Teaching Weather and Climate Summer 2010 Climate Change

Media Myths about Climate

Modern Climate Change Be skeptical .. be very skeptical !
) ) ) Concern about global warming is based on recent
Debunking Common Misconceptions temperature trends
Climate predictability - "9 of the 10 hottest years on record .."
Climate forcing - If somebody could find some other cause for recent

. warming, we could quit worryin
Climate models J Y3

e o . *  Global warming is a theory based on complicated
Emission “scenarios” & climate of the 21t century computer models
Responding to “Climate Skeptics” - €O, is "air pollution” ... cutting emissions will lead

to falling CO, and therefore cooling
If we stop burning coal, we'll freeze in the dark!

Planetary Energy Balance

Global Warming is © . . \l/
Based on Common Sense o

Yvy

<— MNEER >

/eartn'
not compuTer‘ models ... Energy In = Energy Out
not recent temperatures .. S(1-a)TR* = 4nR*0T"
not complicated! T ~-18°C

But the observed T, is about 15° C
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Dancing Molecules and Heat Rays!

Nearly all of the air is

made of oxygen (O,) .:.
and nitrogen (N,) in

which two atoms of

the same element .E.
share electrons

Infrared (heat)

Diatomic molecules can

energy radiated up vibrate back and forth
from the surface can like balls on a spring, but
be absorbed by these the ends are identical
molecules, but not

very well

Climate Change

Dancing Molecules and Heat Rays!

Carbon dioxide (CO,) TQ=@=6T
and water vapor (H,O)

are different! l

They have many more

ways to vibrate and 7 N
rotate, so they are -
very good at absorbing

and emi‘r‘ring infrared Molecules that have many

(h 601') radiation ways to wiggle are called
“Greenhouse” molecules

Absorption spectrum of CO2 was measured by John Tyndall in 1863

Common Sense

+ Doubling CO, would
add 4 watts to
every square meter
of the surface of
the Earth, 24/7

+ Doing that would
make the surface
warmer

- This was known
before light bulbs
were invented!

John Tyndall, January 1863
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Common Misconception #1

"Expectations of future warming are based on
extrapolation of recent warming trends”
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Difference (°C) from 1961 - 1990

s b b b
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WRONG! They are based on the idea that when
we add energy to the surface, it will warm up
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Climate Change

S, eoT?

19t Century Climate Physics
(Svante Arrhenius, 1897)

S,(—o)nr’ = eoT,* (4rr’)

S,(1- o) =4eoT*

Differentiate, apply chain rule
0=4AeoT,* + 4e(40T,")

Arrhenius worked out a simple formula
for the change in surface temperature
given a change in effective
atmospheric emissivity due to CO,

19*h Century Climate Physics

(cont'd)
AT, = L5 A8
ST 4 ¢

Plug in measured values

eoT,* =240 W m Ae 4
f tellite dat € 240
(from satellite data)

T,=288K

(Ae) (0T ) =—4 Wm?
(for 2 x CO
2 288K( 4 jzl.zl(

from radiative transfer) AT = T4

240

For CO, alone (no feedback), expect about 2 °F warming for 2 x CO,

A hi cloud

A albedo

las AT,

Climate Feedback Processes

* Positive Feedbacks
(amplify changes)
- Water vapor
- Ice-albedo
- High clouds

* Negative feedbacks
(damp changes)
- Longwave cooling
- Low clouds

Scott Denning
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Learning from the Past

Last Glacial Maximum 18,000 years ago

OCEAN
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PA@ES

J.R. Petit et al., Nature, 399, 429-36, 1999. PAST GLOBAL CHANGES

Estimating Total Climate Sensitivity

- At the Last Glacial Maximum

(~ 18k years ago) surface temp ~ 6 °C colder

+ CO, was ~ 180 ppm

(weaker greenhouse, 4.1 W m2 more LWA)

* Brighter surface due to snow and ice, estimate

3.4 W m2 more reflected solar A

ATy Ts(now)—T(then)

AF — F(now)— F(then)
6K K

= =038
4.1+ 3.4)Wm™ Wm™

Or, for doubling of CO,: expect 4 x 0.8 = 3.2 °C of warming

CO, and the Ice Ages

+ Over the past 420,000
years atmospheric CO,
has varied between 180
and 280 ppm, beating in
time with the last four
glacial cycles

300

275

250 -

225 4

200 4

175 T T T 1
-400000 -300000 -200000 -100000 0
Year

Review: 19*h Century Physics
(updated using paleo-data)
- Forcing: changes in properties of

atmosphere as measured by spectroscopy
(4 W m-2 per doubling of CO,)

* Feedback: both positive and negative, total
response to forcing estimated from Ice Age
climate data (about 0.8 °C per W m2)

* Response: about 3.2 °C warming for 2 x CO,

No climate models required ... just based on observations
(modern calculations agree ... coincidence?)

Scott Denning
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CO, and the Modern Age

+ Over the past 420,000
years atmospheric CO,
has varied between 180

Climate Change

and 280 parts per co;

million, beating in time |, S$8 PR IEZ009
with the last four glacial ppmin -

cycles 530
+ Since the Industrial 250 |
Revolution, CO, has risen .
very r‘apldly 230 | \LCE ice ice

1ce

180

-400000 -300000 -200000 -100000
year

Jfrom measurements

CO, and the Future
+ Over the past 420,000
years atmospheric CO,
has varied between 180
and 280 parts per
million, beating in time ca
with the last four glacial fi Y2
cycles 900 ppm in 2100 ~=__,
+ Since the Industrial w00
Revolution, CO, has risen
very r‘qp|d|y 400 388 ppm-in-2009 —-—J
200 INCE N iGEM (0 N L
+ If China & India develop - o T
using 19t Century 0
‘I‘echnology, CO2 Wl” -400000 -300000 -23:::)0 -100000 0
reach 900 ppm in this - -
century You ain’t seen nothing yet!

Climate vs. Weather

"Weather tells you what to wear today ...
climate tells you what clothes to buy!”

+ Climate is an “envelope of possibilities”
within which the weather bounces around

+ Weather depends very sensitively on the
evolution of the system from one moment
to the next (“initial conditions")

+ Climate is determined by the properties of
the Earth system itself
(the "boundary conditions")

Scott Denning CSU CMMAP

Climate Predictability

+ Predicting the response of the climate to a

change in the radiative forcing is not analogous
to weather prediction

* If the change in forcing is large and predictable,

the response can also be predictable

*+ T can't predict the weather in Fort Collins on

December 18, 2009 (nobody can!)

* I can predict with 100% confidence that the

average temperature in Fort Collins for
December, 2009 will be warmer than the average
for July!
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Climate Forcing

Changes in climate often reflect changes in forcing, as
amplified or damped by climate feedbacks

- Diurnal cycle

- Seasonal cycle

- Iceages

- Response to volcanic aerosol

- Solar variability

- Greenhouse forcing

If forcing is sufficiently strong, and the forcing itself is
predictable, then the response of the climate can be
predictable too!

Greehouse Radiative Forcing

CHANGES IN GREENHOUSE Giases FROM IcE Core AND MoDERN Data

E "E gm- n.wé » No.‘-e
] 1§ » £ different
i °§ "7 «s  scales
8 _:z Ezw_ 023 , Moder\n
-0.3
- .l changes
. o g To :Ompar‘able
= 4 z g E o
g Jo2 £ —an: .
i I 1"2 postglacial,
H 1 -0 2
: 4 1¢ but much
Jos© T4 faster

20000 IISOW 10000 5000
Time (before 2005)

P L
20000 15000 10000 5000 o

Time (before 2005)

TotaL AerosoL OpticaL DepTH

Aerosol

January to March 2001

lotitude

[]
longitude

August to October 2001

Sulfur
mg SO, per tonne of ice

° 0.10
o
C
2 0.05
(@]
S
2= 0.00f
S
el
g -0.05
- FL2004
_0.10 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 II
1980 1985 1990 1995 2000 2005

* Changes of ~0.2% (= 2.7 W m-2) reflect
11-year sunspot cycle
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BOOM!

+ Volcanos release
huge amounts of SO2
gas and heat

- 502 oxidizes to SO4
aerosol and
penetrates to
stratosphere

+ S04 aerosol
interacts with solar
radiation

Mt. Pinatubo, 1991

Climate Change

tinction measurements. Superimposed on the normal seasonal variations are major injections of aerosols
associated with the El Chichén and Mt. Pinatubo eruptions, [From McCormick, et al. (1993).)

10" October 1978 - June 1992

Fig.

Stratospheric Aerosol Forcing
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Observations
* Much
stronger
o o cpseane " trend on land
oe = than ocean
o 04
"oz iz * North >
55
L é § South
5
g™ 5% . Surface>
g -0.4 'gﬁ;’_. T
g g oposphere
£ 06 r p p r
o Acceleration
® Annual mean P:ﬂgd "c'?ﬁm of Tr‘end
= Smotes saios B oo
[ 5-95% decadal error bars mm— 100 0.074%0.018

GLoBaL TEMPERATURE TRENDS
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Variations of the Earth’s surface temperature for...

CCHANGES IN TEMPERATURE, SEA LEVEL AND NORTHERN HEMISPHERE SNow COVER

'(a) Global average'tempsrature ! ,' 1 40 Year‘s D;pfmm e G fomhe o8 e 08 Pal eO -
S s ] the past 140 years (global)
.. femperature

of Data : |

(0,) aintesaduwe

n ;
I(b) Global avsragelsea level

£
£ e ol Direet temperatures
§ 08 -08
T o = 1860 1880 1900 1920 1940 1960 1980 2000
g
T T ] in°C (from the age)
£ =100} 4 087 r 08
3 ] . [
g ! ] the past 1000 years (Northern Hemisphere) E
$ -150 - 1 L
= L
s L } ' ' L
(c) Northern Hemisphere snow cover L
4 - 00
= 3 [
E | F
H o 3 F-04
2 El [
E > L
-4 : -08
X X i X — Direct temperatures.
1850 1900 1950 2000 e
CIPCC 2007: WG1.ARS

Year

1000 1200 1400 1600 1800 2000

o=

Water Vapor Trends Accelerating Hydrologic Cycle

ATmosPHERIC WATER VAPOUR ANNUAL PRECIPITATION TRENDS

0N

) Column Water Vapour, Ocean only: Trend, 1963-2004 Trend % per decade 1951 - 2003 contribution from very wet days
= = =
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Trends in annual mean surface water vapour *
pressure, 1975 to 1995, expressed as a 3
percentage of the 1975 to 1995 mean. 5 % per decade
Areas without dots have no data. Blue 3 3
shaded areas have nominally significant o e ws e mn aw
increasing trends and brown shaded areas & Globl mean T2-T12 )
have significant decreasing trends, both at 0]
the 5 %qsignificance level. Biases in these
data have been little studied so the level
of significance may be overstated. From
New et al. (2000).

Global Annual Anomalies
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Cryospheric Change Historical Sealevel Chgnggs

GroeaL Mean Sea LEveL

RATES OF OBSERVED SURFACE ELEVATION CHANGE Morstly Mean Sea Level at Kvsjloin bl
CHANGES IN SEA ICE EXTENT 100 150
a  Arctic Minimum Sea Ice Extent Anomalies (1979 - 2005) 100
50
‘E‘ o
£ !
= L.
i »
Fl Kujalin Alll : : :
@ 100 a 008 e 1970 198 1950 2000
g Linoar Tronds in Soa Lovel
150 ] (1993 -2003)
3 i
o T T T T T T T
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< year
) =
0 _2:5"" (“o'"yr ) 25 50 2 Figure TS.18. Annuai averages of the giobal mean sea level based on
% reconstructed sea level fields since 1870 (red), tide gauge measurements
= since 1950 (biue) and sateilite aitimetry since 1992 (black). Units are in mm
. . refative to the average for 1961 to 1990. Enor bars are 90% confidence
Local melting can change both the thickness of intervals. {Figure 5.13)
o e me s am s ice sheets and the extent of sea ice

Sea Level Rise fmm yr-')

o Antarctic Sealce Extent Anomalies (1979 - 2005) Both sea ice and ice sheets are dynamic (they 10a1-2000 2
move in response to a PGF, friction, etc) Souroes of Sas LevelRise observed Modeted Observed e L S
e axparson oazso  0s.02 18105 V5207

Accumulating ice in cold areas due to enhanced Olaciorsand co cape 01018 08102 om0z 07103 Flours T816, ()Mot e so vl (1) v o 1620

iDitati o co Loom o 2000 at Kuajalein (8°44'N, . The observed sea leve
precipitation and melting in warmer areas e s e . b 20 o 41 4 o chorad o
leads to stronger pressure gradients and YT —r——— level in red and the satelite altimetry record in green. Annual and
aa_-e/er-aﬁng ice movement toward coasts sea level rise 11e08 12208 207 28208 semiannual signals have been removed from each time series and
H 18208 as0r the tide gauge data have been smoothed. (Bottom) Geographic
o i Melting sea ice has no effect on sealevel, but Creenestasesimetres 0w o) e atmete) oo ot am e e e et e 1003
y ' i} y i to (mm yr-7) based on seidon sa te altimetry.
oo e we melting land ice does (~7 m for Greenland) Pt wensise ot 0as0 Foures 573 70 on e s

Climate Model Structure Climate Model Grids

ATMOSPHERE
l 1 | IN THE ATMOSPHERIC
Th ynamic| Eouati Water Vertical oxchango wa,.gc::?:: . .
Equation oMo c,Fq ation vetween levets R Typical climate model
AN Clouds
TN > ~
— e — P NS Wy romporatuce Ax ~200 km
Parameterization| | Parameterization i "“\:ﬁ\\:\ Helghe
(100
[(3 ”» > .
Flux Coupler T worsomu sxonange  1yPiCA1 NWP model
I ensi *E . water :.’::::M'“ between columns. AX - 40 km
Th 4 J*  Equati N Salt B . fes| Hydrologic

Equation of Motion Equation Runofr |Therr % 10 20

; 20

o] Turbuience |, o Vegetation
Parameterization ca lce Land Ice 50 20
L I T
OCEAN LAND . . --200.]
Normalized pressure coordinate A=p/p, 500

(terrain following, “stretched”) 1000
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GLoeAL MeaN SURFACE TEMPERATURE ANOMALIES zoth C 1. . . °
R Anlhrop":genic and ‘Na(ural For‘cings ‘ ‘ - en ury Em I ss l on scenar ' os
. observations Temper‘a‘rur‘es +  Al: Globalized, with very rapid economic
g B . growth, low population growth, rapid
> SRES Scenarios : ’ o .
H . introduction of more efficient technologies.
H * B'GCk I ines ShOW ObS, + A2:very heterogeneous world, with self-
° ] . reliance and preservation of local identities.
8 el IOW llneS Show eGCh Fertility patterns across regions converge very
H low! Iting in high lati th
2 . slowly, resulting in high population growth.
E 1 mOdel . r'ed hne ShOWS Economic development is regionally oriented
Pinatubo and per capita economic growth & technology
Santa Maria Agung  Fl Chichon mOdel mean TSfC > Regional more fragmented, slower than other storylines.
00 1e2 prvm prow 080 2000 . . B1: convergent world with the same low
Year . W”-h a“ forlClngsl P;pﬁlﬂ:o‘: groﬁt:‘_cssi: A1% buTSvJJriTh r't.[\ipid
changes in economic structures toward a
by 1 — - - - - del e service and information economy, reductions in
) Natural Forcing Only mo . s Ca_p.rur‘ mUCh material intepsﬁfy, in‘rroducﬁyn of clean and )
_ observations. of h|s1'o r‘|ca| reco rld resource-efficient technologies. The emphasis
2 ] is on global solutions to economic, social, and
2z environmental sustainability, including improved
£ equity, without additional climate initiatives.
s N . + B2: local solutions to economic, social, and
* D, . . f
% W BOT?Om panels' mOdels "iving Fo"‘s environmental sustainability. Moderate
g 3 H population growth, intermediate levels of
& 1 § do not include Each “storyline” used to generate Sronomic dive‘fpmefl‘*r;"d 'ef: "ﬂPidB?"d more
B H H o . N . iverse technological change than in B1 an: .
Santa varia howg  Eroren | 2 gr‘eenhouse emissions 10 different scenarios of population,
T T . technological & economic development
Year

Emission Scenarios Sensitivity to Emission Scenarios

Emissions 1%0

1200 - Scenarios
— A1

30 Scenarios g oot
s Actual emissions: CDIAC s b F|
25 4 T 450ppm stabilisation ‘;2 t z i
— — 650ppm stabilisation 3 E i ook
— ATF & 8 sl
20 | — A1B ) L f wr
e A1T o, o] AN 4 Pl a0 2 a0 2w w0 20
15 B A2 2()‘00l 20‘20 2‘0140 ZUVSO‘ 20‘80 2‘00
— Bt T + Uncertainty about
. —— B2 RE oot et - human d;cisions isa
SRR I T emvope ] major dpver of _
5 sl uncertainty in climate
57 % Y Temperature ] [ change
£ ] [ * Model ensemble
0 ] T T T 1] | o show ne simulated warming
1850 1900 1950 2000 2050 2100 ) FEe. ranges ~2.5° K in 2100

2000 2020 2040 2060 2080 2100
Year
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SeASONAL MEAN PRECIPITATION RATES

Warming in 2090's

DJF observations

Low
. |
Land vs ocean! Emissions
+ North vs South
- Global mean
warming of 2° to 5° C
Moderate

* North American Emissions
warming of 3° o 6° C
=5°1t0 11°F

* Arctic warming of
8°t014°F High

Emissions
Rainfall? Agriculture? : -
Water supply? — Ski industry? B
Mass immigration? 0051152253 000450 0000 T IS

C)

level d Emissi i ‘ i i .
Sealevels and Emission Scenarios Common Misconception #2
1.0 T T T T T T T T T T
L i W . .
When we reduce or stop the burning of fossil
ol fuel, the CO, will go away and things will go
L "
back to normal
T L e e e I T T T T T T 100
- Experiments Models . .
% 06— E 5000.CS  +---- Wic28 — MPIUW — COZ from fossil fuel will
2 i 5000_CSW — =— GENIE-8 — CLIMBER — —{g0 .
e E 5000_CSWV ——  GENIE-16— GEOCYC _ react with oceans, but
s | ! LTCM S “mix”’
$ oal : .- only as fast as they “mix
L ! £
i 5
L ; . ¢ Eventually, fossil CO,
02 ° . .
I ; & will react with rocks
L 2
20 £
00 | | P Sk 5
199 2000 2010 2020 2030 2040 2050 2060 2070 2080 2080 2100 , ) About 1/3 of tOday s
‘ear Original CO, concentration . . .
i § emissions will stay
Figure 24: Global average sea level rise 1990 to 2100 for the SRES scenarios. Thermal expansion and land ice changes were calculated using a [
simple climate model calibrated separately for each of seven AOGCMs, and contributions from changes in permafrost, the effect of sediment P I IR T B P ST I NS ST RS 1 1 1]
doposion e oogHrn Gcmare o th o e 1 et chvascange vera s B of B G oes sppocng i i ey o 0 0 200 400 600 0 10002000 4000 6000 8000 10,000 in the air permanently!
average of AOGGMs for one of the six llusirative scenarios. The region in dark shading shows the range of the average of AOGCMs for al thirty Time (year)
five SRES scenarios. The region in light shading shows the range of all AOGCMs for all thirty five scenarios. The region delimited by the outermost
lines shows the range of all AOGCMs and scenarios including uncertainty in land-ice changes, permafrost changes and sediment deposition. Note Archer et al. Ann. Rev. Earth Plan. Sci. (2009 )
that this range does not allow for uncertainty relating to ice-dynamic changes in the West Antarctic ice sheet. [Based on Figure 11.12] ’ N i N i
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So What?

More Paleoclimate Data

Sea Level, m 100
Eocene
’ ® 40 Myr ago
%0 .~ Pliocene
.®  3Myrago
Global Mean T, °C Today PG - a
5 10 .-~ |15 _IPCC 20
e Forecast
-50 Year 2100
Last Glacial _.*~ -001  The forecast is low
S a0t because
-150° melting ice is slow.

Scott Denning
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Climate Change
More Paleoclimate Data
Sea Level
Sea Level, m 100
Eocene
. ® 4 Myr ago
50 . o
- Pliocene
P 3 Myr ago
Global Mean T, °C Today‘, -
5 10 15 20
" 50
Last Glacial - -100
toem
g -150
More Paleoclimate Data
Sea Level
Sea Level, m 100
Eocene
K 40 Myr ago
50 ) ,‘. 3° C warming
,“® Pliocene
Global Mean T, °C Today ° ‘ 3 Myr ago
5 10 s 20
’ -50
. Historically
. . -100 '
Neoacal g 3° C warming
20kyr ago 150 is a big deal.
12
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Historical Perspective Climate Skeptics

* Observed warming in the past is caused by
something else

- Natural cycles
(e.g., recovery from Little Ice Age)

- Changes in the sun

- Volcanos
. - Etc
e B rosg ) + Climate system is too complicated to be
, o . . predicted, and climate models are too
Climate ghange, CO,, anq energy will hlfe!y be dominant themes in simplisﬁc to represent real phySiCS
human history for centuries, much as religious wars, feudalism, " . o
colonialism, and industrialization in the previous millenium ° COHSPIFGCY theories

Responding to Skeptics

* Observed warming not caused by humans:

- There hasn't been much warming yet, because
CO, hasn't increased very much (about 30%)

- Does that mean that there won't be warming
when CO, increases by 300%?
* Models are insufficiently complicated:

- Predictions of warming don't require
complicated models, just simple physics

- Predicting that climate will not change if we
double or triple CO, requires some kind of
huge of fsetting forcing ("follow the energy")

- Complicated models don't show any such thing
- Observations favor the simple solution
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