il gas aw s
p=pRT

[

s the densily of the atmosphere, R = 287 J K~ kg™ is the gas constant hat s specific {0 Earts
atmosphere, and T s temperature.
T 2nd principl s the force balance, There ar two primary aciing on . whi the othe s what s
known as the one part of partof This balance
is known as the hyciostatic balance.
The relevant in When we are talking ab
atmosphere or ocean ), Torce per unit volume of i

Inthis form, we have for gravity (the negaive sign indicates a downward force):

Fyrovity = —p % g

@
where ] 81 ).
The pressure gradient force has (o be witen nterms of a derivtive:
Four = g
@)
The positive sgn insures i y force

In equiibrium, these forces must balance, .

a

@

a1 2 = p/RT ghing

dy/dz - 71’/131 *9

)

or re-arranging a bit,

6)
This is a relatively simple first order differential equation.
corchao
[
et
e |- (Yr) -]
m
- e,

“This equation is known as the hypsometric equaion.

The combinaion 5/ has unis ofinvers engt, and so we can definea scale height (assuming a mean temperature T' = 14°C' = 287K,
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=BT g km
@)
and vete:
Py = expl= (2= ) /)
@)

413 of ‘At this alitude, which bitbelow the height of Mt
Everest, roughly 213 of the atmosphere i below you.

Self-check.

Click for answer.

i, layers of
\
Water vapour aypton (K1, hycrogen (H),
0,04% xénan ), and oone 0,
Carbon mux\de (€0,), 0.04%

Figure 1.5 Amospheric Composi
Gl Mar . Ko D riios: UndartacingCimat Change, 24 Edon

15 Poarson Education, nc
Now, lotus tak a bit more about the atmospheric composior
The atmosphers is woll mixed,which i 0 52y,

oving mxing mospnere. The aseumpton o

of elationship of
pressure with height in the almosphere.

There are, of course, 3 some is
pr i the surface ‘Some gases, such as methane, have strong sources and sinks and are

por is highly variable in  and, in fact, i, iquid, and solid form during
por surface, and the form of Snow). The existence
of such phase transitons in por component of the atmosphere is an of
P water vapor, methane, and a

d, specificaly, their role i the so-called greenhiouse effect. This topic is
explored in greater detaillater on in this lesson.

Overview of the Climate System (part 2)

Basics of Energy Balance and the Greenhouse Effect

An i provided ¥ incoming 0
brieftutorial is provided below, frst with the short oy link

below to open the animation in a new window.)

©2003 Prentice Hall, Inc. A Pearson Company

Now sxloe tis e yoursl, styour o aca. It ks
energy budget

‘Short wave Energy Bud
S'5003 Praniee L I A Pearson Campany

« atthe surface.
« within the atmosphere
« atthe top of the atmosphere

o

emited from the surface o outer space.

Inout s scussion sssion s th and of i esean you wil b sk f spaclal o Gt sspecsof s schamat,and t poss some
questions of your own for your classmates to attempt fo

Seasonal and Latitudinal Dependence of Energy Balance

Next, th i i . thatis, averaged over is surface, and averaged over
time. However, in reaiity. time. power (energy
per unit time) per unit ‘energy flux, which can per square meter (Wim?).

“The dominant spatial variation occurs with laitude. On average, there s roughl incident on

i
the Earth, averaged over time, and over the Earth surface area. Obviously,there \s more incoming solar radialion ariving et the surface near the
equator than near the poles, On average roughly 0%k, orsbout 100 Wi

70% of ion the Earth's
suface. The parton ¥ , owing foud
andice cover

Sola radion (W/m?)

Rected by v

Rttty Eassaiee\
Bt A
e

i Rociman, Ears Cimet: Post nd Foure (1 Eroomn, 2007

Moreover, radiation
E 3004

3 250

Z200-—

20l ouboimg
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< Incommg solar

-2 50 radiat

k4
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Figure 1.7: Net Incoming vs. Oulgoing Radiation as a Function of Latltude
Credit: Ruddiman, Earth's Climate: Past and Future (W.H. Freeman, 2001)

i the cold polar regi
0 30 !
Annual Mean Temperature

Figure 1.8: Annual Mean Temperature

Gredit: Wikimedia Commons

“The disparity shown above (Figure 1.8) between bsorbed

emitted from the surface poses a conundrum. AS we can see in Figure 1.8, oulgoing radiation exceeds incoming radiation near the poles, .., there.

is & det of etalin tiho urface. Conersey her s a surplu o incoming adiao nearhe equtor. Shoud he poles,herfore,catiue o
and the tropics continue to warm up over time?

Think About It

Any idea what the solution to this conundrum might be?

Click for answer.

5 il et lessons, e apul of e Sun e socolled
Solar constant, can vary by los of decad Duri billions of year ago, th

s robably about 3054 Tess g a1 loday- i, ,oplanng oo Ear\hsc\lmahe o e soon warm anosah o Soppon v ack
then remains remains somewnat of a chalienge, known as the "Faint Young Sun" paradox va

Even mor cramatcchangss n sl insolto ke placeon shorer 129 : nowever, go
not have o do wih the net output of the Sun, but rather the distribution
the Eantrsdaiy rolalon sbout s axi, "ahh ofcours lads 1 igh and ey an v annuel orl of h ot abot Sun, whin| \esds m o

Tt oftho i, heprimary reason o o oasons s ki
m Sout

ety et Sthr owercs o v o e Sun. Gopendng on e e 1 Yoo

Check it outfor yourself wih this animation

©2003 Prentice Hall, Inc., A Pearson Company

W
- o

Figure 1.9: Seasonal Distribution of Net Solar Radiation Received at Earth's Surface With Lattude.
Credit: Ruddiman, Earth's Climate: Past and Futuro (W.H. Freeman, 2001)

ry (ie. it of the axis, the degree of eiptcaliy of the orbit, and the slow precession of
ne o) ar esponai ot caming and 55 o s 6008 s 1on of BouSandsof yoars T wi vt s o e 1 cours,

Overview of the Climate System (part 3)

Atmospheric Circulation

ihe course of the seasons, with the Sun, in a
Tollive sense, migraing souh and hen nor o he equalor over e ourse of e year_tnat sl migratio, between 238 na ZaN, deﬁnes the

g smosshert ol Asve e e o/ o, and
having o ying y y
potiogriid y Locks o o s a osut, thrs s a tendency
forvng s Gnd win i) na zonaof Zons or ITCZ, which
e oautor bt s i n Gourse of he year. ater hermal
et ne espanse ois e ocean, and the TCZ shows
oes o st St the sasons. By Conras, over " e,
rosuing nd
The air fisng in o subiropis, prossure and
e subiropics of "The rosuing Hodioy
CollGroustion. n su-poler aitudes, egion f low sface pressure.
fron. These bets of and the associate
m..mm o i st over i coseof e year o espanie 1o e sy o e S o o elre o ke phon et
et and
poles. Wo, mn.m.., motethat the aimosphers and
tean somenow 1o s mbalance by anapering beat sl oudh & pocess Kiown a5 ot sdhecio. Wo e now gan 15 ook e
ngredent, namely
irolaion.which has the et efect nere 18 urps et
o The ltera by e
o {acing in e : hat exise
Ghe tohe el taing. s beance s own a3
i moton otin
he Souther Hemisphore low suriace pressure. As &
P pical nigh o sub-polr low prossur
el of the polar on. lowing fom west 1o cast. Vi cai hese ; e sinucurs of he
aimosphere, and ba
WeSiny winds become Sronger it feading o the niense regons of i it atude uzper roposphere
Canversely, winds i the op How by the perhaps e rade

winds. In rotation of
fotation of winds about high pressure conters. The directions are opposite in the Southern Homisphere.

owargs o presadts contors. The rosut s spraing ibout high

pressure centrs. The convergence ofthe winds loward thelow pressure ceners is associaled ilh e g amaophe . o 1 ocars
low the winds away from

motion that occurs within regions of high atmospheric pressure.

The polar front, masses near the poles from
the warmer air masses in the subiropics. In fac, i i the unsiable propery of
haracterstics, known thats respor the
the work i Gold front The:
g cold pol .in S0 doing,
poleward, along the lattudinal temperature gradent.
circulation of tis animation:
n (Gyres, Thermohaline Circulation)
a5 wo il seo
Horizota circulaton, characeized by widrven ocean gyres
Figure 1.10: Global Ocean Currents
Gredit: NOAA 11
The major These include the Guif
Stroam, which is associated with the North Afantic Gyre, and the Pacif
oot Norh A and . Caons Curontin e
western North Atan The horizontalp
e manng paterssof i 30 & nchon of (e, a1 b, oy e ¥ mic-iatitudes in

the tropics, discussed above.

An  which ferred 10 as the
circuiation or MOC: The circulation nattern is shown below
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re-

= e b e

s

~ I3 ar
gt 111 The Ocoan's Meriional Overtuming ircuation or “Conveyor Beh Circultion®
Credit Image courtesy of Windows to the Universe r-

By contrastwithth horzontal gy cieations, tho MOC can b viewed o
motion in the re broadly in the ¥ the Indian and Pacific ocean. This
ircutation paish s cven by conrasts i gensiy, which are, n tum,argely e 1o

thermohaiine). The sinking of the sub-polar North Allantc, and the rising molion with

e vty war waters i th opicaland sublopical Pacie anc nden ooean.

din Figure 1.1 sbove s the acual veral

in the
in the North Atiantic is

in. Nontheles:
Somimon aronens s ne Gl St Tha Gul Sk e daeutacs o
By cor oo Atant. s gty rferd o s the Kot
Atlantic D o heNort Atenlc and s o an mporart
eans by which lower laitudes.

a key role in past and potential future climate changes, as will be explored later i this course.

Other Fundamental Principles

Reading Assignment

B further, the

« From the [PCC Fi (04), s
o o O B e saehon G Drvers Limats Chane (o 7514) o e S o Sty dkers

As you read, pay particular natural vs. climate, and human factors
influencing cimate. Consider the following questions:

Is modern climate change driven solely by humans?

g in terms

or

Natural vs. Human Forcing

Rosao ey amsins nd s

| "
= o+
B -
3 =
T o

Rasoun e e o 750 )
Figure 1.12: Radiative Forcing Components. [Enlarge 1]

Credit: IPCC, 2013

Lt usconsdermare oselythe above fure (Fgure 1.12)fom he 1PCC Surmmary for oly Makers . Thers s oot o lormtonpacked 1 s
ure. Fi s natural a te. Later on n t

sk ot v o have im

d by their estimated the
enrgyper it me at a gven orcing aclor el por suaremle of o Eartr'atace. T sl hing o gy alteron o s whethr e

]
ofis how high of low the forcing assodiated withtha facor i, a5 indicted by he length of the e Firaly ke oo o e eror bars (e are

Shown as the horizontal “barbel” cior n queston

e into two ] natural You may bo surprised

©leam o here aro other ntabie anth ndoed, f
ettt of g tog direct an indirect

ol 9 roughly 0.8 as large as the forcing

1vwgmy| 7 Win?) due m (though aerosol

forcing i qutelarge). As w willsee in later lecures,

warming over he past cantury.

one q o climate is ot shown 1 to reficiive

aerosol njected Uniike ofher forcings. o, raih in naiure. Expl

eruplions may If there a . this can

Tesue inLosson 4.
Feedback Mechar
The response of . or , wouid bo far itis, were it ot for

ampliy (posit

feedback) or
‘@ feedback) the response to a given forcing. On balance, the feedbacks are believed to be positive in the sense that the response of
o q Is greater expect from the f Jone, because of rising from

these responses.

“The principl timescales, are:

1.The g of water vapor. por is a greenhouse gas, tisleads
{o futher warming.a Positive Feedback s
2
solarradiation a Positive Feedback
3

g ption of incoming

effects:
here prodt . The pr 2 more solar
space: a Negative Feedback
2 Varmer aimosphere . like cirrus. The primary impa . high clouds is to

ofctdue o trl
ortwave solr radition: @ Postive Feedback

O balanos, s boenbolved tra h negatvs coud raiave feodbacks winove 16 posiive cloud radv eedbacks  ough e ow cloud
very

well be posilive.
The net effectof all warming due a (be t increased greenhouse
a5 concentaions due o fosi el emissions, ncreased solar ulput or some ol extarma forcing) beyond what would be expected purely from
o omer o sxaple. 3 Sauoing of O conamtatons seaive 1o ple-mﬂusma\ vl vouk in e sk of ek, \eadmmug iy
b 25-0 warming. However, our bost estmales ibout 2.5° hile the
C warming more uncertain, the mma eadto
R e 2 conig. hedup e momber, o 10 about 25° X
closerto 3C).
Warervapor P—
posin iceabedo,
negnie 2
pisel £85°€ clouss
&
oousing
o " g
.mw e
nereasd O, Addonalvarming
oty ot eedbacs Toulvarming
o
dear sy

Figure 1.13: Climate Feedback Mechanisms
Credit: Ruddiman, Earth's Climate: Past and Future (W.H. Freeman, 2001)

ptin more detail
The Carbon Cycle
The €O, and other ified .., doubled from some
al level, and calcul fcial, however, 3
X but i heric emissions, which can interact with
the climate system. For example, lfe on land and in the ocean can both take up and give off CO);
o o green plants,
d ed flected by the change, &.0., I

because the growing season becomes longer and the piants have more time for photosyinesis o, on th ahe i, warmor temperatures might
ity and in't Ingenera o Ea system prcesses
m the

Mchem\m\ physical, or that emit CO, to the rbor
atmosphere are referred to as carbon sinks or 05sos. things, the
it aysom. soch 2. or xampl, (which helps {0 seq: . and

therefore can influence

CARBON
RECYCLING .u ncbon

e

Deconposers feedon
dead plants and i
nd eesse catbon i

9_‘&
s \T/ e
aton o thsl
s e oon

Figure 1.14: The Carbon Cycl
Credit: Mann & Kump, Dire Predictions: Understanding Climate Change, 2 Edition
©2015 Pearson Education, Inc.

We refer emitted in 0, So far,only rougt of our carbon
ions. b sink i the upper ocean,
roughly 25-30% of the CO,, while the terrestrial biosphere has absorbed another 15-20% of the CO,,

upper ocean and terrestrial biosphere are likely to
Jlesd iy and o atinona) GO 2 e obe ot Yo i Namens v anbom bacion ol GO e senesphere

bi €0,in

Figure 1.15: Natural Carbon Sinks
Credit: Ruddiman, Earth's Climate: Past and Future (W.H. Freeman, 2001)

the

e concept o p
accumulated lead to a doubling of CO, cycle
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foedbacks. . the p raction to increase. As a result,
the final ‘would be greater than ings, hors i o v e worning
than one would estimate from applying the standard concep!

‘Such complications lead to the more general notion of the Earth System sensitvity. We wil revisi these concepts later n the course.

Lesson 1 Discussion

Activity
irections
Atthis point, d the. 469, Lets talk!
of the material thus far. hought what
you hope to leam. Also, please discuss the materal presented in Lesson 1
e on how to use this
tool) of me. Since the ci i
check the forum pariicip o rocalvo o-
el alets éach e iere 1> a now post.
i o your
posts.
Postyour comments aiessingsome aspct ofthe e ha o nerest L you and espond o ler postngs by askigfor larfcaon,
 lc. For each niew opic you e posting, lase o
with r
Suggested topics
he purpose of the discussion s o faciitate a thoughts and the students, and to discuss any
T gonere et e o 5 reront 00, you may also use the below.

General discussion of METEO 469

« Why are you taking this course’
Wy are o vt v change?
. toundersiang

lsit
 Vinat o you hope o e m e course?

Lesson 1: Introduction to Ciimate and Climate Change

. 9. what s the weather? Why is it important to diferentiate between the two?
« Discuss natural vs. anthropogenic climate change.

« What are Can we know our Which
mechanisms are considered most important and why?

Discuss th f Why

- Di levels.
‘Submitting your work

1. Goto Canve

2. Goto the Horme ab

& Clckon Losson 1 discussin: GoneralDisussin of METE 469
4 Post your comments and respon:

Grading critei

You wil e graded on the qually of your partcpatin. rubiic s for the specifics on how thi willbe.
raded.Pea i the last day of the discussion 1o make your first

Lesson 1 Summary

We have reviewed the essential g 9 including:

ihe concept o imat, cimate change,and iobal warming;

. oceans, cryosphere, and biosphere;
o stucurs and compostion of o Eafs atmosphers:

the concepts of radiation and energy balance;

ihe natrs of the Giculaion of the amosshars and the oceans:

the concept of radiative forcin

climate feedbacks and cimate Sensitiviy:

carbon cycle foedbacks and the Earth System sensitiviy

o arenow well oqupped o begin daging it o dea y What data are available

that an o nat indiec dta are avalble that placs isora!cbservation
to assess whether will be our next topi

Reminder - Complete all of the module tasks!

Lesson 1 the first page of this lesson to make sure you have completed all of the:
activities listed there before beginning the next lesson.

Lesson 2 - Climate Observations, part 1

The e lesson. Bo sure toCanvasto
submit your assgnmens.
Introduction
About Lesson 2
How do we know that that the factors e . such
concentrations, are themselves chana\ng“
To add chinges i e sropertsof ou amosgher over me.
These messirements are ot wilhout thee unceraintos oy caer e 6 V) canre et s wnatrbr aoparts
Gimate an and whethet the et rospense

of the climate system to human impacts ought o look like.
What will we learn in Lesson 22

By the end of Lesson 2, you shouid be able to

« discuss the various. in surface and the historical period;
« discuss th of the of past cimate; and
. analyses in, and rel belween, data series.

What will be due for Lesson 27

Ploase pe frames
The following esson 2. submission instruct) located within this lesson.
« Read.
 IPCC Fifth Assessment Report, Working Group 1 ¢

+ B Observed Changes in the Climate System: p. 4
Atmosphere: p. 5-8

34
« Problom Sel 51 Pao beic statsucalanayees of cimal data.
Questions?

if you have any questions, please post them to our Questions? discussion forum (not e-mail, located under the Home tab in Canvas. Tt
intructorwil check hat iscussion orum dlly o respond. Whe you ae there e e 0 postyourown esponses youcan help i anyof he

Observed Changes in Greenhouse Gases

Befc that
. purpor 2 9 ly changing in ol

Thank Roger Revelle .

Roger Revelle.
Credit

Revele, as we wil later see, made Less known, but equally
impertait, was th isage and merorshi th! Revllsprovided 0 oher h

iogo, atmospheric
O, loves from an appropriaaly selecied ste.

Think About It

Why do you suppose it is adequate an indication of changing
global concentrations?

Click for answer.

Rovollo and Keolng stled on th o of tho mourtan poak Mauna Loa o he b and ofHawa, osiabling utng he Itematonal
Gaophysical Year of 1958

Charies David Kazhng
Credit: NOAA oy
-

Mauna Loa Observatory.
dit: NOAA 2

From this location, Keeli from Since then, ong-term
record have boen establshed in otherlocation ovr th iobe 3 wel. Tho e of Keelng' lbors s arguablyth ot famous curv n al of

atmospheric science, the so-called Keeling Curve. pm

when began in 1958 t

‘about 2 ppm per year presently).

Atmospheric CO, at Mauna Loa Observatory

Sergps nsttyion of Ocaanography

NORK Earin Sysom Researcn Labaatry
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e w0 e 0 om0 200
vean

Figure 2.1: Atmospheric CO, at Mauna Loa Observatory
Credit: NOAA i

You might be wondering at this point, how do we know that the Increase in CO is ot natural? For one thing, as you already have encountered in
Yousracing,he rocet el o unprscacdenod ovr many ilnna.Indoed, uhon wo cover h Lopi of pleoctmate,ws wil sco tat
Tongor rlaonsh bemweon GO nd tprasre, IhoUgh o sty o 24 SEFE 24y miGH ik

the source 0gis e human, L., aniropagei, 1 ums ou at caron i o

buried in

carbon that is depleted of the heavier, '%C, carbon isotope. Fossi fuels are thus relatively rich n the I\gNar \smwa‘ 2C. However, namval
aimoshnenc GO prouced by respiation (5 I animals s us, o pants Which bot respre anl photosyinesze) (ende 15 have a reater
abundance of the heavier 13C fthe CO, natural sources, expect the ratio of 13C to 12
o be getiing higher. But instead, the rato of 1 to 12C is getting lower as COy is building up in our atmosphers - i.e., the ratio bears the fingerprint
of anthropogenic fossil fuel buring,

Atmospheric carbon istotope ratio (d)

CARBON-13 TO
CARBON-12 RATIO =

Organic
materdeedsource

o w0 2000
vear

Figure 2.2: Graph of carbon-13 1o carbon-12 Ralio from 1800 - 2000.
Credit: Mann and Kump, Dire Predictions: Understanding Global Warming (DK, 2008, 2015)

g

1800

. rice
culivation), ivestock raising, and dam construction led to substantialincreases in methane (CHy) concentrations. Agricultural practices have also
increased the concenration of ntrous oxide (N

Using st busbles nco corss, we can examine small bl of simasphers rspped n o, s t accumulatedback n e, 0 reconsiuct the
compositon of the including

00 years. Longer-
torm o oo s o hesonds ot yore e pebepe sovert miton
years.

Carbon doide
£
H
i
ethne
£
Ee
H
T
irow s .
|
£o
&
B
Figure 2.3: Changes in Greenhouse Gases Record in loe Cores.
Gredit: Mann & Kump, Dire Predictions: Understanding Climate Change, 2°¢ Edition
© 2015 Pearson Education, In.
Reading Assignment
Before we go any further, please read the following document
« From the [P 1.2, read section B, the i (p.4). and section

mthe
B.1, Atmosphere (p. 5-8) of the Summary for Policy Makers b
As you read, please pay particular attenton to:

« the variety of sources of data,
N among the

Modern Surface Temperature Trends

Instrumental surface i stations, islands,
more than a century of estimates
o e, s s Avabe o At an v portsof S Aepac, AR, . Eaas e ot vy ol s cortr docncen,
but records in theso regions become available as we move into the mid and late 20th century.

he animation below is taken from the NASA

pe are typically
It in New “Tomis Diner® et Sangtame). oo of sovral scintc
ihat monitor global It the late
Tt centry. d into 5 year blocks, el o e, warm
regions 1950-1 3 1950-1 . by the Youmay
nole'a number tha appeats n the upper fghtcormer of e Pt Tha n iy over
any given time, again, relativ 1o the 1950-1980 average.
g 50 you can just how rich
and complex e penems orsurace lemperalum vanitons re. Do you g and coolng in
Pac be? [We will talk about

Take note ofany priulry ineresing patisms i spece and s ihatyou sse s you review the srimato, You can um yoursaund o e s
e 5 You Pk o e slon e amation. Ther, W you a1 1o, e (e S50 o 47 Yo oo e Michas! Manrs 1.

Credit: NASA's Goddard Insitute for Space Studies v
Wa can avrage over i anrscobs orany iven ysar and get s singl number, th global sverago tamperatr. Her s the curvs s dot f we
plot out that quaniity. Note that in the plot below the average temperature over the base period has been added to the anomalies, so that
estimate reflects the surface temperature of the Earth itself.

.

S

v et

R ——

Figure 2.4: Trends in Global Average Surface Temp. 1860-2015.
Credit: Mann & Kump, Dire Predictions: Understanding Climate Change, 2™ Edition
©2015 Pearson Education, Inc.

Wocansco et h Eart has warmed ot lss han 1C (et That
view. Whatis the cause of this warming? That is a more diffcult

aueston, which we vil adress aer
e dicussed s e colng et evdent 1 ot of e Norhers Harsters ety over the and masses) o e 1040319708

nd. Thera was a
anson s el hat migh b 1 Cach In e apsence ofoher ok, changen 1 he Ears il ooy a4 oy ln dbscont (oo 8
very slow onel) into the next ice age. Also, the buildup of almospheric aerosols, which, as we will explore, can have a large regional cooling impact,

that i Ice Age n the 1970s, why should we trust the scientists
In fact, it was far fro within mid
into another ice ol

o warming v kel i ot

We know that, indeed, the short term cooling Northern in the 19705, and, since then, global warming
has dominaled over any cooling efects.
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TEMPERATURE CHANGE
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[ T e )
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Figure 25: Northern Hemisphere Continental Temperature Trends.
Credit: Mann & Kump, Dire Predictions: Understanding Ciimate Change, 2 Edition
©2015 Poarson Edication, .
g solely from the fact that the globe is warming. However, we can look

of the.
fo posil lues Jus ks frenscsexports, chmme scenists efrto mese clues a8 ngerprits. It ur ottt naurl sours of warming give
his s p: von we

S varcal paior of watmies i ihe amosphore, T oo nox top.

Vertical Temperature Trends

the

atmospheric

the vertical
warming. Whi s
e ter e e patconun oy revea\ 2 remariatl patr, Th lowe part ofthe aimosphers — he oposphrs s beon warming poled
with the surface. However, once we get info e we will lear later when we
focus on the problem of climate signal i certain forcings are ooen . while other
forcings are not.

ATHOSPHERICTENPERATURE CHANGES
ATMOSPHERIC st it e e

M-t upper topuspher enperatre

Figus 26 Rocent Tampararo Tends Vs Lovl i he Amosghare
redit: Mann & Kump, Dire Predictions: Understanding Ciimate Change, 2 Edition
©2015 Poarson Edcation in.

Think About It

careto to ing

Click for answer.

Historical Variations in Precipitation and Drought

Recall our discussion of

driven by ihe equator and the poles. That
<ot s o h o b o s sl kg and ooy s e L race tough varoie medes of

radiative

1, therefore, stands to reas
css via changes i the reshihouss et — kel Lo ler h crcutn of e monshore s and . orgoacal pocplion patars.
pat variable and difficult 0 interpref) than temperature changes, however. Regional
o vt i opoorephy (6. ounan rangesthal!avce svrupwavd Jeading o wet windward and dr leeward conditors), ocean:
patterns of changes in

rainfal, in comp: the patter of

Fiure 27 Tronds n AnnualProciptaion, 19012005 [Ecarge ]
Credit: IPCC Fourth Assessment Repor, Chapter 3, Figure 3.14

1o emerge, nonethel v shll soonaato lesson ooking ot dimate e

We might e ple p
projector m tracks migrate poleward, shifing patterns of rainfal betwe

Saator and poes. Tha suhlmpvcs a..u e itudes ton o ooty whte th st e et wetls iy i wintr). The cquatoil
region actually is predicted to g rising m the warmer, moister
loeramasphers e v i ovserved torms of rends in dif

the chan

1900 1920 1940 190 1980 2000

4129 7 5 2 0 25 7 9 1214
%
Figure 2.8: Changes over Time in Precipitation For Various Latitude Bands
Credit: IPCC Fourth Assessment Report, Chapter 3, Figure 3.15

Forexample, wo sso that aver mo he highnorhe afudes wetter, while of the
However, there s a lot ty from year to year, and from . making it dificult to
vetevident.

Drougn, as we willsee, does not simp Rather, both rainfall and

can lead ground temperatures, the surface, and thus drying.
Lik el rogonalptterms ofdrought e compliated andnfenced by o rumber of dfernt aclors Howerer the combination of g
rainfal pat
b polr regone. where riiall shows e rond (55 mdn:alzd inthe
moisture. Thesa broad trends are seen in

Tl and omperairs o esimate so melaire onton 0o more neGaie e ndor 06 Songer e drovgh.
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EVOLUTION OF DROUGHT PATTERN

Decadal drought averae.

Figure 29 Evolution of Drought Pattern.
Credit Pearson, 2009

Figure 2.10: Giobal Pattern of Drought, as Measured by the Paimer Drough Severity Index.
Gredit Pearson, 2009

avents, such as hoal waves, flods, opical cyclono acivi. et I the

meantime, however, we are going 1o digress a b
naher o ot s o Ve S G st ane hethe 2 oo twoor

Review of Basic Statistical Analysis Methods for Analyzing Data -
Part 1

looked we need to analyze y
The sorts of questions we might want to answer are:

« Do the data indicate a trend?
ol

firstofall,to
a data set, one h ful way. For example, if we want to know whether or not a data
series, 3 . we need tosay
This leads us to consider the concept of The nul hypoth xpect purely from chance alone, in the

absenco of anythng inerosing (such a a rond) n th daa o
andamy v 1 a nommal dsiiton, what1s e calod bl crve, o semelmes. a Gaosblon oo (s o Gre mhoALEan
Car Friedrich Gauss )

Figure 2.11: Gaussian Distribution

th kis centered), and the
. is set o one. p
hen rughly B85 of he i i values il fl Wit 1 ..o the mean (n e above sxampl,hat s the range 1 10,1, That means hat aughly
16% o he tmo the data il fll above 1 5., and oughly 16% of the tme he data wil llbelow 1 .. Abut S5% ot e, the andorly
254 (ie. inthe " tin the dat wil fall above 3 5.0 an oy
2.5% of the time below 2 .d. For this reason, the 2 5.d. (or
G shod i i do i oviid it g ars candldat o ptental nerosing anemalos

In the norma distribution shown above, the average or mean of the data
1

Random Time Series
Here is an example of length (0, drawn from a simple norma distibution with mean zero
and standard devation one ooks ik (or xample, you san hirk of 200 year long
Yi=e()
)
o par P for The

fluctuations have equal amplude.

2

e it T £

Figure 2.12(1). N=200 years of Gaussian White Noise.

Thereis anather form of random noise, fong term
i kol light)

A simple modelfor Gaussian red noise takes the form
Yi=pYutel)
@

where £(f) is As you can see, integration
thatleads to more long-term b expected for a Visually, we can seo et inevariatns fmono yea
degroes of freadom (N’ fata points (N). In fact,

tic
there is a simple formula relating N"and N:

@)

o foctr (1 )/ (14 ) mossures e s of th e Lo uscansidragain randam soqvno of fng = 200t s ot
“redt with the value p = 0.6. uslyis fors(t:

E] it i m
Figure 2.12(2): N=200 years of Gaussian ‘red noise’ with p=0.6
Self-Check

How many distinct peaks and troughs can you see in the series now?

Click for answer.
Self-Check

How many degrees of freedom N are ther in this series?

Glick for answer.

and i , the low-req and larger. In =1, we have whatis
known as a B Equation 2in

1 +e(t)

@

For p = 1, we have N'= 0l There are no longer any effeciive degrees of reedom in
o . s TR i b el P 2 o o 11 ke 1t oot et e il T s St 1 e et
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now has an infinte standard deviation!

Lets look at what our original time series looks like when we now use p = 1.

E—ul
=
—
=

Figure 2.12(3): N=200 years of Gaussian red noise with p-

. 6., a random walk.

down. It might 100k as If the series wanls {o stay negalive. But f we were to conlinue the series further, it would eventually oscillate erratically
between Wy large negative Lets extend N= that

. Han
Mty

zhn Ty w0 En T

Figure 2.12(4): N=1000 years ‘random walk.

The " and in both the posit Eve wings
will b . Le.,infinte, bt amean salod f vero. Ths o an xampls af what e
refer to in statstics as a pathological case.

Now lets look at what the original N = 200 long pure whife noise saries look like when thera is a simple linear trend of 0.5 degroe/century added on:

B . . -

Figure 2.12(5). N=200 years of Gaussian White Noise with linear trend added.

Ccan in s there a simple way Is indeed a trend In the data that s distinguishable from
random noise. That is our nex! opic.

Review of Basic Statistical Analysis Methods for Analyzing Data -

ol © s sometring moro than
regression or ordinary lo

aron W il ot g0 i vy muh dei asout e anaeryg Sakeutarundatons of e Sppronch, et you re ook tor a ocon il

o4, you can find it on Wikipedia

The basic idea s that we test for /e (6.9., e, tin the
ot exampls, Ul o purpases iat wil et bocome deat wé vl g w ) and e dopenent variable . e Typoinelical tamperairs

‘The underlying statstical model for the data i:

+boxite
)

and x, b s the slope of that relationship, and ¢ is a random noise.
Soavonce.The Smlestasoumplon 5 £ 14 Gausaan wine nooe, botwe wi b 0rc0d 1 et Bseumiton o s

Linear regression determines the best fit values of a and b o q the sum of the
observations y and the values predicted by the linear model §j = a + bz The residuals are our estimate of the variation in the data that s not

accounted for by the inear relationship, and are defined by

®

For simple I

Zy.x; — Dy, - By
[N. T - L'(z‘)z]

L

)

®)

‘The parameter we are most interested in s b, since this yandx

‘The sampling uncertainty in b can also be readily oblained:

std(e
[—LC

—n@)|
@
hora s s sandard doviaton f ¢ and s he moan of 1. A i amounts
ffom zero. The 95% confidence range for bis given by b+ 2 oy . I that b i significant

terms of the 7. between

dependent variables which is related to b tough

std(a)

pop. @)
()

(10)

ris readily calculated directly from the datat

wn) 2z y-5)
std (z) - std (y)
)

ndicated the mean. Unike b, ;o yoarin e caso whorey s emporatus and xis o) s
conventently  negative), the more
significantis the trend. In fact, the square of r (1) is a measure of the fraction a! venalmn inthe data \hal s accounted !or by the trend.

e measure o signcance o anydetectd ends 1 loms o . pvalue, The p1alue s an stmat of o probaiity e wewld wongly
ul

Il hypothesis that there is no trend in the ata in favor of the altemative hypothesis that there is a linear trend in the data — the signal
ma«wg o searching or i this coso. Thrsiors, Ihe o e v, e o Byt Yo s ovkis 2 a8 rond 2 isfound nhe
that there s a hat only 5% of

e e Shovd uch a wond nave butthatis not @

e chc o pinstalstal potoss e reprsent o blanco betweon h accetatlovel f o posies v, s nogatves I toms of
our example, tecting a when, In fact, there is no trend: a false negative would be
o ha e 6 Sl Scan g wren, trere |salnend Alows teshold (hat i, gher pvale, 66, = 0.10)

is not. Conversely,

a higher . lower p-value,
signal.

9. but to

Inthis case, i there s a
trend i he dat, who s 0 say whethe t shvid be posiive (b 0) o negative (b <0)? I some cases. we might wanl oly Lo know wheter o ot
therois s end,and in magnitude
nclude positive of negative)? i two-
P

n the ofher hand, sup
st cso,wa ol as a n
I this case, we would b
resut of s one-sided e e becased we o howm o e inpysical
halfof e random avents (chance negaive rancs). So,f wo obtaln for  given valueof b for )2 pvalue of p = 0.1 for the two-sided test, than the
p-value would be p = 0.05 for the corresponding one-sid

. courtosy

d
lengt , N. There s il one cath, however. I the residual seris ¢ of equafon 6 contains
Cocomeion ihen we have 1 Cotectine deGress 1 heedom . whieh 658 e s ol rumter f 44t pons. . T comecton an b0

, using the lag-one. “This s simply the finear correlation coeffcient, ry
enwaon, nd oo opyof ¢ lagged by one me ste.nfact. ¢ providesan aproximaton o the paramete p niroduced 1 equaton 2 fry
isfound to be checked using a

uals, Fora sorios of ongih N = 100, osing a one-ided
Santeant cotron 1 .0.05-wo wouk noatrs» 0171 Concu i he s sgmtcant ulocomtaon n o gl

Fortunately, the fixis very simple. f we find a value of 1y, then we can for our
earler except we the value of rfor
' freedom N, rather than . Moreover, N's.

with 3
none other than the N"given earler in equation 3 where we equate

p=m

cane whre trare may be muklle indopendent Vontlos Fot o tmo boing, Mwevev (ot 0 consr o proom 1 ona. analys\s returning to

Variate (4) s e n yoars

First, Jculate the trend in the original length Figure 2.12(1). The
below:
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Figure 2.12(6): N=200 years of Gaussian White Noise with linear trend shown.

The rend o s gven by T = 0.0006- ¢ — 01140, and =0.0332. So th
0.0006 °C per year, or allermatively, 0.06 °C per century. Is th Significant? d P dce: [ ot looks
prel'y sl St s s send . Wo b —znu andif we bo

ige. in this opeihests o1 o rone, Bt you
aht sy e wors lsking o g, 0 shou s \ise 8 one-sided hypothoss. That halves tho p-alue 1 0.32. Bu that 1 tl a ar cry rom
even (©g.,p = 0.10) thresholds Its clear that there is no reason to reject the null hypothesis that this is a

random time series with no real trend.

Next,let us consider the red noise series of length N'= 200 shown earler in Figure 2.12(2).

ED 5 ) E

Figure 2.12(7). N=200 years of Gaussian ‘red noise’ with p=0.6 wih linear trend shown.

As it happens, the rend this time appears nominaly greater. The trend line Is now given by: T = 00014 - ¢ — 0.2875, and the regression gives r
=0.0742 So,ihere i an apparentposive waming ren of 0,4 degress C pr entury.Trat might ol saem aniay regigbe. And or ¥ =200

and 148 level according does not
s o typcat hroshara for nncance: 1 ol
hypohess. Al i poit. you might e puzzied. Aftr al. wé 6 nofpu any rend no this seies 115 simply  randomrealzaion of a red noise
process.

Self Check

y might the regression us astray

Glick for answor.

“The problem is that our residuals are not uncorrelated. They are red noise. In fact, the residuals looks a ot like the original series itself

2

A |

ED Tt T ™

Figure 2.12(8). Residuals from linear regression with N=200 years of Gaussian 'red noise’ with p=0.6

“This is hardly coincidental; after al, the trend only accoun = 0.0742" = 0.0055, ie., only about half a percent, of the variation n the
Gain. 0 55,55 1 i varion i th 4 o boin i rosiduas. If e calcuiate thelag-one autocorrelaton for the residual sries, we
getry = 0.54. That s, again that we used i generating this series in the firt place.

Well, we can correlation coefficient, The only
calch s that we have o use -1 placeof N, because there are oy 1 a1 he S e we ooy o s i o e g
Series required to estimate a lag-one autocorreati

Self Check

Glick for answer.

1fwe use the online link and calculate the statstical significance of ry
clearly, we cannot ignore it We have to take it nto account,

54 with N-1 = 199, we find that it s statistcally significant at p < 0.001. So,

074 sekhae V!

Soinfat wo ave o oa th corlatn fom e erusion L0541 0510 - 020(200) 500
degress of

i the nomin Using and replaci 00 with the
0, we now find oo~ 0074 2057 (p= o rardy s v

o saniicance
AL his poin,you might b gating a bit oxasparatod. Whon, i ever, can trond? Well 1 the case
where we know s inwih e nose o Figure 2. the
Gouecion i ntse. Tws apply e do d

2

'

. i

2

ED T i g

Figure 2.12(9). N=200 nd of bythe

linear regression.

Now s  rend- your eyt coingyou. Th brend I s gven b T = 0.0056. £~ 0. 619:So there s an apparent psiive warm

56 °C per century (the 95% uncertainty , gives 4078 Coor
. whichof ourse ncudes o e tend 05 “Cicentuy) mal ko argnaly pu in m inesorest) The vegvess\on Gues 120320

ForN L2004 fevel. And

e sy o e g v (1 20 DB o nemeration ot reoie & ot s

Finaly, le’s look at what happens when the same trend (0.5 *Clcentury) is added to the random red noise series of Figure 2.12(2), rather than the
Figure 2.12(1). regression

M

£ it i m
Figure 2.12(10). N=200 years of Gaussian red noise with p=0.6 and of
by the linear regression.

We siil recover a similar trend, although its a bit oo large. true trond but
T — 0.793. So, there is an apparent posilive warming trend of 0.64 °C per century. The nominal 95% uncertainty range that we get
for 51905710052 po comay i s st e g e 105 4o camny). T regesion Gwos 1= D315 P 2300
using a one-sided hypothesis test, r = 0.315 s statitically significant at the p < 0.001 . So, are we done?

Not quite. This time, it is obvious that the residuals will have autocorrelation, and indeed we have that r; = 0.539, statistcally significant at p <
01. S0, we wil have 1o use the reduced degrees of reedom N'. We have already calculated N eariler for p = 0.54, and t i roughly N
Using the nlns calctor,we ow find tat e one 5ded p =007, 1, X So, the

longer.
uncnrm\zhd ot e Tho otocs e v dnone ofthenoise has roon'h ke ineron s tatsialysgnifcant bocaus it s muh oasier
for red ne 0 95% for b also needs to be adjusted
0 ke e Seatumt e Btocaroion, hoci ot how 6 5 1 beyond e Soops o soure

Often, residuals that for
assomption ofsimplo autocorelation s el not adequate. I (i case,th bl assumplons ofnar tegresson are Gl oo quéston andany
resuls regarding trend estimates, statistical significance, etc., are suspect. In this case, more sophisticated methods that are beyond the scof

this course are required.

Now et us fok at Hinear Regresson-Tol it or i course. The
monsiration how 10 use this (ool has been recorded in three par link 1o opena
Gemonsraton)
a1
a2
Part3m
ol with the in thi e the Linear Regression Tool v

Review of Basic istical Analysis Methods for Analyzing Data -
Part 3

Establishing Relationships Between Two Variables

i tis cas wo can inkof o fhe o sories 1 constvting
Tor

and th
Coimatng vends e lvme Sovio gonereas roadly oxcont our predictoris o \ongev et o vaname e tatie Sovadion for

ol rul, even f
gy searoosof recdom (M), il e el o o cir one
ot e Nonetncless, or concor
Togarding the raiabiy of hs regresson resus.
this sort of appi s . where our a measure of E1 Nifo —the so-called Niio
State Collage, PA.

The demonstaton i given i three parts below (cick sach ik 0 open a g
Demonsiration - Part 1

vaion - Part 2 1
Demonsration - Part3

o with the data link: Explore Using the il testdata.t
Problem Set #1
Activity: Statistical Analysis of Climate Data
NOTE: For youwil nesdto on in Word (doc or
docx), or PDF (pdf) format
Fortis actiy, you wil use the application beow 10 prform lyses ofcmate data are gobal temper

anomalies and Nifio 3.4 index, both measured in °C. You need to:

. increase in the trend.
« analyze the influence of EI Nifio on global temporatures.

Link to Linear Regression Tool

irections
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1. Fist, sav computer. word processing
intne s o

*Save lin
© The werkchasto I Mool Word oo can o8 chver Word o oo Dot (ee) & etk o i assignment You wil s
your workshee at the end of the activity, o it must be in Word (.doc or .docx) or PDF (.pdf) format so the instructor can open it

o s show your ord When yo re exloy ek o cea plot i  uestor, plase cutandpastegraphicsane e ot o
o screon (g g the output to a pdf fle and Yol
ussion and wndus\ons
2 Use 0 ploing ‘o0 plot o global vs. time over the full 1850 - 2009). Determine the
ie. the e mean s not zero can Jou g quess the 30 year base peiod hat
vas used To do thal,

the year where
Jeat and uss Viewport Data nder e Siaics b o Vi 1 ean for 6ach slectad 30-year 5ot of data, ul you s period o
which the mean is closest to

 Evsate e lncar renc o Gobal period (1850 - o (A) Add a
ond e o e p S ime ove e ful pe the Trend Lines tab.
o, biin , calculate in
the by g the siope by the n nthe period. ()
the linear trend in global ihe onli 1 Calculator ool from Lesss
2, Statistical Analysis Part 2 p-value for the ples, N, 1. from part A.Interpret the
pvalue. Use of the siope, Sb, interval for b, and
“Clcentury. (C) ekt o T . o e vtossion ol using

the Regression Modl tabs: select Model Parameters = year, Target Observation = Temp Anom. Plot the residuals: i the Plot Setiings tab,
slec year or X and Wodel Rosial o Y. O

Remember that

o e oo o sampion 1S Bty ene. and s coramion Soaicent - snoul oo supsitod by amncnne\-nlmn coeiciet,
. the linear trend in the global temperaure anomalies, taking ini

thepresence of s v st nomoor o1 samplos. . st b0
Fepiacad by he oo o Heedom, N e trmula 2 o Losec p-value
NN i o par ) i ihs paloe. (] Look cose at e it of e c5cunl ht 0 crmied 1 part (0. B0 youses
evidence imple.
linear warming trend in this data series is appropriate or not?
4 st therypothets that there . ference nend over the frst 30 years. F
(AU d zoom in to select Sel octViowporn the Trond Lnes

o Deﬂam\ o s 0 Sl gt Do e Spe ottt regssion I o i Cleomy and s conelaton
coeffien.  Lse e siandard ertor of n sop, S, o calciale 5% condence nlral e lpe n Ciceniury (8)Repeathe anaysis
fortho

intervals for the two sub-periods overlap. Based on your rosults, has g the past 30 ye
the faken analysis’
5.lstherea P (A) Use the Pl to plot g i

then plot.
yoars N, ntho tme vl cvar which o wo doin sonce vy T ihe rumber of samples You wil e n he analyses below &
Plot the Nif uso e X-
d global b (in C change in
onalemperane b i change m Nina's & mdowyand melsuon coefint. . Risons sitsien sgnicanse of v Inearond
and discus

residuals is a point of concen in your analyss.
6. Given that thoro aro La Nifia year condmons iy how o you axpet ENSO tofluance s years gbal teparature? ENSO - 1N

La index “an of the Nifio 3.4 index
mmng the hlslnnca\ time period e 7 e oot caumion o et (5 Seirss e omperaur Sremaly M by e
jon m o innsual o,

Nio 34 ndox

O condons. oot o fagest

W of POF 11 n b atowg ot PO Accostccointl Lssiame doc
(or o).

For example, student Elvis Aaron Presley's file would be named "PS1_eap1 _presleydoc". This naming convention is important, as t will help.
the instructor match each submission with the right student!

‘Submitting your work
Upload your file o the “Problem Set #1 assignment in Canvas by the due date indicated in the Sylabus,

Grading rubric
The instructor will use the general grading rubric for problem sets « to grade this activity.
Solutons il be uploadsd:to Lesson 2 Cimate Observations, Part 11n Canvas afler the due date.
Lesson 2 Summary

In this lesson, we reviewed key. changing. We have soen that

. and methane,
with human activiy;
« the surface of the Earth the others, consistent, as we willsee, with
expectations from climate model pm‘u:lmni
the vertical pattern of the warming pher , il p
cooling at alttude (in tler that . but h as sol
output changes;
thers s s compiate e of changes i skl patsms rcun thegloba, it some reglons bacaing et uhde otr regars
bacome drier
« despite rainfall there 3
impactof warming on evaporation from soll

We also leamed how to analyze basic relationships in observational data, including:

o not there is a y time in a data sories;
 howio assess whther o nt thee s a siatsicaly

In our next esson, we will look at some addiional types and sources of observalional cimate data, and we will explore some additional tools for
analyzing data

Reminder - Complete all of the lesson tasks!

Lesson 2. the first page of this lesson to make sure you have completed all of the:
activtieslisted there before beginning the next lesson.

Lesson 3 - Climate Observations, part 2

The e lesson. Bo sure toCanvasto
Submit your assgnmonts.

Introduction

About Lesson 3

In Lesson 2 we oc I I tislesson, we wil turnto ther
Cdenea o cimate aoe g pecodimats e o ca o sea o Cocumont more distant past cn

Gimate, and other Changes insea ce.glacers, and
ather . inluding ropical cyclon and hurricancs

What will we learn in Lesson 37

By the end of Lesson 3, you shouid be able to

. Sets relevant to assessing modem-day climate change, and their
uncertaintes;

N are some.
What will be due for Lesson 32

Ploase rofer to the Syllabus for specific time frames and due datos.

The following esson 3. submission instruct) located within this lesson.
« Read.
 IPCC Fifth A nt Report, Working Group 1 1

- Dlva Pmumwens‘vz 5 36:97, 100-101, 110-111, 148-149
P

oo 1000 yours
« Take Quiz #1

Questions?

If you have any questions, please post them to our Questions? discussion forum (not e-mail), located under the Home tab in Canvas. Tt
o wi ek hardscusdon o aaly 16 respond Ao poase o 108 1 post your own rosponses Y0 e nel withany of 1o postd

questions.

Sea Ice, Glaciers, Ice Sheets, and Global Sea level

Fro nothing could ' thatis, the

<63 ce, e Gagers, and the wo mapr b shests

Sealce

As the Arctic the. d in 2007.

Arctic sea in 2008, but then 2012, t the end of the summer
a sal ( e el v e refocin o FCE moass

Margin of
uncertainty

/
Estimated/

area

1920 1940 4960 1980 2000 2013
YEARS
Figure 3.1: Summer Average Sea Ice Areal Exte
Gredi Mam & Kump, Dire Proditons Underslsnrlmq Climate Change, 21" Editon

Arctic Sea lce with Graph

Movie Source: NASA 1

Perhaps more significantly, much of the more resilient, thicker muli-year ice (the ice
sccumialowitar ot wntr) has isappearo,and th amaning o largly st sesonal o thtis a morspron o moting. n act, when
the as well as extontis

most relevant quanity)is in more abruplly than th i

Arctic Sea Ice Volume Anomaly and Trend from PIOMAS
B S T A S B e e e LA B A B o B e

— !
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https://www.e-education.psu.edu/meteo469/node/243
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5 5

Ice Volume Anomaly relative to 1979-2015 [1000 km'

-5 5
-10— —-10
Anomaly Trend: -3.0 + 1.0 [1000 km’/Decade] e
Last Da 2016-12-30 -

Version: IC-ssT 2.1

1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016
Figure 3.2: Arcic lce Sea Volume.
Credit: Polar Science Center, University of Washing

As we will see later, the d hown by
are concerned. In fact, the n inas fow
as a couple decades.
Glaciers

be found on all of th Austraia

the sublimation. , the
ation and ablation may take For example,
id take place at the periphery of the glacier at lower

ifnot all
elevation, where temperatures are high enough, at least seasonally, fo ice to melt.

Mountain glaciers have been retreating around the worid over the past century. Below are some examples of "before and after” photos
g the cramali (top) the McCall Glacier of the Brooks Range in
Alaska, (middie) Mu Glacier in Alaska, and (bottom) Qo Kalis Glacier in Peru.

Figure Glaciers Over
e Nt oo an s D o v
“This is primarily because of warming temperatures leading to increased summer melt
. the situation Consider for fields atop thi
the equator. 15306 s ovel Tho Saous

of Kilmanjaro . Ironically, the snows of Kilmanjaro are disappearing rapidly (see below).

2000
Aversge snow ae3: 25 squaré ko 3 sguare miles

Figure 3.4: Retreat of Kilimanjaro's lce Fields over the Past Centur
Credit: Mann & Kump, Dire Predictions: Understanding Climate Change, 2™ Edition
©2015 Pearson Education, Inc.

Atthe current rate of ablation, Kilmanjaro'sice fieds wil be gone within
warming? Well, Kilmanjaro' e fields have been around for a least 12,000 years. It wouid o ute  concderc, herstors, il ey st
happened However, Mel

responsible for the ablation of the ice. by which ice is lost
i mbimaton, ot g orsover s wih many kel s so0 .. i e o Topical Glaciar Retaat o at e st RealCimal o),
ananges over e in ). not just melting. Som

argued, for that the of Kilmanjro's e cap camol

o
sccumuaton, these

argumentis probably wrong, however.

changes may in

thatis tied

Jjaro's ice fields has
increases vof

e S

Jovation

appears

" opice, o e od 1o 8 oge-seal warng o ho
warming troposphere.

Now, there the p: retreat. See Scandinavia and
the Pacific Northwest have actually expanded in exten in recent decades.

Mountain Glacier Changes Since 1970

08 06 0402 0 02 04 06 08

Effective Glacier Thinning (m / yr)
Figuro 3.5: Efoctivo Glacir Thinring (miy).
Gredt  RobertA. Rohde /

Think About It!

Why do you suppe 9Pl L

Click for answer.

orid into.
e b pewweon accumuiaton through P and loss nrough meling and subhmalmn e o promounens tan owards decractig
glacial ice mass, which

et s ovt e (pocauen s s sy Tosig on e scaon

levels —a topic we address below.

24000

-

16000

15000
180 1% 1% 195 000 205 200 015
Figure 3.6 balance of all gl
Credit: World Glacier Monitoring Service
Ice Sheets
i  and at d the two
the we call Shoets. There are Greenland
Sheet. In realty,

atarelatively itis ppe: However, the lower
elevation ge.
The mass o the maorice sheets, ko tha ofsmaller gaciers, depends on the balance befween acoumuation and los 1o ablation. Also, a5 with
smaler glacirs, The primary accumulation s in the colder interiors of the
continents, i senphon sowe o} iniho case of
7o Groaniand ko shoet feures known " Showing et

and
ica that excape o e ocean I s channel. 1 1 case of 16 ATIATG e Shest 66 caes i he southem ocean at i penphery of xpaneive
extend out over

Because of the compi itwas not known for some time whether the observed
Vermin ot gobe vt m o o ary et oas o oo e o et ofthe two connenialco sheets n recat years, however, carefl
inder way. Th area of summer abiation over Greenland, for example,

has expanded greatly n recent years (soe figure below)
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Figure 3.7: Gresniand's Maling Continental lcs Sheet.
et Mo & Kump. Do Predetons: Undrstanding it Ghange, 2 Edin
2015 Pearson Education,

ety of

n other words, like. small glaciers
orcunde, o6 oAl 8 el memeanes e how Ioahg s . e s heow, Combsing o oo v e,

[RREE——

F [ ¥
redit: The Copenhagen Diagnosis Report 4

io

Ft

[

g o5y smineirse

jo

Figure 3.9: Changes in Ico Mass for the Antarctic Ice Sheet over Past Half Century.
Credit: The Copenhagen Diagnosis Report 4

Global Sea Level

ndoed, in tis lesson, hat warmih s slowly penetrating down into
he doep ocean. AS ocean walet warms, I xpands, and lovel We rofor to Siobal soa tovel
nfact hem above:
the and the loss ofce mass. y fo bothof the two continentalico shoels.
e i years ago nat the dacay of the
i ppen in the near future, let alone already be underway. i
e of ted by the models (see
beiow)
. Saralit Ovservatons
E‘ 4
H
5
&
iR
8
2
Tide Gauges|
M R
o s w0 o wwo s wom aws w0
Figuro 3.10: e over Pt 1680 1PCC Projctons.
Credit: The Copenhagen Diagnosis Report
The Oceans
proviously, bilsstran 1C ver n s contur s oidnt rt e oceans,
. Tand rogions. by iheir geater ater
Ras a groaor heal capaciy han land. and ki ceep, and

Figue 3.1 Tends nGlbal Surface Tmportrs 1901 - 2012
Credit: Mann & Kump, Dire Prodictions: Understanding Climate Change, 2 Edition
©2015 Poarson Edication, ne.

Fartofh eason it urfac of e cceanc s warming o hn o land aurfac, e st o0 ol of h et s bl e el
‘ocean surface. In other words,
water several km down below the surface.

0orc
00

Lo
g on
£ ooem Uncesimy nge
H \ in obsentions
\Observatons
0.07°F)
w0 e o0 i 1w
Ves

Figure 3.12: Actual vs. simulated deep-ocean temperature chang
Cradt: M & Ko, D Froicions. ndersanding imate Crenge, 27 Ediion
©2015 Poarson Education, Inc.

Because the are slow, these
in response that
e o ot o e
i level rise. X iso 28 the hesting
‘As we wil see later itis such s global
9 boing
centurios, oven if
are referred 1o as o
emissions.
s important not simply a passive Tneyare. s v saw n our s lesson,
S iare oy 3 e o rarae 1 Vaneporing et o g reliev
Solar heating. Much oy
varations . pr but the main features, 0.9, the
the tropics y .51 not rcfcta 1o change. Tharetos, s dont
i ayres
There could be a larger role, however, played by the ocean's thermohaline circulation.
Figure 3.13: Conveyor Belt Circulation.
Credit: Mann & Kump, Dire Predictions
we natural ong. y ystom. Indeed, there is a mode.
of y as th simply " toarise in the North
of this mode of

variabilty, North At North

rica and Europe.

Monthyvales for the AMO inex, 1855 2008

pep——

Vear
Figure 3.14: Monthly values for the AMO index, 1856 - 2009,
Credit: Wikipedia: Allantic multdecadal oscillation
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may I el A wo il sce latr in the courso when o examin it mocel
ek id weaken, or even collapse, in a global warming
soenaro. s o combinatonof re ity i o propoi o suiacs whtors e s o Noth Adantc rat loacs o their high density, and

tantial
vearg of hess water mu\d I ht sinking, It has ong been suspecied thalglobalwarmig, \hmugh e mllux ino the Norh Alanii o fresh
water from melting land snow and ice, could thus inhibit o
oot ih ot Show ht s weakonng s ooy the strength of the are scarce, and are

sparse over ime. Thus, evidence for trends are at best equivocal.
of the

from the nial lermmalmn Yot

53 source of poleward h

As we will see later i this lesson, there
last ice age, during a period know as the. At that time, the
have shut d

o e mination

North Atantic, thi temporarily

We wil revisit that question in

of the ice age a thousand or so years later
alater lecture.

The EI Nifio/Southern Oscillation

Wa have aisdy scen an sxampl o  naura mode of e ariabilty sbova in 10 AMO. Howaver, e inge mostmporant mode of neurs
varibity i the clmale Oscllaonor ENSO, NSO fepresents o coupled

which is o say that P
Jh the ffoc o castwes!
atmosphore). tropical

of roughly 2-7 years.

tum, influence

“upwelling X
variations in ocean surface temperature, which, i tu, drive a

the oscillation, opical tnan susl. S evl it saser vopialPactc s
mgher Ihanusua\betause the waters are warm (and thus in water, The warmer
rising motion in th e, shiing thersing b of e so-called Walker Cicuiation e
the equatorial Pacific) osition
e wosrn zquamnal Bacie.Tha crmaton paers . implos adocoaso 1 th srongth i |aslav\yuada “inda ntha oastarn
Tor upweling of “Thus, the ocean and atmosphere.
work in concert 3 sus(am the ENSO pattr of tamperaur, wmds‘ and il o L Niasale hen Sea surface temperatures are coder than

normal in the eastern and central tropical Pacifc, is based on t
opposia ot doserbed above for e E1 it prave

—.::;;;; :, » "\':;‘
=N

Figure 3.15: | ENSO.
Credit: NOAA (s

v e ooty e

o oo, e g
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Chinia  sest  mnin

T oy

La Nifia event

.
i
|
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Figure 3.16: Diagrams of EI Nifo and La Nifia Events.
Gredit; Mann & Kump, Dire Predictions: Understanding Ciimate Change, 2 Edition

©2015 Pearson Education, Inc.

The sysam ends o oscls betwesn (e E1 Nifoand La Nifaprases becaussofsqustoial oosan wave dynarics thatars eyond the scope of
this course. The net effect of these waves—Kelvin waves and Rossby waves—

the EI Nifo or La Nina phase for more than a year or 5o, ' between these. oot iimcacak

MULTIVARIATE ENSO INDEX

Standardized Departure

o i Sence Dpvison — Unveri
o T THS ish0 1o IO AL aoss 2000 2000 300 B0iE
Figure .17 Mltariato ENSO Indox.

Credit: NOAA i
o ok at e patrnof eolton of s surfaco the tropical . we can cleary
atos when the ral tropi n the regions are
Telaivly coa (La Nia events.
Figure 3.8; Animaton of SST Over the Courseof an Cbserved La N (0 E1NFo Transton
it NOAA
ENSOis record, tis
osnd if o leading o more Soaing of g v g b ot e ol Pt

becauso £l i and L larg re oling or
d ENSO avents have globe elscomesions. Toa s 0 say, ENSO afects seasonsl weathor paiorns around he werd ough the

mpactof e Vopica Paclc oulngatming on v GXVanopicl o soame. he Monsoont, and et 16Gondtaumosphenc cheation paterns

As we will see in X ity. The largest and most rellable regional impacts of

ENSO are shown below:

[ = mm B =M 0
Dy Dyand Wam Wet Wetand Vietand
warm I wam
Figure 3.19: Large Scale Impacs of El Nifo (Norther Hemisphere Winter)
Credit: Mann & Kump, Dire Prodictions: Understanding Climate Change, 2 Edition
©2015 Poarson Education, Inc.

Given the ENSO on year-to- in clima the world, it is wel worth asking, how might ENSO itself change,
g Yet, we dont have.
the firm answers here that one might expect or want. In the time- Jot above, there does seem fo a trend towards more
EINif butit wend. Indeed,

the possibilty of the opposite trend—a prevalence of the La Nia state—in response to anthropogenic climate change. We wil retur to the issue of
climate variabilty e in a later lecture on projections of future ciimate change.

Tropical Cyclones / Hurricanes

o than are simply.

strong tropical cyclones).

We will focus, for the purpose. cyclones (TC: providing
mors tan  century (abel wih some uncerailes, ariculay in eaier decades), and hey a most reevan fom he sandpoin of Norin

American impacts,

‘The 2005 Alantic hurcane series was the most active season ever, wih a total of 28 TC f the course of the
(which formaly runs from Jun 1-Nov 30, though storms sometimes occur outside this window).
The 2005 huricans season was mostnotale: howster, o series of extrmely powerul category § Huricanes (e strongest ategor) tat

stine tate New Crieans i late August, Ria wrich lso made andial on the U
xico and Florida in fate

ulf
foeibes

Fiure 320;Hurcanes (1 ) Katina (e Augus., 2005). s (Saplamber 2005, and Wikma midfets Oclober,2005)
Credit: Wikimedia Commons

e mightwellas s e apparont recontnd towrds o desctve Al hurticane nsome way ted (o lmalschange? Wel-—as wo wi
discuss in more defailin

Inthe case of

cyclones & hurricanes, acivity s the net p by tro
I h surface, averag orms dunng 5 g eason. Smplo

i | by MIT xper that this measure of

surface temperatures.

it i (MDR) for torms during the core of the

huricane sezson (August-October) o estmates of e po we do, indeed, find a very back as reliabl

records o (e mid 20hcatury,Indeed th ncease 1 powertiness f sorms in ssually active

mputar modelng stules aimed at

atures. Moreover, cor

mper
detecingand truing rarman mpacie on cimte s lopic discussed s oaures do e e warming o human causes In s sense,
itean

SEA SURFACE TEMPERATURE VS POWERFULNESS
INTROPICAL ATLANTIC CYCLONES
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Sea surface temperature

Relative povwer of storms
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Figure 3.21: Sea Surface Powerfulness in Tropical
Gredit: Mann & Kump, Diro Predictions

out the number of Atantic TCs, including Andiif
s \smal trond ot o puman nfusiceson the cimate? Tis question is s eng acivay gevatod “wihin o centhc ooty Fo on0

tecords of TC counts the use of maden
in «he mm 19&0! (if you'r details, you can ﬁnd |
gmre,whie s srace crperanos s of o g Aok
nere are well. Even if io
olher factors ,, Hi Shear, for example, pment. Such
Nifo years, which for Atlanic TC actvity. La Nia years, by
contrast, are «mmmg ot Rlanie 70 Caciiy, Ano nown as the N (NAD) e year
o-year chang th Nty A, o “Allanic TC actvy. During
e, subtro than normal, ‘
rack ough the o prent, During posiive NAC years,
S e more ke o ack ortward overcoder extalropical Alaic watrs
It thus possible (1)
(8STs) over! MDR during the Augusl -October seasoﬂ. (2) ENSO, and (3) NAO. The long-term mstory oY armua\ Atlantic’ TC wunls along with
s hsones of s (1) e showr clow o s for b, he

e e e s
Nifia events.

o4 cooing e et acor n oo 1 s Ennabie . orage or i 16 scouy. Tha!
pos Nifo events and nag:

e S G TS

Rl L Lk I

Figue2

i Vi, ML Sohoatal T Neo. U Evdsnes for & Modoot Unecrcoun 8o n Eay Hlonee Atanie Troical Gyclone Count, Gocphys
Res. Lot 54, 23707, 4ot 10.1025/2007GL01781, 2007

Thrsar  mmberfobsenvalonshat canbe e e st of i er it arnusl TC courts hve s e, How muchve
am concud ey v orased cep incarierdecados, bt oven

i pas 15 yoars

Drecodent Itis albo oo et s ncraso inctdontwih ncrsating S0s uace tampera R, (Some

that much of the e oo secton;onars. hovever have
arguec

Vouire ineresied In Michael Mann's work n this area, you can efer o the journal tited

Climate Change ).

lead to
5 sluded o carler, rers may be ilgaig flences s wel e can, or o oo o migcing Impacs o v 6 couts of oo

EINifo hove. ¢ possil thata fture lvend towards a more EI Nifo-lke climate.
lantic TC activity? a later lecture on
change impacts
The T deal new,
arsenal

o OL e aows st eosigate  brober where et & moro

e one oo o predcior (n ourcous, MDR SST, EI Nifo, and the
variable (in this case, annual TC counts) of interest. [note:
regression, are not striclly valid for discrete data, ie., data such as smm Gounts that take on nteger values, .0, 1, 2..rather than e, say
conform ictly

temperature,

spoaking. is bost used in s cases, Howevat, tums ot ot 2e e
large, . e number o US,

ani g where numbers v yoary ut for

ook o e TCo, o 1 v v o apou Tt yes, 6 Gacemi sebrspaon s ok 00 e, 3 co go ey
applying standard regression methods.)

You using these data fool
ety R oo S T, O e e ol s o P o e St
works.

Multivariate Regression Demonstration

Figure 3.23: Regression (ool

egression, using a data
over the p: We wil (1) estmates fom 3 simple
climate model Model rthat h

two enomens dacusead i o
s Senemrion: e 3 BUF MR & s mssuing e e of o E1 e phanemenon: and e ) BUPW NAG nioe

Batim
a2
Bat3

Parta o

You can play around with the data ses used in this example yourself using the Linear Regression Tool. s

Extreme Weather

. and one particular type of cyclones &

We have
huricanes. L types of

Heat Waves.

s i g and inenss heat waves What s ot so obvious, however, s st how profound an
impact even he frequency of eat exiremes. It all has friend, the Gaussian
distribution .

g ncreaseinmean
g
g Climate—
3
B M
ore
& Record Hot
Weather Weather

s

Cold Average Hot

Fgure .24 Domonsiraton of How A St i Avrage Temperatur nfences the Fresueney of Exeme Heat
Credit: IPCC 4th Assessment Report, Working Group 1 Rep

e from that
xceeds 1 or oven 2 standard dewations above the mean). Let's work ot
Govation, Lo us consder a hypoihalicalcy where the mean aly g lemperaluvs in July is 267G (62°F) and e othe cevation n trt

measure (.., the amplitude of C (O°F). T about the ughly 16%
of the time, the daily high temp: obgses 14 L6 33:C1F). Vo
Vessars lne calclaot  seting = 1and usig he o e tst resalt] Oly rouanly 2 5% of the fime would it be expected to exceed 2 5.4
ove the mean (1., 38°C/100°F). [Again, you using 2 T
ven e ba e July when the exceed the ‘century mark of 100°F.
Now, consider 1°CizF o canrpresent

he e of this warming by ShHUng (e enir tenperatur disibuton o h6 noht b 1°C 63 Show QUallalely n he schematc above. Now, with
1 mean of 29-C (and assuming he siandatd Geviion s il 5°C) 8 cenury mark temperatur of 36-GHOO'F s ol 1.8 5.d. above fha mean

Think About It!

Use Vassar's onli e g the ‘century mark’ g of 1°

Click for answer.

So, . there i. Le This
wasnt just another heat wave' a restt of exp ly high temperat

widespread access to modern air conditioning in arge parts of Europe. was . making breaking
heat waves exceptionally more lkely.

In Europe, there back o the
late far as 500 years).

3 P
were. record. So, there  for the summer L butit
occurred in the larger-scale context of an unusually warm summer, imbedded in a long-term trend of warming European summer temperaiures.

or

ne ac
waves, taking wi te-in-a-thousand-year event (what is termed a ‘thousand year event) and instead turning It nto
220 yoar even. RGonal esen weremg.he Ao rgues wadd | 5. Yoo SVt Lo vy Gt s Wl wove St
heat wa

LONG-TEM EUROPGAN SUMMER TEHPIRATURE CHANGES

Figuro 3.25: Long orm European Summer Temperatura Changes.
Credit: Mann & Kump, Dire Predictions

That ly warm summer a ot stream relative a migration of the
the pically in the subiropics (e.g.,the Sahara

warm, dry g
desert), wellnto Northern Europe (see figure below).

Nortern por
jetsream
Nother
sobopical zone

= torhern subtopicel

https://www.e-education.psu.edu/meteo469/print/book/export/htmli/111

16/37


http://www.meteo.psu.edu/~mann/shared/articles/MSN-GRL07.pdf
http://www.ldeo.columbia.edu/res/pi/NAO/
https://www.e-education.psu.edu/meteo469/116
http://www.meteo.psu.edu/~mann/shared/articles/MannEmanuelEos06.pdf
https://www.e-education.psu.edu/meteo469/node/194
https://courseware.e-education.psu.edu/courses/meteo469/stat_plotting_tool.swf?filename=assignment2.txt
https://www.e-education.psu.edu/meteo469/137
https://www.e-education.psu.edu/meteo469/sites/www.e-education.psu.edu.meteo469/files/lesson03/part_01.html
https://www.e-education.psu.edu/meteo469/sites/www.e-education.psu.edu.meteo469/files/lesson03/part_02.html
https://www.e-education.psu.edu/meteo469/sites/www.e-education.psu.edu.meteo469/files/lesson03/part_03.html
https://www.e-education.psu.edu/meteo469/sites/www.e-education.psu.edu.meteo469/files/lesson03/part_04.html
https://courseware.e-education.psu.edu/courses/meteo469/stat_plotting_tool.swf?filename=tempexample.txt
https://www.e-education.psu.edu/meteo469/node/123
http://faculty.vassar.edu/lowry/tabs.html#z
http://faculty.vassar.edu/lowry/tabs.html#z
http://www.cnn.com/2004/TECH/science/01/12/europe.climate.reut/index.html

3/3/2017 METEOQ 469 Course Outline

| Southen subiopial
jetsteam

South
subropiclzone
Southe polar et
sueam

Figure 3.26: Sublropical Zone Expansion.

Credit: Mann & Kump, Dire. Predmnons Understanding Climate Change, 2™ Edition
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Indeed, as in i paternof  poleward migrton of e
Viewed in this context, the 2003 Eurof

summer heat wave is probably as good an the potential impact

wnets new e pemperate ecorce e ware st and famperauresnoveredaround of bove 00T for mot o Ty et win maseve
i H maximum warmth, including
Fian, Bakson, Sodan, o i, roq. and Pakean

'COUNTRIES THAT SET NEW RECORD HIGHS IN 2010

e — -

Figure 3.27; ot rat et new cor ighs i 2010

dit: Climate Central

‘One might ightfully argue that pointing to any one year, be it 2003 in Europe, or 2010 in many other countries, is cherry-picking. And indoed, we.

need 1o look at the broader picture in which this fits

The "

v e a4 ncerang e prcenie) o though o reqmns have seen anncrezse i e veuuency of extremely warm days. Even
more striki ncy il our

assessment of in the course, itis i eaas 1 vy i gt oot

E from the standpoint of human mortalty.

TRENDS IN DAILY EXTREME WARNTH

Figure 328; Tronds ncalyexrrne warm(h
Credit: Mann & Kump, Dire Predicti

What about closer to home, ., the U.S.? 2010 was a record-breaking year for heat in many respects for the U.S.

On any gven day Just by chancs aons,there ar he U where itis unusually
T roal question 0 ask s, f we look at al of the feportng catons
in m- U5 ovecslot e e e o oo cold re
records. 2010,

2010U.5. Temperature Extremes

Spring  June  July  August September
copialclimate

Figure 3.29: 2010 U. S, Temperature Extremes.
Credit: Capital Climate

Not surpisingly.summer (June-August) 2010 wes the wamsst,oroneof e few 1 for a arge swath of

o st hosiaty war oo ot o et 11 15 oy o e oo o b 5w ooty oo

June-August 2010 stalevnde Ranks
Dat CeneriEso

Nationa Cimatc

Temperature
mEsooEm

Figure 3.30: June - August 2010 Statewide Ranks.

Credit: NOAA p2
Again, one K
ook a the long-term context fr this anomalous recent e ook st e o oo Mot i devide - roquaney o whr o .

at niext for t warmin.
e reasere. omed ova ol ocatons of g .S, A ovar all Gays o e Yo T 5 ahat e o ogks e

Figure 3:1; hiange Over Time nthe st ncidance o Warm and Cokd Dy Extrrmes

dit: UCAR 1y
, one highs to occur as often as lows. This was true in the middie of the century. Then during
the 60s and 705 as a bil,cold records began to siightly
Since then, we h; ihe i of warm o cold rscodvesiers s he labe. northem
hemisphere,and Nort cord-breaker rato of more than two-to-one for the,
. olvr worde e now 6o o doubing it s haesocy o ot v. oo omperatrs. saros Now s bt
rovany a ecora to 1 used at the very beginning of this section

on heal waves.

for the impact of o die. So we' todoa

litle experiment with die rollng—I think you'l find it both fun and inslructive (and amusing—a special thanks to Penn State's David Babb for his
help in constructing this)
Syt ol e piof e Oneof e e  a e e ofer s o gt by e o e cut b e come

aer and cearr s e goes on,and he numberof ol increases.Note can ol nraid succsssion o g larger and lrgersamples
o dor oo to wat o the anmation o compers on oach . Sartout i e, o 130, 50,100, s o S oy
hore fyou have he patence! follsof e di. Sixes you've rolle 20l tme aach possbl value
O the i 5 rolld > comvemienty Inccated b 1 changing bararaph off 1 1 gt
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fans 5t o o1 1 e you o Towng s o sk ot 1 o
dice? How d fair die? the two dice is loaded, go for it You

e overagain. Somemas e h r0d s it nl s oaded, omer s A il b e S o, How skl can
you successfully identy which is which?

Think About It!

Can you figure out how | loaded the die?

Glick for answer.

So. 58 youve fured ot by now. L oaded th dl so i the die you do, the
rolinga s i o londed i e i o ity ol & on o ey
bl v loadingof e 163 Of courtes . o0 g Al rpondl Evenwih 8 a i theve wha & chance {16 ofrolin s Bt

thelocing of i de noneheless made il twio as ikl hal,on any given ok ncning thl oy wouk 1ol & . And [ beciuTEs
increasingly clear as you roll the die more tm

This s a very useful analogy o 9 heat In our first example, we.
to that which has

d that a
probabilty of breaching the century mark'of 100°F

200 ontry, Usig e e ol ana\bﬁy‘ we ean think of these ¢  changes as

foadng b d h

day was due to
0acing of he weather i n the Tancs oward greater neat exiemes i the U'S., and elsowners

Other Weather Extremes

extremes (see table below). Not surprisingly,for example, extremely cold

days, early frosts, etc A

more with Erraopical oycones (.. midlatiudo somn oystems) ppear o iave

strengthened, though Ironically, on the day

27,2010), the U.S. had Wi a coiral low preseurs of 54
s s what the October 2010 superstor looked lke:

Figure 3.32: October 26, 2010 'Super-storm’
Credit: NASA

projected
of warming is likely which is
process of barocinic nstablly 1. However, i ay 3 he same i incroase he sty of he sorns systems tha oo forn, because (e grealer
ater vapor available in a warmer atmosphere. the air yield
addiional ltent heating stom. You can Gscusson of s opi here v on de Masters

Weather Underground site).

Table .1 Tale Documentng Ptentsl lina Change mpacts on Various Types of Exrame Weather.
1 1PCC 4th Assassmen Repor, Woring Group 1 1apot, Chapter 3, T
Phenomenon Change P

Contience Section
19512008 (ast

‘Over 70% of global land area 150 year Very fikely. 3821
Eunope ant China)

Decrease, more so for nights

Low-temperature.
daysinights and frost [ eoreas
¥ than days

Hanomperaure  ncrase, more S0 0r NGNS NN yer 70, o onaland area 19512009 Very el 2821
Coldspasms - suicent s, bty
(episodes of soveral o changes mply'a
days) ey
Warm spells (heat Increase: implicit ewdenue from
‘waves) (episodes of ~ changes in inter-season: Global 1951 - 2003 Likely. FAQ33
sovoralcays) - vanabity
Coldseasonsiwarm
Some new evidance fo changes
seasons seasonal e asona varanity Central Europe 1961- 2004 Likely 3821
orecp Increase, that
events (thatoccur  expected from changes in the {(even where reduction in total 1951 - 2003 Likely. 3822
cveryyean mean (dsproportonats) preciptation)
Rare preciitaton Onlya fow regions have Likely (consistent wih
events (wih reum  Increase sufcencaaforeiabe  Varous inca 1093 chages aredfor 3822
perods =10 yro) ence (e.g. UK and USA) more robust tatstcs)
Drougt Increase i cll o afoctog MOV BTATO0ONS MBS G to7y i aniraa
(season/year) world Y 33
Trends towards longer lftimes ke morecontgence 33
Tropicalcyclones  and greater sorm ensit, bl Tropics Sice 19705 In requency a andFAQ
7o rend in frequency intensty 33
Notncrease in 384,
e exra1opE peguencynensty and poevars N s Since about 1960 Likely 35and
FAGS3
Smalcosovar st stsios o
Westher phenomena  assessmen
Paleoclimate Evidence
ke tis
“Surs, .y inthe past due o warmth today
coul aiso b8 o 1o naturel causos?
Is i algitmate argument? Wel, we began o adcress the uring our ntroducton o the concep of Lets oxpiore
thelssuo ook alabls n e pastand

appear to have been responsible or those changes.

Geological Variations
We're talking hundreds of millons of year
tmescalos. Whio th recod fom vy ot
on imescaes, 1o rangos n amosphorc O s rfated o
gen\cmc rocasses such s it conics,whih Goven 0, flom Eartrs
relef, €0 out ot he
amosphere.

CO,AND TEMPERATURE I DEEP TINE

Figure 3.33: CO, and Temperature in Deep Time.
Credit: Mann & Kump, Dire Prodictions

Hts quite clear from that, on these long [ g
‘Warm periods, . are periods of . and cold periods
You can hear P s Lect
American Geophysical Union

be very
have been periods of
the

Lets zoom in further over the past 50 millon years.

g 8

AMCSPHERC Co o)
g

o
B o » » 10 o

MDA 0 1648 360

Figure 3.34: Geologic Records of CO; Lovels.

Credit: Mann & Kump, Dire Predictions: Understanding Climate Change, 2™ Edition
Inc.

©2015 Pearson Education,
T neralkes s o v worn ety Eacens ot 1 he co and eventualy period s of the.
past 5 millon years, d was first observed. ransition from a warm to
major levels.
. once again, of the detais of course. For example, CO appears relatively fat for the final two
millon years, even 1gh the Plio- Someofthatcaoig may represent poslv o
hold over the jears. Nonetheless, the

major knob controlling global cimate over the past 50 millon years. Onc we zoom in on yet shorter imescales, that is gk et years,
we see that another dynamic appears (o have been at pay.

Glacialllnterglacial Variations

Once we enter ino the Pleistocene period of the past 1.5 millon years, the Northerr but there are
prominent asmatons botwesn latialy e covered prads (s “co Age'),and warner parods more sevilar b odorn, pro-ndueiial
conditions

Pleistocene Ice Ages

For nearly the past millon years, CO; concentrations, as recorded in Antarctic ice cores, have oscillted by roughly 100 ppm, alternating between
low lcillevl of oughly 16005 and ey ighteracial e o gy 260 pom. ethane (GH) concentalons ascilae by neary

ctor of two as well. And cica, 25 recorded ine o cores, have varied nconcert it
If one tak t the typical polar
temperature ) Eyedidy
Earth the chs Tt loaves s remainng 150 empaaire

by the changes in d also CHy). If e gl
climate itimplies ‘ypical range of estimates e, .0., botwoen 1.5° and 4.5°C for
Goublng o G concenaions (You ca 68 mre abt i detals of this rgument n The o bahween ferperalurs and COg v aricle ffom
Real Climate).
Todays

bt e

oty B mian s o
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e, tsmpertrs fom ctogn g s (1)
an crbon i o the Dame G o0 core. (EPICA Prfect
s 2009

Figure 3.35: Methane, temperature (ffom hydrogen isolope rations (*50"), and carbon dioxide from the Dome C ice core.
Credit: EPICA 1

Butwhy o he cecilatons occr? Wiy do ey hve a oughly 100,00 year (100 ky) perodily? And iy s e shape of e sclaon ot
sinusoidalcyle, buta"sawtoolh waveform wih a siow o term e fealures
certainly require further explanation.

‘The pacing of the. As | alluded to in the infroductory
Josture f 1o course v ho goomelry of Eari's annual oritaround the Sun changes sl ovor mo. Those changas ara subX, bu thoy a0
persistent over thousands of years and have a profound impact on climate.

The st o these artalvrations invlves the very sow wobble (o1 o ss the morstohil e, the pracessiane) of the Eas rfatonal s
‘One ful wobble (analogous [0 the wobbling of a gyroscope—see animalion below) takes roughly 19-23 kyr. The precession determines when th
e Souther nemisphere e cath 1R loward (surmimee)or ey (witer) o the Sun.

Gyrosaope.
Credit: Wikimedia Commons
The pr o of his factor ummer fathest

ltte cooler) or S e i onty e, men because Earhs anl orit
around tho Sun i not Gircuar butsighty oiptica - a factor ciscussed urner below
‘The second of these it angle (or to u '
today s nclinod at an ongle of rougy 23 5 dogroos fom o veical (s s the et processing o shuwn i animation above) T s
why the tropics are located loc 5N and S respectively. This.
engle fincinato s not i vt ime, nonvar I ly 215 d
ine ot o th i, noithr hmisphere woul| bepre!evenllal\y i o e e oy i o s ot Terelors prods e h i
angle is greatest are periods of heighter Ittakes roughly 41

ot it angis 14 g0 o ome ey of aomaaton bemwaon osear and Gromter values ot he obtauty.

The ot changes invlvs the olptcty (1 o ss the more tchril e, the accanciy ) of th . Eats bt round the Suns ot

circular, but, nstead, is ot nges from roughly zero (an essentially
circular orbi  roughly 4% (a ighty elipt ke gy 100 o Tt ecsentiy 1 g trovgh ane o ey of
altemation between low and high eccentricly.
“This might sound like o explain the dominant e of the ice ages. o

i e 100 1 than the shorter (19-23 kyr and 41 kyr)

) these shorter

e S wna o responsie ot dominant 00 o oschinion o o pos 305000 youre

o indecsand 8 s o ik

The
i respect {0 season and latitude. The eccentricity, however, does change
e o 0l rodaton. Whon Earis i 4 mers SHDCA | spands more e over i oo f 3 yoo bon ety awey o i S
and thus there is a decrease in the received solar radiation. Because the change is very small, however, Its necessary (o have large amplifying
feedbacks to give this effect a greater rol.

Think About It

Any guess as to what feedbacks may do the trick?

Glick for answer.

The is While this feedback is a moderate player in the context of modem
. for example, for only about 0.6°C of the 2.5-3" itis
considerably . when continental ice she hed as far south as New York City.
s cbservationprovdesa e s o bt th 100 the actual g at the is 0 weak.
Roughy very 1001 Value, favoring th
o Gourss of 1o anmual cyle. Duting auch imes, there wil bo & poitt over o courso of e mch fasor 1923 o precession oyce, whore o
Norinem Hamisphers witir Solstce wil oincide with the minimum Earth-Sun ¥), and the
This. igh northern lattudes

unususly coo growing ice sheets g of

winter air), and the course of the

- lco bogins 1 accumsate, moro sola radiaton s rafoctod 0 Pretty soon, you'

Tedod ce 500 onyouk vands. Tis oeck o curse, s oahancod whon i oniany s gesion

S0, we can see how all three factors—the eccenticty, the precession, and the obliquity—work together o create ice ages. But the thing that
italis tho siow, y roughly every
conditons for Josage. Oncs and builds, for tens of thousands of years. This is the
Eventually, however, as we near 100 kyr from the starting point, the eccentricity
Soni s 1o g ouse. Shan. whon the fostor procassion oyl reaches a
—the ice begins o melt, feedback kicks inin an especially dramatic fashion,
Jing the rapd warming ha dsfines the abpt ermination et n e lo core fgue,

The mechanism described q. sheets. It cmate hag o ool beyona
 and that the gradual lowering of
course of the Pleistocene. Eventualy the climate cooled to that point, and the 100 kyr oscillations ensued.

And what about the role of CO in alof this? As | noted above, CO is clearly an important player. We cannot explain the extent of the warming
and cooling over effect of CO . But the situation is somewhat more complicated
than that since CO is not simply a control variable o these timescale. The global carbon cycle (in partiular the oceanic carbon cycle) is changing
in response to the cimate changes taking place. For example, a warming ocean favors oulgassing of COj into the atmosphere, which of course
amplifies the warming further because of the greenhouse effect.

S0 G0y is acting both as a forcing and as a feedback. Thatis diferent from the current situation, where we essentially have our hands on the CO,
knob of the system (though, even here, there are some complications, as we will discuss in more detail in Lesson 6 on carbon emission scenarios
).

EARTH'S CHANGING ORBIT

orbital elipicty

Fiure .35: The Earn's Changing 01t
Credit: Mann & Kump, Dire Predictions

The Younger Dryas.

At the terminaton ofthe lastco ag, foughly 12 y ago,someting surrisig happened. Just a Earih appeared 1o be coming outof e s age.

0 vea entered in the North
R o o spread of Byt ot this
e el LnGed otmard o 1esont Suoureing e Norh Aol oceen

18P2 ce Core Temperaturs and Accumulation Data
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Lt ks Age
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Show Accumiaton metersiyear
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£l is 0 s o
Age- Thasands of ears Befor the Present

Figure 3.37: GISP2 Ice Core Temperature and Accumulation Data

Credit: NOAA 11

i thes s il some L rapid cooling resuled from a slowdown or collapse of
North Atantic as the Northern Hemisphere

oo vaots g slaciesraidy began o mol. T fesh water would nave e th snking motn il tyialy ooours n o st olr rogions

of the North Alani

o the Nerih Al and srrourding rione

Ocean Convey
Credit: NASA rex
i, i fac, this event rom the distant pasttht hs given is o the popular f ather flwed (25 we wil see when we look ot acualcimate
ing may y ‘another ice age. icatured in the movie The Day Afler
SEmoIw v The proplem wih the anaiogy ‘amount of ere
latice age,and thus heofect i el o 26 Mich smaller As wa wil 5 la i he GouTSe, Nowover,tere Mmay b a vey small rain o rulh
0 the scendrio laid out in the movie,
The Holocene
when there is a, imate. In
paror he impactsofthe foughly P e of i oot mirlacis porio of o past
12,000 years known 2 tho Holocene. Tod
7y doso (Ja mary S;mthe it sostcn o zzna] Rcugmy 2ot prvcassncye L. st 4000 e e, prcession e it
of maxmizing Northem H foed, it w: end 9

g, e e e 15000 esrs. e Sonsore e of mscaion Sy Sves 6 whAL L lodoy

Ifw ygen isotopes fo . we find that sumim
& penod Semetnees e e No/m.‘ene oulrmum ot 25163 fom about 100005000  yeers ago. belors s\cw\y deciining lowards p
low). »
change is o o sove, Onne o o
s was winte That mak ry diferent from those
2 ot seasons, i boh hemISpers. and i he Topics a8 wol a5 igh
latitudes.
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Figure 3.38: Arctic past 12 kyras isotopes.
Credit Skeplicalscience.com s
As the seasonal and latitudinal patiern of solar heating evolved over the course of the Holocene, o did the atmospheri circulation which is driven
in substantial part by those variations in heating. For example, lush
today, supporting steppe i large I to crocodiles and models,
I insolation, ropr . as a conseq g Afican monsoon, driven by

forced by
the larger seasonal changes in insolation.
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Figure 3.39: Pattern of rainfall changes during the mid-Holocene.
Gredit: NESL's Gimate & Giobal Dynamics v

The Past 1,000 Years

Over the past 1,000 years, changes i insolation due 1o Earth orbita effects are ‘The pr
important on Climate Sensitvity
changes in solar outpu.

Tha basicsoundary condions ot ima (dstibuion of o shols,aba geoty:continanal conturaton, o) worosssantaly hesaro
2y re ey maing i Ul lrl o sty o o standpont of e dimatechar pre-industial interval of the past 1,000
‘controf, as the or ooy 1 o o pac ot 1 s oy o o o e fence on imae
Some rparior he amesphenc crem pau Crzen who o reNobel iz o s work o e saosphers ozon ) avearued it
ety tat
1.2, that we are no longer i the Holocene, but rather, an entirely
new, ol of it ity
attorns of bo estimated “proxy” . corals, o cores,
other sources. For more information abou the work that Michael topic,
the Global Temperaiure Patlems in Past Centuries

NOAApaleoclimatelogy

Fiqure 340 NOAA Paleocimatoogy
it: NOAA 10

we can gain a longer-term perspeciive on the natural climate
vanammy associated with ENSO (17, and the NAO (+3, and mw Jooun gmanica pallens fncing the vt system. G you spot some ig
EINifo events in the 18th contury?

Credit: NOAA 1
If we average over these patterns (locusing on the Northern Hemisphere, since information in the Southern Hemisphere is limited) , we can obtain
an estimate of the average ere this sort, using difierent
types of proxy data, and difierent statistcal approaches (o estimating temperatures from the data. But one thing they all have in common i finding
at the lous as far back as these than 1,
is d ty? No—it that just bo a fluke of nature.
not can be attrbuted to h ity we'l need to tum topic

NORTHERN HEMISPHERE TEMPERATURE CHANGES OVER THE PAST MILLENNIUM.

Figure 341 Northem Homispher Temperature Changes Over he Past Milerniu
Gredit: Mann & Kump, Dire Pradictions

Problem Set #2

Activity: Statistical Analysis of Atlantic Tropical Cyclones and Underlying Climate Influences.

NOTE: For this assignment, you wil need to record your work on Your in Word ( doc or
docx) or PDF ( pdf) formats.

For this actviy, you wil perform an analysis Atlantic I
aors o T s, v e tme mirel 187 2005,

Link to Linear Regression Tool w

Directions

1. First, save the Problem Set #2 Warksheet v to your computer. You wil use this word processing document to electronicaly record your work
inthe emaining seps.

b o lnk as.."
= Tho workshoot 5 n Mcrosoft Word ormat. You can uso ither Wordor Gogle Docs o) o wonkon s assignment. You Wl submit
Your worsheet a reend of th aciiy, ot s bon Word (do or doce) or PDF (pa) format o th nsictorcan open
o Pleaseshowyourworkl Wihen you areexpily ased Lo croats oty n 5 cusaton,peac L and.pase graphce and e ouiput fom
the screen (g, by st prining th ouut 1 8 o le and then ey Insring o 1 wokSheet) 1 st long wih your
ssion and conclusions.
2 Wo wil s using o “unaustod” e, pol
in Please separately per ns for =TC_no. amusn
using t (SST)mhe
34 Mode Paramtes = o). and (C)NAO (Model Parameters = nao). oreachof e tre regressonsanswer e olowig queslmns
tis the correlation coeffcient? Is . the sign of

on the eariier tnochaplor regardin he TC counts?
2 3 thecomlaton safstaly sgnifant

addiional structure (1., rends) in the

® auny Whatcan this linear regr
3 Fr aach oo o 2, answer the following:
1 the TC count data it for  measure of the fraction of variation
i o a1 capuro by e rodiir vara,
2 Doss o rciclorcapur th longram upwad e n TC count? Dos L caplute th vearo-oarvarailty (erupand o
fluctuatlons from year o year) n TC counts? Does several
es)?
4 Noxtposas all
Parameters = mdr, nifio, and nao).
Howmuch o e lal veratn e datadoss sur reresion mocel captre?
2. Does autocorrelation of the residuals appear to be a problem’
5 Brily discuss why multvarate regression model s Superir i the singe predictor rgressians o Queston
=TC_light_adjust), where a
‘and undercount of roughly 1 storm per year boforo 1944) and (8)
vy oo TG countsans (s Ovseniion - TG naovSU1RY. b a more ubaentil snebresimation s s boums
(i roushy s strms pryear rr o 1o, How, ftal, dy
6. Using based on the C series, diction for the number of TCs
steps:

C_no_adjust; Model

. Assume that
= MDR SSTs were roughly equal to their 2006 value: read the value off the SST plot;
« there was a modest La Nifta event: ake Nifo 3.4 index o be -0.5;
» NAOwas neuta:us he lon-lrm average of re NA seres
2 wm. down th mivariatssquaton, Subeue the velues of m ks, and o fourd i ()t the muivariat rogression auton o
orpodeten o TC count Round of yur etinat o e narst ol nuncr adcll h et N.Gacate e 5%
Confdenc terval o your redicion, assumio ha ihe nlerval 5 N plus or minus 2x
3. Compare your p

the Penn State
The Per 18.9 plus or minus 4.4 14 and 24 storms,
model, within the statistical uncertainty?
mparo your prodicion f tho aciualabserved flal or 2016: 15 named . 1 you pedon cniton win he Sosomed count,
A o Sasaca ncara
7 Save youtvod procesaing focament a eer a icrosof Word of POF fle n e olowing omnat; P52 AccessAccountD_LesiName doo
(orpa). For example, student Elvis Aaron Presley's file would be eap1_presley.doc”. This naming convention is important, as it
o Pel he oo mateh s3ch submation o it e aght srdont

‘Submitting your work
Upload your file to the “Problem Set #2° assignment in Canvas by the due date indicated in the Sylabus.

Grading rubric

“The instructor wil ets actvity.

Lesson 3 Summary
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In ths lesson, we reviewed key. i changing. We have seen that

 Gohal S vl i e e s xpancen o waring melting
* he deep ocean,as wel s e ocean surface, s warming n 3 manne consslentwit  warming Cimate; e Siow naturs of the ocean
glot o

centuries, even
current levels;

+ osan lulaln rends aredifcu o cstabe, bt ers s some eason s

« there is substantialnatural multidecadal related the strength of the ocean'

« the EI Nif interannual timescales, and one important
uncertainty in projecting hango in (ho fuure:

« there is a trend toward Increasi he pasthall cntury. warming
el Allmic 308 sufocs temperburen

« there is akso ugh a, particulary in earier dec
boon cale no auestn. A varity of aiers, incuding sea urfaco emannee, 1, i e .o erth ol Oechabon (4AC)

pal 3

+ Gihe exrome weaer vents 3ppeat 1 have becorte moré comon ‘The increased freql heat
waves around the world is likely related 1o large-scale warming; have become
more powerlul, consistent with predictions of climate models

. been the ‘mai global climate change over geological time;

+ Gopanacry forcing s a ponent in the . with

playing providing 100 kyr
Sliaions of o past 700,000 yoar
 tne Younger Dryas coolng: ven i he North Atanic, ha occurred at the termination o he fatics ago gamonsttes th gotntly

importnt
© Earerblal changes the course of the current inerglacial period (the Hold
forthe it high d from roughy 10,000-
X for
h such as Aftcan the Sahara at this ime;
. the 05, Such or
changes, and g over th
. to exceed

Reminder - Complete all of the lesson tasks!

Youhave fished sssan 3 Doule chook 1 I o eauremerts n th st pageof i essan o ke sursyou have completedalof the
aciivies listed there before beginning the next less

Lesson 4 - Modeling of the Climate System, part 1

‘The lnks below provide an outine of the material for tis lesson. Be sure o Canvas to
submit your assignments.

Introduction
About Lesson 4
e o seen vdenc ndicain it e g s WA and i e anayof e nleraly.consitent hargesin e clmae

System that ile
cannot alone be used to draw causal inferences.

models come in. For example, we
ming of a
In this lesson, we will consider the simpl 3

What will we learn in Lesson 47
By the end of Lesson 4, you shouid be able to

« describe the factors that govern Earths climate system;

temperature of the Earth;

. response of natural and
anthropogenic forcing; ant

g dimete sensitiy”Is.

What will be due for Lesson 42
Pl

e refer to the Syllabus for specific time frames and due dates.

“The following s an overview of esson . d submission located within this lesson.

P Esimate e warming 0z
+ Read: Dire Predictions, v.2 p. 68-65

Questions?

If you have any questions, please post them (not e-mail), Ganves. The nstrctor
ek et dacusion forum dal 0 1ospond. A1, plase o0 oe 1o st your own reShonces i you ca el with amy of e pos
questions.

Energy and Radiation Balance

pi 50 1m going to ask you to simply review the Overview of the Climate

We actually
System toour

Simple Climate Models

discussion of L ud
EBM the

16, 3 3 . or

any number of other basic features of the climate system. Instead, it simp! d

ol siart ot discusson of EBMswithhe <-Called ZaroDimenona EB._th simolest model et can b nvoled o sxolan o exale, he
aver arth. In this Ane Earh s el as  mlhemlical plnt i space-_tats o say. rers s
gl bospomime o e, onghie, o Siode, PEAcs e tEr 1 S 3l 55 S Bmandoneh I h e Amengonl EBM
Solve only for energy and Wo wil tnan buld

Complexi taking o account i afect of he Earif atmosphere-—in paricuar,ine Mmpac of the amospharic greenhouse efect-—{ough uss of
the so-called "gray body” variant of the EBM,

Zero Dimensional EBM

(0d') EBM simpl '
your balance in « his bal ity ‘and we have to mak of simpliying
areto obtain a the key features.
For those who are looking for more technical background material, see this “Z rimer 17 (NYU Math

is Zero-dimensional Energy Balance Modelonline primer
Deparmen e v ea i loic t a sghty e echia v an I, Bl e <l have L o 3 it ofmthand physcs 0 b able

Wo il sseumetha e amount ofshr waveracision sbacrbed by e Ext i iy (1 — )./ where 1o the Solr Constant (ouhly 1370
rice looking down o space, e, th lancary abedo’
Eart

fing for refodtion by couds and
Vanable ver tme),

vty g o 3 he Eorh o o lck by (s a by it st lraain
incident upon i). T the 4th power of ts
orpaatire. Lo the hun of heatrom e outace & Gen oy

cooTst

)

where o is known as the Stefan-Bollamann constant and has the value o = 5.67 x 10-(1W'm K ) ¢ i the emissivityof the object (uniless
fraction) — a measure of how good" a black body the object is over the range of wavelengihs in which tis emiting radiation; and T, () s th

or Earth, the radiation Is in the Infrared regime o ectrum, and the
emissiviyis very close o one.

the average skin temperature’ of an Earth covered with 70% ocean (furthermore,
we will reat the ocean as a m\xed loyoro 7 avevags 7o dapi—tisonores theimpactsof nest sxchang Wit the dsep ocsan, but s ot o bad
of the

torms of an effective he
ssnhsuanmocean)sunaee (' = 2.08x 10° JK ~'m™2. The condition of energy balance can then be described in terms of the

odyrarics, whch s vty crange i ne infoml cnetgy pr i rea per uni ime (<AF = CdT, st baence e rte of net
outiog

a1, _(1-a)§
o Ll LS

@
Lat's suppose that e i than the outgoing radiaion (ine second term on the right
P ido. Trn e s gt Aand s wouldbo oo e meane el v e ke ol of hangoof 7, over o, Tust ko b
posilive. In other words, increase, which wil eventually bring the two

{orms an herigh han s o blance. AL pot, o fonger any change of T, with i, 1o we ahive an equibrium.

Inequibrium, I, by defion 280, and wo thus e
et i tag e on cauaton 1 Ths
S(1-a]

comi=30-0)
@)
The actrof 14 ours 4.1, bolow) e ety o s sur whers R

the earth) time only over area, TR
- nan 30° ong-erm temperature

(et 57 275 ) . v By 1t 1975, st 0 1 50958 o oaosion ) oy s e
Teatonanp s

co T~ A+ BTy
@

Aand B, thus defined, have the approximate values: A — 315 Wm ™% B = 4.6 Wm 2K

d o ol appropriate, and is called

Using this approximation, we can readily solve for T, as.

)

REFLECTED SOLAR
o

EMITTED INFRARED.
oty
U
//

(assume T, = T,

imor, A and K. McGuie, Wiley, pg. 58, (1987).

Wel now play around a bit with our own customized 0d EBM s you'l be. 2
ot i black body aprosimbton. e rossenable vaues ofhe oy Soverng prySca parameres (1o, & and )

Black Body Approximation - Demonsiration 4
al todevelopa : . wo were

way off. Our EBM indicates et gwenavprvpna(e parameter values (ie., S = 1370 W /m?, a = 0.32), the Earth should be a frozen planet

T, =255 ator i o Ti= 288K our ‘Whopping 33" C (roughly

60° F) 100 col

Think About 1t

What do you t

Click for answer.

So, le way? That is the topi section.

Simple Climate Models, cont'd

Gray Body Variant of the Zero Dimensional EBM

Evenin
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raaiaton. 50, we can ik of e Earn a1, whien 5 we orac

M and the P handB, Lo, = 255K I he temperatire Earvs
gurtce e n th btanc f s renoues st The g cngutes citon o sgsce 8 s ghen b .. To imosphas
‘ave a tompora e cooler region of @ ik, we can think of the Earth a5, on average, emiting
empranrs 0 space o v vl . wo et fempran o o et rcising emperare.
Whena is present, the surface, T, wil however, due to

tho Earth

We can attempt to g the way we model in account

o el o) gt Adaion S

Returning to the linearized form of the energy balance equation (.., equation 3 above), we wil, therefore, now relax the assumption that A and B
o givn by ok ack by value.Instea, we wilallo A an B ko onariary Valss, i . crude way ofadng il sccoun th ect
that the Earth does not behave as a black body becat

‘Simply put, we can tweak the values of A and B unlil they d ton. We refer of the black body
the context

model. I Lesson 5, way

Varous gray by parametrchisfor A © s beenusdy ifretesercrs,nifrnt siustons, Sic e gray oy
itis only valid over a imited range of temperatures about a

temperature. parameters might be 19, €., the ice ages than would be used for

e st oty Croscomn sope gacnosee

Itturns out that the choices A = 214.4 W /m? and B = 1.25 W /m? K " yield for both the
arth Tg, and gives a value for the climate sensitivity — definein

esimatos Wo il tereor, adopt heso pan alues, but we wil alternative

values a bitlat

REFLECTED SoLAR
RIS

ewirreo nemareD
ntory
SOLAR IN \

s %

(GREENHOUSE INCREMENT
Tastee a1
Figure 4.2: Simple Planetary Energy Balance - Greenhouse Effect Included.
rdit A M rimer, A

and K. McGufio, Wiley, pg. 58, (1987).

Think About It!

EBM Applicati Imiasange PCC" gray
find, the previous Earth's surface

temperature?

Click for answer.

The Concept of Equilibrium Climate Sensitivity

=[F, ~4]/B
@
_( A
= (Vp)En -4
5)
whers e flx at the suface, . butalso any potental
n
Lt Ttoan Fi Sinosthe 2nd term i () i 2 constant, we simply have
AF,
A AR
N B
6)

We can also rewrite (6) as

AF, B
(U]
concentration fr concentration, [COZ] to
. (€0l can 0 apa A3l (1998) 20
[€0O,] )
AFgp, = 5.35In
oo ( €O,

@)

Now letus furher speciy that we are inerested n the change in radiative For

2 CO, doubling, e.g. an increase from pre-industrial levels of 280 ppm to twice that value, 560 ppm,

AFy.co, = 5.35In (55“"""’) 37 W
Oppm. m

©
We can s doubling of shas
units of K (or equivalently degrees C, since diflerences in C and K are equal). To estimate s, we combine equations (6) and (9)
AFyco, _ 3.7
AT, —=co
8§ = ATyco, 5
(10)

response to CO doubling. In the simple case of the 0d EBM, ts readily
calculated through equation (10).

Think About It!

s for both the model and of

ostimate
the gray body model. Record your answers.

Glick for answer.

Think About It!

Costavel i ve a CO; doubling, and
diracly from the formulafor climats sonsituty for the 0d EBM.

Glick for answer.

Problem Set #3

Estimating Future Warming

Act

ity

will need to on Your in Word ( doc or
oo POF (oo ot o com et

For this activity, you wil explore the warming due to increases in CO; using a

« defining for "
. notion of ' f as a means
Online 0d EBM Application
Directions
1. First, save the Problem computer. word
work in the remaining steps.
o the link above and selecting "Save link as.."
Jo Docs. i
your worsheeta e end f e acti, s0 e b n Word oo donsyo1 POF ) formt o olr ean open 1
o e show your word When yo re exloy e o cea plot i  ester, plase cutandpastegraphics ana e ot fom

the screen (e.g. by frst printing the ouput o a paf file and then
discussion and concusions
2. Use the online 0d EBM the Earts P pre-indusirial, that s,
warming) and :0; doubling from pre- ) ow-end, (i) mid-range, and (i) high-end
1 gy by pamaer sting. Todo s s e el sntings e soarcogian (5 — 1370 W3} the Gt
albedo (a = 0.32), indusrial
 depeningon e e ol PEC gray oty parameta.

to inreshldfor gangerous

EBM application Tevel of C
expsot 0 breach e DAL amaunt o warring for th () ow-9nd. )i ange.snd () g IPCC ray b oo ot setings Onco
a9, us he deul seings o e slarconstant an h Earsalbeco. NOTE: il e adusabesdr for Oz aly gos u 0560
ppm, 5o to use higher values you need to enter them by hand nfo the box oo o s [See here for a commenta notonot DA
by your course author ]

4 pom and It atthis rate, how

ittake DAY, based on the X

consdersd shore? o nwer s guen, s four el o Queston 2y W g oy malers, o man years ek ou
tellthem we have to stabilze C
5 Lotar by b e i erries o oot approa involves the attempt
e G sy O
i , mimicking the natural o

HountPinatub in 991, for exampe, coused o 2 reduction in the lar adiation ncident at

uhich s cquvalont o about 14/ m educon i e sclar consian, and h et st overabout 3 yeat pr, (Rl fom Lessen

4 that the Eart e, Fip, t, S, as Fiu = (1 — a) * §/4, where ais the

Ears et Trretor, ovr 33y porod Pnats e abouta 1% ecucion' 0 sol forng. Use o onn 0 EBM

application to their pre-industria levels. Assuming the mid-range gray
ody IPCC o keep global mean temperaures
from excesding the 2 °C DAI threshold? HINT: y (ith AGW,) for of the
Earth's albedo, body IPCC This. “Cincrease in
temperaur over e prendusial OO evels.Then, docreae e
by 1° for DAI (ignore. field,
Based on e chenge youspled o i solar constan, o q a tothink of itis
reduction in S, ducton in
S-ono Pinalubo every 8 yoars Gos an average 0.33% redscionn . o
inting o increase Earin
a\badu'o e oxconting 3 waming osive 16 6 ol v, e G oubin sconaro g v v miancis GO
g piion. s s s a ealisto (with AGW) or the default
Valdes ofthe solar conetant and the Eart and double
s seup produces 3 C incroas 1 lemperaur over he pro-custil CO; vl Thn,ncreae he Ears aodo il ou i it
(with by 1°C (igne . as it does not change). Note that the increase will be very
smal o/t mighibe sasier toentr values oy oo e oo et e
7.5 or PDF fle in o

PS3_AccessAccountID_LastName.doc (or pdf).

For example, student Elvis Aaron Presley's file would be named "PS3_eap1_presley.doc". This naming convention is important, as it will help.
the instructor

‘Submitting your work
« Upload your file o the "Problem Set #3" assignment in Canvas by the due date indicated in the syllabus.

Grading rubric.

“The instructor wil ets activity.

Lesson 4 Summary

In this lesson, we began 1o explore the use of theoretical models of the climate system. We saw that:

« asimple be used o estimate the Eanh as wellas
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bsorbed at £ ‘and the ouigoing

+ asimple be used in longwave radiation, leading to a
mathematical simplification and a simple formula for global surface temperature;

« using the simplest, bout 255K, .., 18C
below ireezm%v\eusly way too cold;

. fixto
greenhouse effect

+ using appropr of . o the Eart's surface 3

tely 15°C), and
(roughly 3°C for a doubling of atmospheric CO).

This lesson also introduced sgain and ag: ot

Reminder - Complete all of the lesson tasks!

ted Lesson 4. Double-check the fst of first page of this lesson
S 154 ers et baghming o new lesson

Lesson 5 - Modeling of the Climate System, part 2

‘The lnks below provide an outine of the material for tis lesson. Be sure to Canvas to
submit your assignments.

Introduction

About Lesson 5

In this lesson, we wil continue with We willin dels of the
Tesson. We wil firstinvestigate a siightly of the EBN in Lesson 4,

ll , and
 ocean currents, L-and drought, and other key atirbutes of the diimate system. W wil also explore.

ornot the:

the concept
signal of anthropogenic cimate change can already be detected.
What will we learn in Lesson 57

By the end of Lesson 5, you should be able to

« deseribe the . the underl s, and strength i
modelng approscres
iscuss limitations of
ek o ssun o ow cimate modtl have boo aldated:
human vs. X 3
urent y

What will be due for Lesson 57

Please refer to the Syllabus for specific time frames and due dates.

‘The following is an ess0n 5. submission i located within this lesson.

« Read
o Summary for Policy Makers

1519
o D Proceionava. 5 3557 100401 T, 0140
« Problem Set 4

Questions?
If you have any questions, please post them to our Questions? discussion forum (not e-mal), located under the Home tab in Canvas. The instructor
i

will check that discussion forum daily to respond. Also, please feel free to post your own responses if you can help with any of the posted
questions.

One-Layer Energy Balance Model

Woan ncrease stahty mororatsic
by the ad hoc gray in'the We now feric layer in the
o, b Fas o ani 1o absos s ok mfared rcton
s (S xa & s the atmospheric
4 4 “emi

Onesayer mosphere 4y

Earth

Figure 5.1: One Layer Energy Balance Model,
Credit: M. Mann modification of a figure from Kump, Kasting, Crane *Earth System”

o il approximot he emissy of arssurfaceas one. ht s, we wil ssume ht The Eary surfaceemis raditon a bk by The

emissiviy is due 1o prop e wid
P I Earth's surfaco, which ting h ty)
According to Ki (o, thatis
sbsotsed by e body) Thereore 1
1R raditn bt oot absrse vy b apospher s v lransmnlnd rouah e hecioe, .2 1 e o o ment o o

Ane L while an & o aperfect IR absorber, i e, a perfect greenhouse effect.
The . of course, ie, 0<e<]
the e.,the portion o 4, andwe
wil . 55
half the surface temperature T,
T, is related to, but not equivalent to, o Ihe ‘wmch T,. T, is the.

temperature the Earth would have i were a biack bocy, It
i b o masphare o which £ ocing vard rchoton oot Space, n o It of . ety oo sumoummere
. a5 you can verify from our mathematical treatment below, we would have the equality T, = 7.

You may recallfrom our earler discussion (in Lesson 1 1) of the vertcal siructure of the amosphere, that atmospheric temperatures cool on
average roughly A=6.5" C,/km in the troposphere — what is known as the standard lapse rafe

1 e aporosimele curent vsug of e sl consiant . 1370 W / 2, we saw in Lesson 4 that the black body temperature, i e, the effective
Tasing oo Ty

Think About It!

Come up

Given that the Earth' s T, =288 K, temperature is T,= 255 K. and the standard lapse rate is
6.5"C/km, can level in

Reveal answer.

We can now the condition of energy h level in the Earth

1. the top of the atmosphere
which as centered

3. the surface
Balancing incoming and outgoing radiation at the top of the atmosphr gives:
s1-4)
S ot (- oom)
]

Balancing incoming and outgoing racaton from the amospheri layor gives
0eTd = 20T

@

is not included in this ge.)

Finally, balancing incoming and ouigoing radiation at the surface gives:

SA-A) i

S el = 0T
@
‘Solving the system of equations for T, and T, gives:

S(1-4)
4
T 40 (1—¢/2))
@
o =T}

@)

O more simply

7 1-4s "
ST o (1-</2)]
©
-5
2
Q)
Letus use the standard values of A= 0.3 and § = 1370 W/ .
Ifwe take € = there being we get our T, = 256 K = -18°C. Too cold!
ifwe take & e rbing atmosphere), we get the result T, = 303 K = 30°C. Too warm!
However, fwe take ¢ =0.77 (ie., bsorbs 77% of the IR T, = 288 K = 15°C. Just

right

Using (7) s T, = 288 K, w s gattheresult 7, = 242 K Tis s modssty lower tan the efectvs edtng tempersurs , = 26 . ncisting
higher lovel

Of caurse, e model s sl e st For ane g, ony ks nto coountshotwave and long wave raiaton. Wo aver'tsccounted for
surface, . latent heating, and the effect

of large-scale motion

We can nonetheless add In Problem
Set 4 you willinvestigate mode. for
clouds o both the Earth's albedo and properties of the igh way. for the positive
ice albedo and waler vapor feedbacks n a very fough manner
Each in the model in the form of a feedback factor that you can vary,
magnitude of a feedback in terms of 3 g, I the 1 in magnitude to the
gl rcng, hro s nofeedback and ho zoro. I he orig X
o For axampe, f awarming f 1-C cus f CO doudi vapor

wa-mmg o1 2°C, 50 that °C. be two. Feedback particular

(e, the water vapor feedback), o or e sum over il eedbacks
v i esibac, o or cxampl,suppee that ol 1°C waming,whch ld 0 2°C warming e o ot v fescback, i o o 3

P fow cloud cover, which ad 1.05°C,an a mling of e, addod a aiionai v warming of
15T e o be—usm 3rdthe e bo2-05+1=
25/ Allemnative ral feodb: o brct oL a5 0
ooy e e warmin, s one - 08-CITO) 3% 25 Th caulum cimate senety n s caes wold e 35,
While we have measured th feedback fact . one could interms of the
socatod ity g, or sl wo o o i e 0 doubli hly 3.7Win.
7.4 Wi (and et “Then the 7437 which s,

g o, The total douTard v Grong would e 3.7 +74W1m? =1.1 WI? tta omrward s the overl feadbsck sctor woud be

Click on the fink to see how our new One-Layer Energy Balance Model = works
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One-Dimensional Energy Balance Model

upon As we sawin we can try to resolve the additonal,
[ Pl e EBM. If
for no other reason than the fact that the incoming solar radiation is P gitude, 3
next most 1o resalve ifwe wish o usinga
stilrelatively simple and tractable model
That brin model, the Earth up into latitudinal bands,

though we troat the Earh a6 unifor wit respectto longlie. By oy e, e can o o el st rcesses s ca
strong o higher laitude regions.

Recall that we had, for the inearized zero-dimensional gray body EBM, a simple balance s

a1y _ (1-a)s
CHF =T
)

A- BTy

whers a s the Earl's albed forthe the 4th degree tem.
Generalizing the zero-dimensional EBM, we can write a and energ [
ar;
c, 1-a)8—A- BT,
]
@
where i represents each lattude band.
The temperature T;, albedo a , and incoming sola radiation Ts are
onchons o e, he dispariy in and pol, and i srong pontal
ftuana dependence of albedo with lattude—in particular, when 1, for  parculer g, we
the nreased accumuiaton o snowco n tams o 3 hlgheralheﬂc “The giob Ty
aragng o o tamporataes o tho feentatud bands
rocat received solar o ang atera ovrnesuace of e Eartr by
mospheric circulation and ocean currents. n tho abse oot b e equal
inreaioly wam, ey wo mus semohow epresent s moonel oo tanepor i 1o mOGE T et 1o oo T can be done
througha the process of heal advection though a term er
P T,  whare F and T temperature. This e represent processes
associatod wih ltoral that iat are coldor than the glob and cool fegions that are warmor than the

global average.
“This gives the final form of our one-dimensional EBM:

c,,% +F(L-T.)=(1-a) 8~ A- BT,
@

Tha model s complex enough o that et s o way 10 simplywrlsdow th sollon anymare. But we can savo the mode mathemstcaly
through a very more of in the future—:

Figure 5.2 Schematic of a one-dimensional Energy Balance Model
Credi . ¢ IMS) 0
A Climate Modeling Primer, A. Henderson-Sellers and K. McGuffie, Wiley. pg. 58, (1987)

One of the most important problems that was fist studied problem of how the Earth o
comes out of Ice Ages. Use o open

« PartOne
« PartTwo 11
« Part Three 1

General Circulation Models

Finaly, General Models or GCMs. GCM: the full etry of the
Earth of physies (6.0, dynamics,

tnermocnanics, adae ranser, i) and chemisty appied to

Inmor rimile GCMs (e eatier generaton model).he e of the ocean was eated na verybasic ey, .. 2 a imple b of walerwhero

only the thermodynaric role of the ocean was accounted

models thatlays o fr The major
cdeled s 1 their iectrole I raporting heat poleward. W the acean and s
el rosaived by a cimato modal. iho medol s efared i GCM, or AOGCM, or
! sae-of -2t cimate modelngcentrsoday n AOGCe, I addlon,may sate-ofthe art e models today foclude a dtaied
descripton of t
ool e roe o tresa ompmere. Apepel P e arachons wit the acoan ang he
atmosphere.

Uniike simpler climate models ike EBMs, GCMs and AOGCMS can be used to study a variety of climate attributes other than surface temperature,
profiles, rainfall,  wind pattemns, snow and ice distrbutions, and many.
other variables that are part of the global ciimate systemn

COMPLEX CLIMATE " ]
MODELLING imosp 0 Nl

3 gid bores, each with s hwmuuh“,‘nnd
wn localcimate ly vith

Influence of vegetation
and tertin s inclu

horizonally idbores m
& iy ents, temperature, and saliny
with other

Figure 5.3: Schematic of a General Circulation Modal
Gredit: Mann & Kump, Dire Predictions: Understanding Ciimate Change, 2 Edition
©2015 Doring Kindersiey Limited.

EdGeM

The EUGCM aoect e unded by the .S, Natonal Scienco Foundation and speaeaded by st associeted wit NASA Goadar nstuto

of Space Studies (GISS), uses the GCM originally usex

scientist James Hansen, Director of GISS. This model was. develnved Inhe 1980 and s prinive by modem slandards, bu  ncudes much of the
isfe e scientists at EGGCM have ported

the model into a format that can be fun on a (both PC and Mac). Origi . but to
the project, aL Your course oun Prc) and s now
going to show you the results of several experiments he has run.

PartEight v
Part Nine

Validating Climate Models

James Hansen
Photo Source: Wikipedia i

James H is a well known NASA's Goddard Instiute for Space Siudies. i
He was the U.S. Congress that had indeed arrived, back during the hot summer
of 1988, Today, as far o h . his pecially pr
Duing his 1988 congressianal testimony; Hansen showed the resuls of simultions he had performed using e NASA GISS GOH—the very same
climats model expiored i the EGCM simulation of past climate
ianges, future P fossilfuel utization scenarios.

HANSEN'S THREE PROJECTED GLOBAL WARMING SCENARIOS
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VY

K !
Figure .4 Model rjectons o obal tamperatur by James Hansen n 1988 for hree difeent ossl el emissions scanarios compered il the
actual temperat
et i & Karope e Prcicons, 2005 Doing Kindersle Uied.
Yogi Berr future". Indeed, there is no better test than making a
pred\cllmv oot o, tooking bac and soeing how panned out, This sort of post oo vakdaion s oten dono i numerica woather
models, however, s, but years (o see how the prediction
el meseured v
i this regard, can history.In these
experiments, Hsnsemn:vudeda i medim. s o fows et omissions Scanane, corespondig o o groen, boa Durp\ecurves
respectively. As it tums out, the Hansen's 1988 projections, h

Cortosponded mostclsely o his micdle scanario, e blue curve. And a5 yau can soe 1om he Subsequot avservatons (1 10d curve), s
prediction for that scenario quite closely matched the observed warming,

Now, you may have noficed, however, that tis model simulation did' capture the observed mult-year cooling in 1992. Is that a fault of the
simulation?

ok —nere s way trt ames Hansen (o anyons or hat mate)coud avs predicted e supton o M. Pnatu, ATdrather than oo a
ol he el he Fnatu, srpto oy provdod Hansan i anoih ey est of 1 e models 1 1464 avout & monD o
Vo aesotol o prea oo e o Globe oG e 10 vt & Gobe co01ng rpect Th Gave oo Sbout S5 T 9 hs el
and make a prediction, atthe instan! Pinatubo erupted. As you can see, he the globe
2 bitlos han °C ha woul esut fom tis supin. His el simuaton (h lack curvo blow) actaly redictd a it foo much cooing
(observations shown by the blus curve below). But that, too, wasn' his fault. EI Nifo events occur randormly in lime, and there was nio way 1o know
that an extended EI Nifio event would occur in 1991-1993, offsetting some of the volcanic cooling: As you found n your frst problem set, E Niio
events warm the globe by about 0.1-0.2°C.

e
S
o
Fal I
iaof
:
sl

I

e

7

w55 Obsarsd colo ol 1661 ot of Mt P g et i Harsr' vt mdelng et [Ecage i

Credit lowa Stale Giobal Change Course en

y be mples of have been validated, but they have been validated in many other more.
mundane vas mm the varous aportsof the PCC ncld hundreds of pagesof model vlidation (580 .3, chapler § on modsl avalalon
‘e main fluxes of energy and radiative balances,
d the major ocean . the ampitude and pater of the seasonal response o changing

paters of soar nsolaton. et
Detecting Climate Change

So, we have seen in the previous section that ciimate models have been used to make some very successful predictions i the past, and there is
reason to take them seriously. Can we use these models (o go a step further than we already have? We have seen in previous lessons that
e day imate change appearsanoralous nd wihout any obious preceent 1 he itoricalpast. Thal o docs ot establih ht the
clmato models, e can

e e i e of oy W ca s he ot 1o et
et iond, s 1o e hypONoN it ey Ca nly 50 Splaned by 5 Comamato o1 uman el o mvastgay

employing more than that natural factors no gobaltemperatur recordof
the the long-term warming factors, natural factors, can.

b) 10

Natural Forcing Only

Pinatubo |

santa Maria haung 1 Chichon
10 "
G0 10 o0 190 10 2000

Year

‘Anihvopogenic and Natural Forchgs. [

obsenvations

modets
s
| piatubo
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19 |
Geo e e w0 e 2000
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Figure 56 Natel Smulaions ofSurface Warning per bservations for (top) g only and (bottom)

rursivantropogene o
Credit IPCC, 2007

for example, we simply have the trend in solar output wrong and the true
ond I et Uil Gossy rosemblos ing rond 1 poman At (6. Groom s 1o - HvoPOGoTE 200}, Thor we g b0
iainierpreing the gooaness o e T show above.

Let us, for arguments sake, accept that cricism. Is there some other type of comparison of observations and model predictions that might be more.
obustin s suaton? Wel, we can iy Lo ake sdvaniage of e act nlth patems offespanss Lo difsent orongs might ok iferent. tums
lly looks a fair amount

T he patenof owever, as we alluded to
Duioumy i hscoutse . 0 6Xp0ciod i bo e SHeront.Troy provil a roe Ingorpnlosomrch for—-an mdaed the process of using the
expected patterns o respor is known as fingerprint

tion.
The verical patten of response to in which (a5 e have seen i prevus
exercises) at
enee o ot o of e oSphere it Ml oo oton of Saoty o radacon i o Smoenare The vl panem o

{emperatura change we wouid oxpec or an ncoase i soar aulpu, FOWOYGr, is ono n wrich (e e aimosphero wams rom o
there is an increase in the the top of warms The phom o tamparaure.
Tesponee o n oxgosve vokanie ropon & yo ifent orn lieroftheso pattms, From camparing the observed patens of vetl
fempersturs charge o el sultons of e respenes 0 o

del's gt the cooling of the
Sralosphers, but sven alr accounting for hat afect, he remaining rend ca leary only bs accounted or y Greentouse forong).

sl et onamosphrc Vo et on —
empaee s e s et

ATMOSPHERIC TEMPERATURE CHANGE

[—

Figure 5.7: Atmospheric Temperalure Change Pater
Credit: Mann & Kump, Dire Pradictions: Understanding Climate Change, 2 Edition
©2015 Dorling Kindersiey Limited.

t Climate Sensitivity

e f th key unktouns  hebohavir ofthe cimat, 23 wo havo soa, s 1o ensity—tow much waring wa can oxpctin rosponso 0

douping of atmospheric COz Current € wamig, bt hro s o have
i tnge, anyuhers fom roughly 1.5 045 totry i thi

Simlatons wih cheervao

Forsxample, st use models st 1 th zer-cimensionl EBMS we disoussed i Losson 4 driving them with he ostmated changes in
both natural factors (volcanoes and solar output) and human factors © the climate
Sonsiiiy 5 simply @ paramoter hat can bo Chahgod in he moda. sEonists can o many Simulatons ueing dferont values of i cimato
sensitivity, and observe which values yleld the best fit with the observations.

Such experinentscan be ons over the moder et bak 0 e i 1901 global mean
avallabi

SIMULATED VS ACTUAL SURFACE
TEMPERATURE CHANGES
o<

arn
o

@]
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B we w0 w0 e me
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Figure 5.8: Global
Credit: Mann & Kump, Dire Predictions: Understanding Ciimate Change, 2 Edition
© 2015 Doring Kindersiey Limitod.

During the shorter period of the p iable, be done to compare
the changes those that have

SIMULATED VS ACTUAL DEEP-OCEAN

ooc_ TEMPERATURE CHANGES
(0.04%) |
o Simulations
PR | e
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Figure 5.9: Deep Ocean
Credit: Mann & Kump, Dire. Premc!rmvs Understanding Climate. Chunge 2 Edition
©2015 Doring Kindorsiey Limite

For the longer period of in Lesson 3 s, have based
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ESTIMATES OF NATURAL AND HUMAN INPACTS ON
CLIMATE OVER THE PAST 1000 YEARS
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Figure 5.10: Radiative Forcing Estimates Used to Drive Climate Model Simulations of Past Milennium.
Credit: Mann & Kump, Dire Prvdrcnms Understanding Climate Change, 2" Edition
©2015 Doring Kindersiey Limi

NORTHERN HEMISPHERE TEMPERATURE

'CHANGES OVER THE PAST SEVEN
CENTURIES: SIMULATED V5. ESTIMATES
FROM PROXY DATA
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Figure 5.11: Proxy Norther Hemisphere Model Simuatons
Credit: Mann & Kump, Dire Predictions: Understanding Climate Change, 2™ Edition
2015 Doting Kinderioy Liied
g e, ine hightof he Last Glacial Masimur (LGM)
roughly 21 from lowered . ; and , and

HOW HUCH COLDER WAS T 2,000 YEARS AG0?
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Figure 512 Proy Evidence of cean Surace Temperatres During e LG
Credit: Mann & Kump, Dire Predictions: Understanding Climate Change, 2™ Edition
2015 Doing Kindrsiey Lo

Finally, going even further back in time, past, pastwarm and
periods.
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Fiure 513 Desp Ocean Temperatures v, Model Simuatons Durng the Past HlfCentuy

Credit: Mann and Kump, Dire Predictions: Understanding Global Warming (DK, 2008)

Tho overal vidence rom al o tess ifernt i
cals, s that the equlnum cimate sensiity el als itun (e 1ange of 1.5-G 14 5 for C.3 doubing, wih a most kel value of
Toughy 3G warming.

Given the full aray proxy data, and theoretical
estimates, there is of aither. 15°C orless) than 7'
sensitiity.
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Problem Set #4

Modeling the Earth's Climate Using One-Layer Energy Balance Model

For this assignment, you wil need to record your Your work i Word (doc or docx) o
PDF (.paf) format 0 the instructor can open it
For this activiy, toincreases in CO; EBM climate model
the role of in (water vapor,ice, and clouds), the influence they have on climate
tity, and the imp: the feedbacks.
Link to The One Layer EBM Application vz
Directions
1. First, save the rksheet s 10 ye puter. your work

in the remaining steps.
save *Save link as...
 The worksheet is in Microsoft Word format. You can use efther Word or Google Docs (free) to work on this assignment. You will
subimit your worksheet a the end of the activiy, 5o it must be in Word (doc or .docx) or PDF (.pdf) format so the instructor can open
it

o Please show your workl When you are expiicity Eskzd o croat ot n o cueston, Dlease cand-pato raptics and he ulut
from the screen (e.9..
discussion and conclusions.
2 Using e onine one e CO, the climate
iy st e 1 s ML Topospor ot oo P oot X . 3
2 for water

.and 0. the (e,
Fow doos the climafe y n each case, does he
. the same, of Is th predictions by
one-ayer model?

ifnot, ink
2 For the daubiin of (0 for the same thren cases (A1 (R) and (C) exniored in Ouestion 2. lease answer the followinn anesfions. What are
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d short wave forci I'siface forcing (1., the sum of the two)’ late the overal feedback factor. To do that,
e o s ot o g €0, simply equals the
i n 1o - focdbaci case (N, Inon ubactone hom ' ral. Ahak e e Ean avedo and (e Smbsphent emesty?
For cases (8) and (C) ] d "o feedback | case (A)? Which
case?
4 52w or PDF fil in the following

+_AccessAccountiD_LastName.doc (or pdf)
For example, student Eivis Aaron Presley’s fle would be named "PS4_eap1_presley.doc" This naming convention is importan, as it wil

‘Submitting your work
« Upload your file o the "Problem Set #4" assignment in Canvas by the due date indicated on our Canvas calendar,
Grading rubric

“The instructor wil this activity.

Lesson 5 Summary

In ths lesson, plored the use of We found that;
*  generlzation of e zorodimansinal A known a e cnedor EGH can b usd o proidea mor el desrplon f e
be used the
possbe o tucy e o o Icedbm:ks sing  smplo model of s sor
riner generalization knowr

orpoaies tiosiore T avearmensinel SO be bt ment aos Pt 0 o Srlrson o sl v
climate into and out of Ice Ages:

-l dels (GCMs) and coupled O the the GCM can be used o
model tems gt ey fields
Ciehas proctaton. wit b
+ eorate cln moses bave peen vidte i nmerous ways. Preicions of warming made back n e af 19605 have boon oo ot

and experiments simulating th response o nalural events, such as

abilty
cluding so called Sty ndcate alone.
the observed frends of natural and human these trends;
. variety of timescales,
€Oz the range of 1.5 to 4.5°C, with a most likely.

estimate of around 3C warming.

Reminder - Complete all of the lesson tasks!

first page of tis lesson ¢ to make sure you have completed allof the

Lesson 5.
activties fisted there before beginning the next lesson.

Lesson 6 - Carbon Emission Scenarios

The ks beow provkis anoutie of the mteril o s lsson. B sue to Canvas to
submit your assignments

Introduction

About Lesson 6

Now that the g workings of s i climate models and validated thei predictions,
we are in a position to
i pepegiebotriicodiiartinddmecit it irotrivicterbaabil i et

What will we learn in Lesson 67
By the end of Lesson 6, you should be able to
discuss the range of hypothetical pathways of fulure greenhouse gas emissions;
CO, ar

. i CO,
« explain the Kaya Identity:

expan theconcept of Sabilzation of groenhouse gas concenirations; and

What will be due for Lesson 62

Ploase refer to the Syllabus for specific time frames and due dates.

The following esson. submission instruct) located within this lesson.
« Read
 IPCC Fifth Assessment Report, Working Group 11
© Summary for Policy Makers

+"E Future Global and Regional Climste Change: .
* £8 Clmetc Sabizaon Cimale Cange e Compiment: and reversbiy: . 27:29
SPM.1 Representative Concentration Pathways: p.
« Die Prasitons. v g 5363

« Begin Project #1: Design your own fossil fuel emissions scenario that would limitfuture warming by 2100 to 25°C relative to pre-industrial
lovels,
« Participate in Lesson 6 discussion: Carbon Emission Scenarios.

Questions?

If you have any questions, please post them Canvas. The instructor
Wi chock ar Gacasion fram 443 0 Tespons. Ko, plass e s 1o est Yot o Teaponaes 1 Jou ca el wih any o B pecied
auestons
. 3 : . .

'SRES' Scenarios and 'RCP’ Pathways

future human acity thet ! sways. dealy, these
Scenarios span the range of possbie Used s furs
Drojoctions o cimata change,
oo for Special
o Emisons Sconancs) thothlpad o o nm forthe IPGC Fourth {Repor

(sloryh technological devel . globaliz One (the A1 ‘one global
famly 1ol n

E
Izl:hnulng\u\ gowts ncudng o o) orsie AT lossi fuelnensive (A1T),and| Peancod (v18) voraona. Anaher 35, ia e
id) a mphasis on national idenities. The B1 and 1), wi

omaltons and oot iocss. respocinel,

both in terms of their annual rates of carbon emissions, measured in gigatons (GY) of
carbon (1Gt = 1072 tons), and the f atmospheric Cf Getting
use carbon upiake. 1o effect pheric CO,.

IPCC Emissions Scenario:
Carbon Dioxide

Concentration (ppmv)
Prindustat 280
1n2000:368

Emissions (GHC / yr) 30

2000 2020 2040 2060 2080 2

AMT ATFI A2 B1 B2

Figure 6.1- Estimated COy for the Various IPCC SRES Scenarios.
Gredit: Robert A. Rohde ] Global Warming Art

o an s rmth abovs comparisonhow various ajecares of ur e carbon smissons ranslat o simosphrc CO3 concairaton
wajocloies. From the paint ofvew. [ eponding on he path chose

e e ol paaioy approat O Concanraions o QuadribleprameuRtia ovels by 2100, v e b cac o m SRS
soenaris 1, wo vl el roach i pre-usi vl 1, around S50 gy 2100, A 1 cep COs conantstons blow vl wo
can se that , an alf curtent evels by 2100,

ou mightwonder, what scanario do we acual appear o be following? Over the past anyears, observed emissions have sclusl been ciose 1o
st carbon intensive of the SRES scenarios—A1FI. This gives you an idea of how challenging the problem of stabiizing carbon emissions at
oves ovietan tacs po-nosiotachiay .

Fossil Fusl CO; Emissions (G1C/y)

os fess ieso fems 000 005 o

Time (1)
Figure 6.2 Observed Various IPCC SRE
Credit The Copenhagen Diagnosis =
e prolam wih the SRES soanarios—indeed  a e of ram-—is while
Some of the sustainabilty protectio

i to stabilize CO, partcular level. For the Fift i Repor o now setof scenars,
Berasonianis Consanttaion baiays (RGP, was Sovelopes They re tterad o on pahways focrphasie nat thy ao ot S aeimiiv, but
are insteac realized with multiple socioeconomic scenarios. In
partcular, they can take in Tre named aftor
forcing relative e et 2100 0 2100. They were created with ntegrated
ssessment modsis that nlude cimate,cconomi, and u s, domograph Y

10 an emissions trajectory using carbon cycle models.

The peaks at 30 W/ /m?in 2100, and
n 3 The RCP4.5 and 2100t 4.2 W/ m? and 6.0 W /m l!svedwe\y The RCP4.5 and SRES B1
soanatis o compatabl; RCP5.0 s betusen the SRES B1 and ATB soanais. The RCFE.5 scanara s e lossst 0. business s usual

scenaro o fossil fuel use, and has comparable forcing to SRES A2 by 21

In all RCPs global population levels off or stars to deciine by 2100, it a peak value of 12 bilion in RCPB.5. Gross domestic product (GDP)
Increasesinacases; o o, he RCE2.0 patiay hs e Nghost GOF houghit s e st dependance o osl el srces. Carbon
all RCPs except the RCPE

Figure 6.3a: RCP Global Population Scenarios
Credit: Mann & Kump, Dire Predictions: Understanding Climate Change, 2 Edition
© 2015 Doring Kindersiey Limitod.
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Figure 6.30: RCP Giobal Population Scenarios
Credit: Mann & Kump, Dire Predictions: Understanding Climate Change, 2™ Edition
©2015 Dorling Kindersiey Limited.
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Figure 6.4 RCP Gross Domestic Product Scenarios

Crodit Mann & Kump, Di Prodictions: Understanding Giimato Change, 2* Ediion
©2015 Dorfng Kindorsioy Limted.
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Figure 6.5: RCP Carbon Dioxide Emission Scenarios.
Credit: Mann & Kump, Dir Predictions: Understanding Climate Change, 2 Edition

© 2015 Doring Kindersiey Limitod.

As with the. however, stabilzing bt et
emissions. This leads

Stabilizing CO2 Concentrations

Bafore we procsed, s usaful to covar a o n arter gduetoa
Gvonncreace maimosphat GG, concantaion, Ave. can o apponmaed s
(€04
AFpp, =5.35In (
' couly

where [CO4] is the nital conceniration and [CO:] s the final concentration. This gives a forcing for doubling of COy from pre-industrial values

(i. [COz]y =280 ppm and [CO;] = 560 ppm) of just under 4 1m 2. Given y
. v \g. That means, g Wm 2 of
radiatve forcng,
Think About It
Come up and then cic the
Thus far, CO, pre-industialfo Based on the relationships above, what

Reveal answer.
1 ou successtuly answered the gueton s, you ko it he COs ncreass o ar shoud have gven s o 14°C warming of o gobe
m:

e 2 misake? Al i nthr Frsofal e
oo o eaized the expected e

toaise in atmospheric Ct

by o poine. due
1o the CO increases that have faken place aready. °C discrop .
and the lesser warming we've observed.

However, we have forgolten two olher things that—as Fistofal, COy

concentations we have been increasing through industial and other i . nirous oxide,

and tod 10 continue to iso in the various SRES and RCP
Scenarios we have examined

KeY
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from Various
Credit: Mann & Kump, Dire Predictions: Understanding Climate Change, 2™ Edition

© 2015 Dorling Kindersiey Linited,
o o ccoun e flect o a o hase ot greeaus gases, Wo can dots using e concept of COs acutslent (C02-s)
€O 0,
gases. f we take into account the r . then g,
Raving ncreassd CO; to. subsantally igher, roughly 485 i fvervords, CO,_eqis 485 ppm.
quite a bit of confusion, iready too late to
Sabiize €O, , hence,
e 0o el s s o 2 dcssson of

Nonetheles, CO2_eq hs reached 485ppm, doe hat mean tht e arecomited o th et waringtatcan bo oxpeced rom &

concentration of 485 ppm CO,? Well, yes and no. The other thing we have left out is that greenhouse gases are not the only significant
ovopogents stk on i chate. e o ihat heproducton ofsiphate and other asrosols has played an mportant e, cooing substantal
regions of the Northern i particuiar,durng the pi

whv\eqmle uncertain,is mughly 08 W/m® onommg vhi lent—in this

dd -60 py i closer S0, in other words, if we take into
sccaunt Dot ony he' but also the ofsefting eni . we end up roughly where

9
oo o, conedoring ony o oy of mereusing aimosaverc C0s concamalan osgh osa e soing.

i, thereore,  usaul simpifcation o simply ook at atmospheric CO3 slone a8 & proxy fo th ot antopogeni forcing f th cimae, but
there are some important caveals (o keep in mi

(1) the various h hanged. If we instead o
industral emissions,
isional dieate range mpacie o8 udn aftectve nersse ofsimasphadc C03 of 60 pors
—some, idence times in
Gryears) than does G5, whih porsits orconturis.

That afarg climate ina pure CO, same CO;
equivalent emissions consisting largely of methane. for th later in the course.

Thes iniaions novsanding e s now conider e Impact o s pure 00 scerario Lt s fous speifcalon scanaris et wil
N Tevel, . so- Invariably,
emissions & Obviusy n Higher we aow he conceniatons o
increase and the later m, peak, the higher the uitimate CO, concentration s going to be. The various pnsslhl le such scenarios are shown bel
Icremenis o 50 o e ar 0 taize (0 concenatonsa 50 pom, e can e that GO emision s b brought o pek o
a7 gaons of caroon e voa: by il e,

comparison, roughly rising al the rate of 1 SRES
emissions scenaro, 5o we are aiteady "behind the curve 5o 1o Speak even for 550 ppr stablization

For 450 pom stabilzaton,the challengs s far grester. Accrding 0 e igursbelow, we wovld havehad t bring emissons (0  pek befors 2010

at roughiy 7.5 gigatons per year, and lower them 1o roughiy 4 gigatons per yea (1., 33% below 1990 levels) by 2050. Obviously, that train has.
Srency ot ne Saton. Ahematvens ho RGP & bty 1o o1 , that
Inualves brnging amisions 0. peck wiis 1 nex docads blow 10 gigatonsporyear.and educing thenfar more ramatcally o ear zeo
80% by 2100 through policies. With every year

stabilization ihat much more dificult greater reduction of emissions in future decades. i for this reason that the
roblem of has be dto bl rge penalty .

Carbon Dioxide Stabilization

2828
0, Concentrtion (ppr)

€0, Emissions (GiC/yr)

1800 2000 2100 2200 2300

Figure&7: Annusl €0, emissions and Resuling CO concenratonsfor Various Staizaton Scenarios.
Credit: Robert A. Rohde / Global Warming Art

The "Kaya Identity"

w ly play ives. To do so, we wil the

Kaya ldentfy e Techmca\ly ihe dentty , relating factor

popuiation, (2) el measured by annual GDP. X measured in

terawatts of to GDP, and (4) . measred in

used. Multp! - and you ifthe year, then the
00, ed per year, which, in tum, defi emissions and CO,

concentrations.

Mathematically,the Kaya identiy s expressed in the form:
F=P*(G/P)* (E/G)* (F/E)

where

Fis global CO, emissions from human sources

Pis doba opuaton

Gis wori
1 sonatanery consumption

in population (P), (@/p) ty (E/G) .and (F/B).itis
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possible to make an nformed projection of (F) . Obviously, in anything else,
more people Woreover, ¥ GOP per gg
meansgeser s ofcnrgy s we dov improve the
effc nology. less eneroy Gop le. I
Geciine s, y s

 non-fossi fu d (2. by finding
S and sqvacer G0u) e can aspect  docine m e qoanity s Lo per unitof energy p
Fortnatl we do ol have o st fom st Thee 2 o here, David Archer of the
University of Chicago (anc Below can be used.

oo voe o Ik e St 10 Py v i o e yours
Part One s

- PartTwo s
« Part Three s
« PartFour e

The "Wedges" Concept

An ly
Princeton researchers a fow years ago. First, one defr
emissions. We can think of that d

Figure 6.8: Schematic of "Wedges™ Approach to Defining Carbon Emissions Reduction Strategies.
Gredit: Garbon Mitigation Initative. Princeton University

Based on the . an 1
, 7 gigatons of 7
"wedges” that each represent 1 gigaton of carbon over the next 50 years. The first step to stabilizing greenhouse gas concentrations is to freeze
‘annual emissions so that they do not rise any further. To accomplish this, we would need o replace 7 gigalon wedges of projected groenhouse gas.
emissions that would be required to meet the forecasted business-as-usual global energy requirements over the next 50 years. The individual
ould be derived from greater energy effciency, decreased reliance on fossilfuels, new technologies aimed at sequestration of COy, etc,

Of coure, as we have seen from our discussion of ol
adequate X . or are
balanced by oo of s and biosphere. So,
docroase n mission fates the approach, iges are used to } emissions for 50 years, after
h or roblem of fully phasing out
ractable, and be reduced over s hecassary (o Mold breaching, &0, ce

pro-ndusivil GO lovls. Almativey more adiionl ecges,boyon the origal 7, can b use 0o onl ez annual CO2 omisionsat
currentlevels during the next 50 years, but instead, bring them dow

Figure 1 losascaleStbilastion Wedge

EEE N
Ve

Figure 6.9: Diagram Showing the Individual "Wedges" in the Wedge Strategy.
Credit: EPA

The can the global CO, For example, the U.S. EPA has introduced wedge-based
plan for reducing emissions in the U.S. asa U,

T ——————

R
Figure 6.10: Application of Wedge Concept to Greenhouse Emission Reductions in the U.S. Transportation Sector
Credit: EPA vz

the decades anead, b
mmkmg about cachof e \nd-v\dua\ migation approaches that ighbuy s  wedgo,o oo faclon of 0 wede,of reductons I3y o
bre:

pheelet 4
Project #1: Fossil Fuel Emissions

Scenario for Limiting Future Warming

tigat e of the need for day to stabilize
we s goba, dss ot do et ko Procieh hom mch warming
o expect. Furthermore, itis a future, and where the
threshold for Lustike K of Ife, e he face of
uncertainty, and we M fir insurance, yet they don't expect their homes o burn

o Thcy Sy wane 10 gt et cataspapme 1 Gocs heppen e e, o anaoBes et ik of e change mgaton 29

hedging aglna dangerous ptental impact downth rosd. This
balance and climate modeling, and our current lesson
like, “How do i (DAl)on
our cimate?”

Activity
Note:

For this assignment, you wil need to record your work on a word processing document. Your work must be submitted in Word (.doc or .docx), or
PDF (pdf) format s0 the instrucor can open it

For s profet, you il design your own foss el 'g by the year 2100 to 2.0°C relative to the
preindustrial feve

ctions

1. Defining the theshod fo DAI with the clmle s a value judgment, as much as  scenifc one. The European Union has defned 2°C
threshold of DA (and th the
he standard, i e., mi contantand
Cinedo) 1o cstmaic the G concanttion o shich we o ctiovs is reached. [Hint:
particular calculation in Problem Set #3]
iscussed above, where we choose (o set our emissions liits s also a matter of isk management. How risk averse are we? Let us
assumo that we want ot chanceofexceeding DAL only 5% whic s 2 yicl threshold used n s abatement taogis. Lot

also assume
Wi, hre s 5% hance bt o e serliy s ower han ol ondvalu,and S chance it e e sersiiviy & igher e
the high end value. Now, reviit the calculation that you did in Step 1, the

Wahent GO conceniton hal we cafeaen ant o o e chanoe o reacing ORI be\ow 2
3. That was the easy part! Now is where things
0,

0,
caulalod n Step 1 (L6 uaing e micange vatues) Recal it based on
Step2. [ B sang, o e it by ey 2100 1 CO

that the.
value of that peak should not exceed the threshold found in nStep { Yo Should mene use f e vl Kava attor vt e examined
earlier in this lesson. Begin ihe Kaya calculator to

(gven by o pGOP-curee when
o Choons TSAM DCO2 1 i slocior o e 1spia o e PG Yo e e Sove Knobe 6 Con e 10 et an o
emissons cenarc, socical you can ot ol
o (1) You ‘population growth, spread of i
the vancus RS S 5 0 A1 SR B B2) oLt nte. it Yo ot e I oot Corren il popton of 74"
billor

5@ pita) by up to 75% from 1.6% per
year, that s, you can choose a value within the range of 0.4 10 2.8 % st year.
o {3) Youmay change Wats per dollar) through
improvementof st echnlgy Y a1 perited 1 change e vl by 100 form s efut seting o ety thatis you
can choose a value within the range
© (4) You may change th % per year, thatis

ol o courcesor e

noves caron acency ofosel e nerdy seutccs & 5. o o araton o Gl i

‘Through some combination of tuning these knobs within the indicated ranges,

Co, it th

the 'ISAM pCO2' piot.)
A yourie up your el lease dcus he reascring it you use i g t he s chics or e facos i e Ky denty
iy principle

fesbtaaton. Yt s e migh, for exampl,be guded by th po of e reqired amounts of carbo-roe st
tool

Feading & Good o  Bar wod b e orginal 2001 IECC ropet o
5 Sive your o pocaseing document a4 s & Microsoh Word o POF o o atowing ormal

Project!_AccessAccountID_LastName.doc (or pdf)
For example, student Elvis Aaron be named "P1_eap1 *—This naming convention is important, s it will

‘Submitting your work
+ Upload your file o the Project 1 assignment in Canvas by the due date indicated in the Syllabus.

Grading rubric.

The instructor wil his project
Lesson 6 Discussion

Activity

Directions

Please partcipate in an oniine discussion of the material presented in Lesson 6: Carbon Emission Scenarios.

i on how to use this
too of time. Since the c forum at in time
juring the week, you will need to check the forum freay partcip to receive e
il Slone ooch e hera & now post.
togive toyour

posts.

Post your comments addressing some aspect of the material that s of interest to you and respond to other postings by asking for cariication,
asking a follow-up question, expanding on what has already been said, elc. For each new topic you are posting, piease ry lo start a new
with in order o follow.

Suggested Topics

» Discuss th f SRE o How are projecting Given what
world?
. D\smu  ptont ressonsfr e swilh frm SRES scanarcs 12 RCF plfuays i th sest PG eport. How ussfldoyou ikt

. Whata e Gieence boveen 0O amissionsand (0 cuivalnt emisions?

« Atmospheric C warming, . Why?
- What are smbmzaﬂnn Scenarios?
+ Do you find th ta useful tool for

‘Submitting your work

1. Goto Canvas.
2. Go o the Home tab.

3. Click on the Lesson 6 discussion: Carbon Emission Scenarios
4 Post your comments and responses.

Grading criteria

You il b raded on e ualty of yourparicpaton rubric o for
gradied. Pioass note tha you wil feiprpciroindih it
Pout.
Lesson 6 Summary
In i lesson, Wo lamed hat
+ up tough the Fourh ployed, for the purpose of tof
i nown as broad rango of e
lechnology. Semographi b0 and. herelos, p
o potential
. Tange 0, by 2100 from a lower and of approximatey doubling the
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Rel

der - Complete all of the lesson tasks!

You have finished Lesson 6. Double-check the list frst page of this lesson
activiies listed there before beginning the next lesson.

Lesson 7 - Projected Climate Changes, part 1

The the Besure to Canvas to
submit your assignments.

Introduction

About Lesson 7

With plausible greenhouse gas emissions scenarios now in hand, we are ready to begin looking at future ciimate change projecions. We will start
u

outby looking rface temperature, changes, paterns of
raintalland drough, and o regional spatal scales.
What will we learn in Lesson 72
By the end of Lesson 7, you shouid be able o
* assess hoImpoctof paveicl pihwers o in the contextofthe estimated
.+ Sesere potental mpacis of patterns of aifall and ocean and "

modes of climate variabilty.
What will be due for Lesson 72

Please refer to the Syllabus for specific time frames and due dates.

The following esson 7. submission i located within this lesson.
+ Tk Quz .
ead:
o [PCCE, Report, 1
r Poli " Futuro Gloval and Rogional
= E.1 Amosphere: Temperature: p. 20

+ E2 Amosghere: Wate Gyl p 2023
osphere: A Qualy
o O Procichons v .06

Questions?
f you have any questions, please post them to Home tab in Canvas. The instructor wil
Chook thatciscusson forurhGaiy o respond. Ao, pease 1ol 108 0 pot your own 1655 can help

Surface Temperature Changes
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been said, it s likely that a lower 0 d unuerbmmd 2 A1FI scenario,
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‘The second of the two uncertainties is the physical uncertainty, the
nacing micatos v o s o v o i S0+ ol 1o o AU sasasament e witor rey becs e on 4 g
Indsto th ul rangsof warmingover sl 20+ madee). Much of s pr uncertainty i

cks. On average, as we know from oud lobe negatve however, is

e Thocels used n the IPC 02 doubing vares
—2W /m? (ofsetting roughly half of the direct radiaive. lun:mg o e O et 0 nearty 21 (aing ety of . v
forcing due to the CO increase alone).
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Figure 7.2: Cloud Radiative Forcing for Various IPCC Models.
Credit: IPCC, 2007

ol e various sconariosana i physical ncorany rangos spana very lrge sproad ofprojctd warring for o nes cantry. s e
X CO, fixed at the year

(ihis would deforestation GO,
emissions), in in our EdGCM
experiments. Thi m. p\pelm e delsyod esponss o

concentration 0 mi 0.6°C depending on

the precise sensivyofthe cimate, wilh ot el g ol 04°C. Al e e enﬂ i sconaos s o ATE) scanar, ich o s
e from 2,50 g (wi ) depending.again,on the sensiity f the cim
Inlzresnng\y‘ o find ot phy ina sense, of magnitade, Wi he most ely
Warming 1. I caival imates T anchscanare) tangos Tom 0.4 1.4-C. 1. 1ttt rans o 3. 1 1o, ary one Sconay (0.,
ATFL, whcn rams ffom 25 10.6.5°C warming)also coresponds roughly [0 a maximum 4G range. In (s sense. roughly alf he spread shown
et

Thero s so much ocus on cimale pojectons hrough 2100 tha s easy o lose St of hefac thal the clmate does not magically st changing
812100 in the emissions scenarios we have been exploring—indeed, there is,in many cases, significant additional warming and associatet
changes i climate for severslmore contms.

Global surface warming (°C)

00 4

1.0

1900 2000 2100 2200 2300
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jure 7.3: Projections of g Under

Credit IPCC, 2007
be uniform. fasteor due, in
large part, . which 9 melts. L
riia. Some regions will  and slightly.due to
Jrostiiudoibbedihobdomaticatyil-hutteti
Can we see tis effects in th by imate model? Let us take a look—we are going to
y 3 suigion o the QPO CAE21 couped modl (one of e modai
contributes o the 20+ member IPCC have been looki ‘o A1B sconario,
course of the 21st century.
below, take rote of warming. Note the lattudinal breakdown of the warming shown to the right of
the map. What paterns do you see—are they whal you expect? Take nole of the variabilty, both spatially and temporally. Do you see events that
Tesemie £1NIRo ovents? Are there any pareulary eonapiouous, You might
imes 5o you animation.

Think About It
one y A s the in a small region of the North Greenland. Any.
that?
Click for answer.
How much did inthe global 21007 rall projs 9

3 seonants Shown sarers 'y b i ke, cdcood Guasa.what-model oo ight you Svspett e . oewg e e

Comparmg oo i fortig or o dierent IPGC rosecs iy

Click for answer.

Surface temperature changes are of course just one of a myriad effects of anthropogenic cimate change. Equally if not more important, i terms of
its impact on civiization and our environment, are the shifts i rainfall and drought patterns. What o the models have to say about this?

Precipitation and Drought

A wo aluted to s i the course ted tolead to a the Hadley which
fesue i an oxponsion of o ono of subsiding, dry ar well out of This s p: in the summer when
i, rainfal over the subtropi o

the
Al mcmamg \arge parts o North America and Europe. vapor s availabl
 which migrates north and south of the equator over the course of the year.

Sub-polar fatitud o ront,
b e pole and (b) the effect of increased aimospheric moisture, meaning
thatwhere it rains, there will be more of it.

1a) ) Soil moisture).
most of the worid,aven i hose

regins e, he high oot egons o o s o incrases in precipitation. Thi like
a parados

1 Sollmolsre
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0 7.4: Model Projections. (based on average over all IPCC.
rots Sipping necaios whers re o 3 conaeseos Among models
Credit: IPCC, 2007

Infact, there sol ihe wate coming i (n th form of preciptton,
and o) andth watr leaving he soi (n he for E.
centinent,incluing many roions ra arc prjcie 1 soe an ncrease i precpiain. So.what s acualy Napnoning s hatoven s many areas
ar raniaN 5 neonang, 5ol mlsurs onemelons s profocon o ocrods warmer

valer Sirtacs fom faifal o snowial, even when precplalon s profctd o
ncrease. As we st 2 10 come in fewer,

which, flood Very same regions.

Issue fater I our reatment of Gimate change impacts.

Coran prjetedchangesn peclaonae robust i o f dgre o corseraus aman models (0. much of Conda and o) For v
s however (much of the U.S., and much of

ot fal patterns are.
Shis nat ihemsel it ncaran o o ook s n groser et

Atmospheric Circulation Change

of ainfall Itis esp  at his pattern e.,by latitude bands,
picture of how rainfall Tonelon'a autode. When e do et we sue 3y dr tisdnal

patte emerge.

) Precipitati?n change .
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Scenarios curves are land average over all IPCC models).
Credit IPCC, 2007

Here we see the increase in precipiation near the equator where the ITCZ lis, decreases from the sub-tropics through the mid-atitudes as the.
Hadley Cell expands poleward, a sub-p Jeward. In short,

fectof the the zones of in
our very frst lesson.

Figure 7.6: Subropical Zone Expansio
Credit: Mann & Kump, Dire. Predrclmns Understanding Climate Change, 2™ Edition
©2015 Pearson Education, Inc.

e frst encoulerd e nolon of e poentl pleward igralon of e e e nour e discusion of e 2003 Eutgoean eatwave .
which was a possile harbinger of imate change impacs o come. ntis

the . dry air in
north of over the north well into the Sub-polar latitudes.
. as the various

of Europe. ten that.
almospheric bands, including the Hadley Circulation, and polar front, expand poleward.

Itis worth looking more closely, n this context, at one parlcular metic of the latitudinal shift of the polar ront and jet stream, the North Atlantic

Oscilation (NAO; we introduced this concept briefly in our discussion of factors influencing s in Lesson 3). The
NAO of the Northern ) polr rot during nothen wilar ovr the North Alanic
ongor ran stonger then usue subtopice

eeotiac i whmer e waher han ssuercondions Europs. By oo e negalve phase ofthe G & anoteies wih & weaker e
normal jet stream, cooler,dryer winters in Europe,

N Attt Cudtiin| Natl At Cedtiane

Figure 7.7 Influence of the P (right) phases of the NAO.
Gredit: Lamont Doherty Earth Observatory e, Columbia Uriversity
Often the N as th
! Mode (NAM), decper than pressure area belt of the Norther
Remapnre, o 3 Goepo ha ol s o the Northern hemisphere.
the AG/NAM is associated with a stronger northern Jotsiream, while the negative pi ot
rend towards a more /NAM as a result of , due
Ve o e bt o lempsraturs (esyou mayrecal o itis
7o place). Tis imp winter jet stream in the Norther Hemisphere (similar
changes are projected for e Southem Hemisphere), and “The sirong; atthe
urface furher warm winte preacding heat fom the y A
(0 isolads 10 a  dryer conditions in the near
and middle: are poly, this projected
regions.

NH (Oct.~Mar.) Multi-Model Annulor Index.

B

1650 1900 950 2000 2050 2100

igure 7.8: Model Projections of the NAO/AO/NAM based on an Average Over all IPGC Models (A18 Emissions Scenario) Compared Against
Historical Observations.
007

Credit IPCC, 2t
Monsooral ciaton ptterns may lsochango. The most prominentof e monscons s th Soun Asan Sumer monsoan, which s 11 source
of mi e oceans
arland. The lan s pones moes irgly 1 Sisnmer heating inan e ceeans, eadng o  tndoncy o ey age sl el iven
circulation cell similar in to o s i jon over.
e o ctan, 50 ot watm a1 over the Il Dcaan 5 craw i owar 150 1, whers i oo condonton o watev vaper e
. each of which may be mple, the

difrential heaiing of land relative (o ocean, projected over the next century, ol v o stonger monsoonal italon On e ohernand,

stabilize the by
the IPCC, this lat and the South Asian Summer n s projected to weaken. Seemingly paradoxically, however,

o monsoonal precipiaton s projecte t eraln fhersable r v increase. I he face f a weakening Monsoonal Crouaion s has (0 do
with e act ht ven though the circulaton iy be weakensd, hrs il b gester water veporconlant 1 8 warmed atmosphers sading o the

potential for great . uncertainty on this, however, and a wide spread in
oo semor s ean arong e models ssssssed y e PG

P P y it  which
we discussed in our to We wil defor of the uncertain
later variabilty,

Of course, it y is butai

Oceanic Circulation Changes

By far, the most igional
in o page of Lesson 1 o and the. n

1), AS we discussed earler, it was once wits oo ofthe g\nbe by
sending large amounts of fresh wiater into the North Atlanti,
formation of the sub-polar ion.

ince heatto e igh tiudes of e Novth Al ochan occronce
could lead the North d indeed, he
Younger Dryas event s toward the end of the last ico age, betwoen 13,000 and 12,000 years ago as the climate was warming during the inial
phase of deglaciation.

gourse, s ot g ur et dscussion of e Younger Dyaseve, et suatons areaute ifernt any respect. Touard e

ond ol e e s g, thers s mich 2
Today, however, the i and there Nonetheless, cerlain
suchas the CLIVBER ol vosd by e Pt Impacs, to.a substanial
weakening

Model Projections
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Model Projections of the NAG/AO/NAM based on an Average Over all IPCC Models (1B Emissions Scenario) Compared Against Historical
Observations.
redit: Pofsdam Insiitute for Climate Impacs Research cus

this effect, however. Earler n ths lesson ez, we saw
that i GFDL 2.1 coupled model podies  very moderatecosing over  small sgonof th North Alaic 1 responsef aifopogeric
warming, in part dug

the 20+ models used in Ifwe

s o s the y . averaged ovor all 201 models, wo soo only tha \agoesitol

e Sioc Nowhers mihe Norh Instead. In e North Al s of Grosniand and
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effects response of the 1P we are led
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Figure 7.9: Model projections of surface temper by end of yin A1 Ey alliPce

models).

Credit: IPCC, 2007

I we look at a more direct measure of the models, namely ty the
we o n

Some models substantaly, itweakens only very some models, its

as tall Why is this?

oven o eddies in these currents, end (o show far more

Iobusiness f he MOC than he sl modot,

o more ways ot nd ranspor waer e, and sty and S sioe, ook herder s oot il e poleward anepor of

Y s there

have a far more stable nan smpier satr ocean models.
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isa poloward per al IPCC models)

Credit: IPCC, 2007

Models of Climate Variability

We know ) ait
d d the world, and such Need one
is how. the future.
LARGE-SCALE IMPACTS OF EL NINO
(NORTHERN HEMISPHERE WINTER)

C] o o
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Figure 7.11: Large-scale impacis of
Credit: Mann & Kump, Dire. Predrc!mns Understanding Climate Change, 21" Editon

© 2015 Pearson Education,

One of is change in the

future.

climate change willinfluence the characteristcs of ENSO.
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Lesson 7 Summary

Inthis lesson, Some of the main findings were:

here from 0.2 o 7° ¢
nd regarding the cimate to

society matk
rouree g e i

warming is factor #1,

Were
G of 0.5-C. T scanaro s gy ity ae  Eery
et o 1 o ety o 60 emissions n the near fuure. On e oher Y, were wo o pursue busines- o Lsual emasons scenaro
{3, contine onthe ATF scanari)
e impactof hel

anywhers from a ower bwnu S 1o cppor o 15 5.0 Bopenivg o e el s et o020

melting of ice, more than oceans due in large par [0 the greater thermal nertia of the-
Sceans, Even as ENSO and other sources of natural
variabil
« precipitation is projected to increase in the tropics and sub-polar lafitudes, while decreases ar projected for sub-ropical through mid-lattude.
regions. These changes reflect a combination of the effects of shifing storm tracks and the potential for a warmer atmosphere to hold more

*+ continenial drought becomes more widespread aver much of thecontinets. Tisfesulsfom endancy ot ncreased avaporation o cry out
sl ven nmanyroions thai soe an ncreaso i prec
. Substantal chan including a poleward shift of the descending branch of
the Hadley Circulation and of the jet stmams polr fron and st racks. These changes assy Include  weakeringof monsoonal
circulations, and possible, 3
- tho Ao by, ot of s NorhernComephare wivejt sream, i proectd t become
csive, associied with a noriward dislaced sto rc and warmr, e ity condiions n regions suck 5 Europ, but e
Gonaions in semiand regons suh 25 th Medoransan and Nesr and Vi =

Conveyor bl crculalion). Stte-ol-he-art models, owever,projecta rather than
leading the N d i projected i only the
egion in the North Greenland;
« projected changes f the EI Nin are uncertain. Model with respect to whether
state wil Nifo or La Nifa, itone ana o ge

Reminder - Complate all o the lesson tasks!

You have finished Lesson 7. Double-check the list frst page of this lesson
activiies listed there before beginning the next lesson.

Lesson 8 - Projected Climate Changes, part 2

‘The lnks below provide an outine of the material for tis lesson. Be sure o Canvas to
submit your assignments

Introduction
About Lesson 8
e i ook t sme o he more st and el et by cimate models
e cychere s gacers. e st i mograton o
Ao 6 mor gl orje

changes n msse iles of o chmate Sysem. ey pefound poentl
consider
What will we learn in Lesson 87

By the end of Lesson 8, you shouid be able to
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ce on the Earth's surface, global

« qualatively
sealevel, . and other

What will be due for Lesson 82

Please refer to the Syllabus for specific time frames and due dates.

The following esson 8. submission instructi located within this lesson.
 Pariipate i Lessan 8 dsoussionoru: Clmte Change Profctons

g i 1
° SuianforPoley Mxkeqs o1, Future Global and Regional
» E4 Ocean: p. 2
L ES Coemere b, 2425
+ E6SeaLovel p. 25-26
+ E7 Carbon and Other Biogeochemical Cycles: p. 26-27
o Dire Predictions, v.2: p. 110-117

Questions?

11you e sy questos, loase post e o ) located under Canvas. The instructor
wil check Also, i 1o po if you can help with any of the posted

questions.

Sea Ice, Glaciers, Ice Sheets

n (if you have any doubt about this, just do a
Gongie hovs e, on .5 v a8 alamsranu oo uhatlums w_waning. b et il oo miomaten,

tonialy.n many cases, example this

in e otags, s pa ouof e of bingsboled 55 oy 1 cerociors) One o inpoint
e ot I A surmimr 50 e oxant o dbcine even the
projections in recent decades. One possibily is that example, to oo Tacurng and
emation tho s cavang e motes 1 nderpds e 1y 3 e oo v he Posable lsedbacse Imoel

(the . fear that we had crossed i
unknown tipping point from which Arclic sea ice would more o say i
pter n s lsson). I 0 tha woud . bear,

. howevor and § ino polarboar can bo
rosonsad uen ongoin afos Amed 8 iigaing t from the Churchil Plghl o T -
owever:the study inds that fuure warming would have o be kepl below 125°C, e toresponds s rously 2C warring rlatve Lo pre-
industrial time. before, 0,

“ = Y

.

£ .

¥
Figure 8.1: Observed Tr Arctic Sealce IPcc
Credit: The Copenhagen Diagnosis
one d proble of lobal san vl . Th maitng of
land ice, nonetheless, . As we saw in a
undergone substantial o over the past Cantry. oy are Jrojectad o conrie st of 8 msia of ses levl o v et oty
(for example, see this news aricl
The melting of sheets will level fise. This is part o the reason that so much atiention is paid to
e sapilly ormemmw oo hects n s ice sheets. Ina

10 have entered into a regime of negative mass balance, i. ice 1. Let s take alook

et s ke 10 nappen o hese co Sheat undor bl warming sesmae

a simulation of reatin
leadng o neet modelrs,Porn it oun Dad PgHgvgum e oo ere s marly o o cvaton West Ararche e o 6 s Shoot
 occurting on the millennial timescale.

‘Simulation of collapse of West Antarcic ico sheet in global warming scenario.
Credit: Penn Stafe Earth System Science Cener s

A siiercing s otand o e Grorlnd co shost simulation t0.a dynamical model of
the Greenland ice sheet, This ight take a milennium of fong loss.
projected global warming

L
Last Interglacial, £= 5 kyr

o e o resert

e thickness (m)
Figure 8. iang Model (the red curve Indicates the response
co: levels).
Credit: National Center for Atmospheric Research iss
Vel processes discussed on the Sea lce page of Lesson 3 coud by these
penetrate (o the botto of the ice sheet, whers it lubricates the
base of the ice sheet, allowing jghiice the ocean. for

are ot wel represeniad n curont ca shest mocil.

Figure 8.3 A mouln that formed nthe Greenlan cesheet.
Credit: Roger Braithwaite, UNI

Anctrer s ot wellrepresented by the models is th by ico shelves. pport 0 ho inoror
oo o holves th
fodcmtigecih i potental o destablzaton of el . s e b ik upand <alee it ocern, Ths ofec s wel
focumented durin January-Marct 002 T e s
oy e it G he it orine B i, iioqote b i overa o . e moni ol e reshun of o ot -
acceleration ico X
the collapse of the We i—the part of the Antarcti
though less dramat .
s alreach lobe o breakup of ice shel Id
than i suggested by current generation ice sheet models.

s a rule of

and the fact
y

PO S

S8

P

Collapse of Larsen ce shel B dring Jan- ar 2002
Grod National Snow and lca Data Senter e

Rogardessof he precss mescao of daay of ice sheets, g
intin 1 v artcle State—that we might
o he moling 1 T Graamian s Shoet much soone: tan i models proocin 5 500n 3 s cecade—by reacing & crlca lvel of
‘motio positive feedbacks
Ieaing t heulimatedestucion of th ce sheet. Once agin, we encoute he ot of Upping point—a nolon 10 b0 expore e I hfs

Sea Level Change

involved in projecting future sea level. Or the oceans, is fairly and the
only real itself, and itis surface. This
contribution is projected to be modest, amounting to only a fracton of a meter o
meling mouniain glaciers and ice caps. This contrbution, 0o, s likely o be modest, nly a smal faciio of a meter within the next century. The
3rd contribution—ihat from the meliing of the two major ice sheets—is both the largest and the most uncerlain

motion the collapse of ll or most of the Greenland Ice Sheet (which would add
5.7 meters of sea level rise) and the west Antarctic e Shest (which would add roughly another 5 meters). n our discussion of the projected
h d Antarctc lce Sheet in . we saw

. however. the ice shoets may take Yetwe

e
physics responsible for the formation of moulins, and wch
fotrdiioralon Indecd, h vry samo o sheet models bat et slow, ¢ ey esiun o i s st i nt reqs e o0

The rojecting the prjetons o rise, since thi ly the largest
contritor 1o lobal o3 fovlrise Inthe [PCC ARd roport fom 2007, he
uncertain to estimate. This means v, the IPCC ARS

(Howe:
repordoss nclude an stmateof 16 ca sheet contbLton, ading o an ncreased 564 jvel cnange projection of bout 0.60 by Z100 under

a\\emnhve socaled semiempical sealevel rise. Thi Somcen e

I rise an odel, and, in princi melting
e hects. oueh ol vl somo amoun of sncoraiy The som o pefocions Suggon i poceily of move hah 5 meer vy
et of s el s by 2100, and mor han 3 melers (foughly Tt of s e by 2200, We wilaokat h kel mpacts of such
impacts later on n the cot

e v crnge

\
\_L
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Yeur
Figure 8.4: Projections of ulure global sea IPCC scenarios, projectons.
Credit: The Copenhagen Diagnosis v
semi-empircal models. similar semi-empirical modeling
discussion of in the next section.

Tropical Cyclones / Hurricanes

Like globl sea level rise, impacts on y And, as
it dobe sa el rse mpacts of th
resolved h been
s o, and your course author of the relative meris of these difierent approaches on
e BeaiCimats e
ne approach has been (o take a that ol
disturbances, ina model.

e ImDu:sl
rone.and e cyones arocused are et ospecialy restale The mochs. o hose soneons, cannolreprodce major puicanes (coogon s
5), and, for this reason, one might call nto question their abilty

» (o of MIT emp ded modeling similr to
ina th distibuiion of real word
disturbances. Some of find )
Alinely model, that does inner tropical
and d model intensifcation.
Uor s approach,Emanuel observed ical
cyclones)in i He's al rend; inclucing the ncrease in ropical
intensities n i . when ho uses the actual
del ind intensification
S0, what esults The results of the ana et
we see,
and (o) wmch Damcu\ar e cone o Gutin i ou s coHig £ Gl I o of Tkl Y iones ey echly o, b
the power
A 25 North

ey

i1 i
H I
Figuo 8 ca » no based on the

e on a mbedded msaing appron
CresEmanuel o a, Huricanes and i Warmin, Bl ofte American etorcogcl Socit, 47-367, DOL10.117SBAV-85-047,

the models yiel Amajority
in the number of 1 variale, wihat et one of e seve model d indicaling a substantial
het between
and actvity—o.
nfuencing, .. verdonl wind shear, hat are ueamuynammsl changes in the cimate evaer. n poiculs e Uncenny nprofcing chnges in
2 comes into
Corkiban and vopicel Al whers vopialoyons o o o208 more 1 o
y contrast, a mor an even oo e
nEarain I brjocing hanges n ENS g e to projecting
cyclone activiy.
Yet, involves the use of a semi-empirical approach similar in spiitto
del ur stucy f sea level

ko sppear to gmm yaar "i-yoar changes In a:1w|ly osay (00 Hopear Atantis SSTs i Nioand tho Norh Alanic Osclaion).In fat
i very theso hrop factos as prodicors o

numbers in a That

panning the past
ilennium. You can hear about some work the course auihor has done n this arca m s NSF video press conference s

touse the very developed in

umbers. You can vary the P

the e centun), and you an vary how [ rond toward an EI Nifio-like state, i..
alues, to ko). For smpliy.we wil assume inat

R NAD remains o 1 oderhday verage (1 e 1 ne e el s proy ot anywsy) Applying the regression coeffiients of

utre sl ALBN braica cydone Aubers
et el s vkl aon_peses i st vl e b o e v o o o1 0 Tt bt 1 g Sonss of
how the ra i proi tity.

Extreme Weather

We saw earler ppe . pes of extreme
weatherovents. Sofar atc time. Given proj more
3 events can be expectod

B o largor e whatwe havs cbsonved s

Alarge increase in extreme d. As we know, into
afaster rate, vapor. These fe imply . and heavier
B: 1°C warming we

‘ i P 3 roughly 2%
during any particular precipitation event. Depending on the particular o over the.
next century Smee fooding rainfall over time, thi

see gr ught, i.e., more we

s oy dassion o generalarociatalon o v the pvious 550n)

Prcetaton ety

Rokd
Figure 8.6: Model Projections of Changes in Precipitation Frequency of Dry D: 21st Century in Various
Emissions Scenario (based on average over all IPCC models).
Credit: IPCC, 2007
rain, but where  we expect

itto fall as snow.

futsrrom the t howsve: I any ralstc scenaro of the next century, we will il have winter. o {Cold enough for snow over large
tn

forth America in winter, expect

e et s m el here: we also Soms wil ey

already in o ober
increasing can on

Profound changes are, of course, also expected in Heat e, i, couse have gsady

cted 1o bo subject o further i 1 the n
oy ol h ol Gapendng.of couse. ot amicion pely. No Sty oxeme G5 days aro rjocied  docense i pumber.

Fonam

g e

Figue 7: odel Pofecions of Changes n Freguencyof Frost &
Scenario (based on average over all PGC models).

Crdit IPCC. 2007

In s crgna scosion o extoneweather iLasson 31, wo laned o denceof exrome weater o o rling ot a i s como v
the ol of a ar ie (1 Let us think of
Jul /e have seen that the the UsS. id 201 oo
Think of that six o apparch sUch  Chanys i e ods gt be n 1 afy- ioday
by playing oved ol v o oo i oo o 1 Goule e romatiyof S, oot a
rumberof tolls as 10 or e osded me
roling a sixn
(e Uing the opdstod vorao 1 e o voling applkation belon S0 now many s of e i L yau nov 1 Fgu ovk v one s loac
the "loading of the die” will become more apparent in observations of

extrame weather as fime goes on?

this
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Carbon Cycle Feedbacks

inthe course, the €O, in has increased it should have given the.
‘emissions we have added through fossil fuel burning and deforestation. We know that CO; must be going somewhere.

R T [T Epre—
] s chan o ata and e

i

= S
e
255,
EE ] Terrestial ecosystem uptoke.
B Buommmedgun

W 0cean sk o,
v e w we aw

"

“The graph at ft.

changes an uptake intenesrial ecosyeiems,the atmosphere. and the ocean
Figure 8.8: Annual change in atmospheric CO, concentrations.

Gradit: Mann & Kump, Diro Predictions: Understanding Climate Change, 2% Edition
©2015 Poarson Educaton, Inc.

Indeed, cycle. in Lesson 1 n, only 55% of
emited here, while roughly 30- TS5 i e eresl
biosphere.

Figure 8.9: Global carbon cycle.[Enlarge cos]
Credit: Mann & Kump, Dire Predictions: Understanding Climate Change, 2™ Edition
©2015 Pearson Education, Inc.

The problem is tha tis pattern of behavior may no coniinue. Th tertestrial
ableo racton of . and tha leads us
11w consierh oceas, o example ther rea uberof decreased uptake o oo
in of Coke h loses its carbonation when you warm it up and remove the top, the ocean's CO, solubility decrenses as the
o e ek Sone st 5 oo PN e ppe Seoan e s o oo o pemary raions o Lpake o Kot Aot T 5,
part, due lo e n the region. I Losson 7 o,
 th e a bilof uncerlainty regardin ine'tame of s

weakening). If the ocean's key mechanisms, and allow CO; to accumulate fast

‘On the other hand, R i tongus roglon o th easier an conval sl
Paci g More E Nin suppross .
but more L g he buldup of CO in the
fure Coursa of ceanic ptaks abound, ut on baanc. s kel tnat s Up time. yield
feedback.

we e

00, o yr)
Figure 8.10: Ocean COj fluxes: posiive numbers indicate flux outof the ocean.
Gredit IPCC, 2007

Other ocean jato to . 0;

leads to in our. icts). On

the oné hand. tis Sch 88 200plankion, whih burymev
the ey die. This i s key by uries

posiive carbon cycle feedback. On the other hand, since calcifing organisms release COy into the water as they bud their carbonate skeletors,
a decrease in recuce CO,, Toedback

of other carbon cycle foedback , stong
‘Amon ity in sos, 0, ©)
‘o higher CO, . Finally, the
which we know o be a very Gy lovels on very I ore
chemical process of takmg co‘ autof e Smosphere. hy l‘:cnm; it
Wit rocks). trough the ; icate rocks,  through rver systems,
eventually reaching the oceans.
Whie each e some casos (se bars
Yne e blow, e et tesut o o ol Tooaback (he iackbar shown)
UncartatasinCaron Oy Fescacks
Moel range of chmale-carbon H i
oycle feecback ' | —
o —
P-4 P -
Ginao [
esponce e, o
| -
Tansiant cimato sensiivty | -
e '
<o | remocston -
- e || —
ocon | |
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impocton Aorme Facian of Tl Emsions

Figure 8.11: Estimated

terms ofpoliveof negatveestmaled change n the rbemne Tacion o G (oacas on verage et mrease oy 2150 ament e v imete

els)
Gt e, 2007

but could be quit

related to frozen ppec 1 so-called “Clathrate’—a crystaliine form of
found the oceans, which by modest 9. Since
melrane s o verypoe pol J amplify
msss arming and besocaies e chanaee
The key potential impl f s
previously in Lesson 7 e, Thisis.
0,

0,
ited C'O;, when,  fact, that raction would instead be increasing over tm.
While the magmmde of this effect s umenam me besx esﬂmaxes sugqest an additional 20-30 ppm of CO5 per degree C warming. leading lo an
‘arshown n arier essons

Earth System Sensitivity

As we saw in 1 in the traditional framework
response o snmmwgemc forcng i e e of coroon , he implcit
betw €O, in CO, levels,
changs.
Another problem in the traditonal atin depth in Lesson 5 of this
Impiicitn the So-called "Charney” notion of climate sensitivity—
named after a famous cimate scientist (Jule Charney e+1) and a late P of the “Chamey
Regert v ich provided h s ol stiate o th ange y in the equiibrium
described in : a sensovy of B CO; foreing as the
equilibrium vesoonse ol the climate system to a doubling of LOz luding all fast includ in water vapor,
clouds, sea Ice, and perhaps even smallice caps and glaciers.
The the lasting, mult-century f
forcing. The nol, for ude ice sheels o por
properies and vegetalion a5 &g boreal o g the possibilty
than the IPCC up uniil now.
T e Gonrat oo f il sanaity 1 Sl efoed t b £ Syt sensindy
» from long-torm ge that theso o indeed matter, and that the ultimate

es in is impled by
e GG progcions Forbo tne i Plocene, augly 28 WY ago and e i Mocene,sbout 15 M ago, gov e empersures appear
C for CO, doubling). This

i
¢
e
[
g2
gs
i3 o
€3
5g2
S L & & &

GHG concentaton taiisation ovel (59 COzeq)
Figur 12 Equlrum warmingas a uncion of COg cancentraton assuting @ Charmey seniiiy range o °C +1.5°C (ower urve15°C,
idde cue=30°C

e CO, loves appeat (s havs boan ighet tha fodey (Wack crces).
Eleai: lmaie Hiaaya niaine e
Studies using d that the Earth System sensitvity
ol Chaey Sonsy ooy S0% MGt T, a bl of oy kel at ico e ndus v ovl s no omry g ond
10 a warming of 3-C over the next 1-2 Genturies, but an eventual warming closer to 4.5°C once the land surface and vegetation hs equilbrated 0
the new climate and the ice sheets have melted back to their new equiibrium configuration for the higher CO» concenlration—a process that could
Uake a housand yeas,bu pernaps substanaly lss
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Figure 8.13; the Earth (in °C) to an dioxide from a pre-indusrial level of 280 ppm o 400
ppm. On left (a) i the projected feedbacks, while 1g once siow

ly Kick in.
Credit Instiute of Physics i

Tipping Points

o up i important because
g Whis many of
inroase,ar pr tm €O, inerearo hat can be more:
rupt o soma other reqime of
Seneor e sow an rampleof e son ot ehavirnour iscussion n Lesson Five (sce th seris of fi vmeos at he bolom o s Lesson

Eive page 1) of the role of I
potental for tnescer constant Whan st case, s wsswh\e
that one or more of the steady states is unstable. In that case, a small cause

current state 10 a very difieren, other equilbrium state.
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'

Time ——

Figure 8 “ipping point”

Gl 1pCc, 2007

o naveareacy sen some exangle ofptetlclmal gping pont-—e . i i polntil tesponse ofthe casaae o atens of acaan
Uoping bl e syslem,however. These nlud th posslalty tht the

ENSO

colal i h ueersvlablty n rgepots of S o ont

foodbacks alluded to in ths I ot uddon ease of ooy Toron mvthane "om oving pomaron oy amrs o

the simosphars. s, omm.rse possible ht oier pping points oxist it we 1 Can you think of
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Figure 8.15: Possible Climate Change "Tipping Points".
Gredit: The Copenhagen Diagnosis

Lesson 8 Discussion

Activity

Please ¥ not receive a ion to make yc
post.

Directions

Please partcipate in an oniine discussion of the material presented in Lessons 7 and 8: Projected Climate Change.

place in a threaded h e the specifcinc

o of tme. Since wil forum at s in

g he week.you il et check e form rauenty n peds P to receive o-
mall Slers sach e there 1 2 now po

togive toyour
posts.

of nterest 0 you and respond to other postings by asking for clariication,
asking a follow-up question, expanding on what has already been said, elc. For each new topic you are posting, piease ry lo starta new
with in order o follow.

Suggested topics.

« What do the climate models project for the future surface these
prgectons? s e warming prjecied 2 be unfor over e g\ube’

« What are
projections?

- What are circulations?

« How well ENSO'

Vi i Eatvs yospers rofocied o change?

« What are the projected changes of the sea level?
What are

*+ Avery important point about l limate poactons s that ey o uncetin, On way wo can stsmp o sssess how fslisicthe pojetons
areis 1o compare the projections with the observations. We are i a position (o do that because we have available cimate projections that
time ago and now we have ot cover 10 projscted porod. P\exse sharo your thoughts on s comparison
e have’

 What s e ifornca botwon he g Eyslem senstvy nd bo Equlbrum Clmale Sewl-vw’
« In our current state of knowledge, what 157 Should w these
o 1wt o 3 g vl of sl cerarn bolors e do oy’

‘Submitting your work

1. Goto Canvas.
2. Go o the Home tab.

3. Click on the Lesson 8 discussion: Climate Change Projections.
4 Post your comments and responses.

Grading criter

You will be graded on the quality of your participation. cubsic v for ve
graded.

Lesson 8 Summary

Inthis fesson, host of phenomena. We
found that
« Avctic sea ce extent is projected to continue to decrease, ice wil disappe: o p beyond
2°C. obs 2 models;
. deciine 9,
uncertinyregaring he rateand magntucd o dcine of e o msorconinentl o sheet~Greeiand and Anartc
« whie i
decades ament genaraton s oot mode take many
orevin ot play ou, owing 0 the \mvms\mHy slow nture o ey goveming processes
. d and entered into a regime of negative

uch as ice shelf
numessmq, could allow for a much faster retrea;

« ther sea level ise, g, the
and ce loss from the major ice sheets: the latter component i both likely the largest and the most
uncertain;
. for sea aos of sea levelrise
or more by 2100, and perhaps as much as 5 meters by 2300;
. dtolead to inthe
‘and flooding, and high e e e
. the projected oo eregien the At o oy o caasata
. projecions have y ccelerate
For. inway, CO, might nominal COz
concentation scenarios because of feedbacks heric CO, . b
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