Global Warming 104.or Everything you
Wantedto Know About Our Changing Climate

(but were too afraid to ask)

Michael Adler



Outline of Presentation

A Explanation of the greenhouse effect on Earth using simple models

A Applying the simple models to all of the terrestrial planets

A Measurements of climate related properties and comparison with
complex Earth System Models(ESM)

A Projections of these models to 2100 and beyond

A Necessary changes to meet climate goals
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The Greenhouse Effect

A The earth absorbs visible and ultraviolet light from the Sun. The Eamtidiates infrared light up to the atmosphere and tt
atmosphere absorbs some of this radiatonandN@ RA I §S&a A0 o661 Ol G2 0KS SI NIKQa
A The earth reabsorbs this energy with the result that it loses less heat than if there were no atmosphere
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The StefarBoltzmann laws="¢ wuis tie sum of all of the power emitted by a black body at temperature T wietbe 5 o
StefanBoltzmannconstantanda UGKS AYuUS3aANIt 2F ttlyoOolQa ofl O1l) 602Ré OdzZNIBBS

Emittedsolar radiationSe= Taukhere =5.67x10*:8, T=5778K s the surface temperature of the Sun and

Se=6.32x1G 7W/m?

Radiation arriving atthe earth@®l A YS& GKS { dzyQa &adzN¥FIF OS | NBFEZ RADGARSR o6& GKS
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Radiation leaving the SurRadiationarriving at the ) Radiation that could

per unit area of sun TOA of the Earth be absorbed
Se=T,, 1 Sar SedR74™ R 2 S Sar(” Re?)/(4 Re)
=5.67x16 (5778} Sar1368 W/m2 —» ¥, S=342W/m2
=6.32x10W/m?2 —>

Sun radius=6.96X10**9m, Sun distance=1.496x1Qi
Sun temperature=5778K, earth albedo=0.306
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S Sar(”" Rej/(4” Re?)
S=342W/m? S

With A =0.306
(1-A) S=237W/m?

Pe=(1-A) S= 237W/m?

G=237W/m?3
T.=(G/ )14=254 K <18C =0.4F \ould not be inhabitable
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The power density being absorbed by
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If the earth is in thermal equilibrium it
will emit all of the energy it is
receiving form the sun

Thus the power density of emitted
radiation assuming no atmosphere is
G="Tay ¢ K&NE temperature

at the earth surface

A This works out to b&=254.4K which

Is about-18C and it is not likely that
life could exist in thiesnvironment

Thus, the earth absorbs the solar shol
wave radiation in the visible ana

and reemits at a much lower
temperaturein the long wave infrared

Without an atmosphere Earth
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S=342W/m2S

A Assume that the earth has an atmospher
that absorbs all of the longwave IR
1 4AS +H radiation that the earth emits and back
radiates all of it with half going into space
YR KFEtF G2 GKS Sl |
earth absorbed all of this

T —— A Then the total absorbed power-(1
G A)S+H=474W/m2 which is 237.33W/m?

_ — — 2 from the Sun in shortwavegvisible and
(1-A) S=237W/m?2 A8 A tH=G/2=237W/m someuv) radiation and 237.33W/m?2 in
longwave IR radiation from the
atmosphere
Pe=(1-A) S4G/2= G=474W/m?2
474.65W/m? Te=(G/ )14=302.5K =29.5C=85.1F
A ¢KS SIFNIKQa SYLISNI U dzN8E withhdNdniospRedziand thg istheéS H o
SaasSyoS 2F UKS a3aINBSyKz2dzaS STFSOGE
ALF GKS IGY24LIKSNBE 2yfteé oaz2zNba tmr 2F O0KS

or 55.4F which is about the actual average



Does the Greenhouse Effect Violate the

2"d Law of Thermodynamics
AA simplified version of the"?law says a colder body cannot warm a warmer body and the
atmosphere is colder than the Earth(1)

AHowever, the Sun warms the Earth and the Earth is the source of the heat that heats the
atmosphere so the net heat is flowing from the earth
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the back radiation from the atmosphere

AThis is analogous to a person using a blanket in a cold room to loose less heat

Alf the Earth was not producin% heat, the atmosphere would have no effect just as a blan
a cold stove does not cause the stove to get warmer

AHeat must be produced by the Earth or the stove for there to be an effect

A Similiarly a person coming in to a house at 72F from outdoors at 20F feels warmer even
though the house at 72F Is cooler than the person at 98.6F because less heat is lost

In summary, the Greenhouse Effect is critical to life on Earth and a
the same time a too large Greenhouse effect leads to Global Warr
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Spectrum of greenhouse radiation

The Measured Greenhouse Effect

\

| A As an answer to the skepticism about the greenhouse effe
| . actual measurements have been made
‘A The upper graph is the measured back long wave radiatio
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L |cren ' A The absorption of this back radiation from the atmosphere
- . . accounts for the observed Greenhouse effect
¥ \/ N0 ‘A The lower graph are measurements of the chaimge
MI / /']'. P, 24 outgoing spectrunirom 1970 to 1996 due to trace gas¢l)

MW*A The measurements were done by the IRIS NASA satellite
Wavenumber (cm”) by the Japanese IMG satellite
---------------------------------------------------------------------- A This difference is a measurement of the increase in the
. Greenhouse effect
A When analyzed, this results in a 2@ C increase in the

N T n . | . surface temperature(1) which is in the actual range
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The Actual Greenhouse Effect

A The diagram (1)shows the actual resul
of detailed calculations and includes

® - 100 watts tor onch stare mater | , many more effects than the simple
ey : model
f0. —— | A The first difference is that 67W/m? of
- - ‘ the solar radiation is absorbed by the
atmosphere and clouds
o0 cimds, asros A Thus only 168W/m? reaches the surfac
Sl ShES NG 2 "Xt vs 237W/m?2 in the simple model
by "f’ jon' ennouse gases 11 ' Rty A Because of the increased absorption ir
s oS G'e —_— prporid the atmosphere and clouds 324W/mz2 i
R 'w:f"* — ‘ LA U back radiated to the earth vs 148W/m?
? ¢ g \ in the simple model
TN ‘@ S8 e T A The third difference is that in the

complete model 104W/m2 is lost from
the surface because of thermal
radiation from volcanos and evaporativ
processes

A The net infrared emission from the earth for the complete model G= 388W/m?2 compared with G=385W/m?2 in the
simple model
A That they are virtually the same is not an accident as the total emission from the earth is what determines the

SINIKQa GSYLISNY GdzZNE 2F wmn/ T(GFH)V4GF2BK 4Ty . 2t G1 YIy



Planetary Surface Temperatures Provides More
Information About the Greenhouse Effect

A The table gives a summary of the surfe

temperatures both calculated and
\J k b measured (1) for the terrestrial planets
~ A The top row gives the temperature for 1

Planet Mercury Venus Earth Mars . .
- planet assuming it does not have an

Tp, K (°C) 437 (163) 232 (-41) 255 (-18) 209 (-64) :

T K(°C) | ~440(167) 735 (462) 288 (15) 215 (-58) atmosphere t_)ased on using the black
Atmosphere: body calculation shown earlier for eartl
Pressure,kPa ~ none 9300 101 0.64 A The second row gives the measured

mposition C0,(0.965), N»(0.78), 95),
o N:(E). 035)? 022023’ %(:Zg.)ozi) surface temperature and the agreemer
Ar(0.009), Ar(0.02), for Mercury and Mars is very good
[trace gases] [SO2, Ar] [CO2, Hx0] [0, CO] A Earth gives reasonable agreement witt

the one layer model

A Venus with its dense atmosphere gives poor agreement with the no atmosphere assumption

A Theincident power from thesun for Venuss 2643W/m?

A The power absorbed at the surfaceli32W/mz2for an albedo of 0.8

A The one layer model gives a surface temperature of 260K which is much too low and even wit|
a zero albedo the result is 390K which is also too low
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A However Venus has such a dense atmosphere that the underlying assumption that the shor
wavelength solar radiation reaches the surface is a very bad approximation

An fact a better assumption may be that the solar radiation is fully absorbed at the top of the
atmosphere

A Then using the no atmosphere modeR NJ 4 KS (G 2LJ 2F + Sy Gmpivesl
a temperature of 210K using 132W/m?2 for the solar radiation

A Themeasured top of the atmosphere from tiagellensatellite is 220kn good agreement
with the above(1)

AThe key question is how the 730K surface temperature can be reconciled and the
O2y@BSYuA2ytt FyasgSN F2dzy R UKNRdAZAK2dzi GKS
Greenhouse Effect



The Runaway Greenhouse Effect

Runaway Greenhouse Effect R A In a situation where the surface of a planet has a large
i source of water a positivieedback effect can occur
where the surface temperature can increase
dramatically(1)(2)
A There is a limit to the powdhat a water saturated
Larger atmosphere caremit and isabout 330W/m2(3)
Greenhouse A If a steady state situation demands more heat emission
UK i than this the surface temperature can rise to over 1000k
and a runaway situation can exist until all of the water is
evaporated
A This almost certainly happened on Venus in its past anc
there is a key clue here

Increased
Surface
Temperature

A Venus has a hydrogen/deuteriuratio of 100 compared to 10,000 on earth(4)

A This can be explained if Venus started out with similar water content as earth but lost 99.9% of its
water due to a runaway greenhouse effect and because of a lack of magnetic field solar wind particl
disassociated the water into hydrogen, deuterium, and oxygen with the lighter hydrogen atoms
escaping preferentially

A Because of a lack of water Venus has no plate tectonics and there is no sequestration for CO2 so al
It is in the atmosphere making up 96% of the total and resultingvera dense atmosphere .



A The runaway greenhouse effect may have
resulted in a very high surface temperatures at
one time but it does not explain why the surfac
Is at 730K today(1,2,3)

ACKS FTyagSNI Aa O0KIFO %S
a closed system receiving little heat in or out al
thus Is adiabatic

A The lapse rate (temperaturehange with
altitude) for a dryadiabaticsystem is 7. 8K/km(4)
for CO2

A Taking this lapse rate arsh atmosphere of
65km(5)(6 with the temperature there at 220K,
the surface temperature is 727K which is very
close to the measured value 680K

A This results in a surface pressure of 92 times 1 .. .. ...

on earth(2)(3

{ dz

If earth had a similar atmosphere it would also have a very high surface
temperature and pressure, thank goodness for plate tectonics



How Do We Know that the Climate is Warming
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Historical Climate Change

The land surface temperature since the laté"I®ntury has
increased by 0.85C and the last three decades have been
successively warmer than any in the past with the 2000 decade
being the warmest

The warming trend has increased since 1950 with a 0.72C incre
based on 7 data sets

Significant increases are also seen for sea surface
temperature(0.8mm/year) and marine air temperature

One of the biggest concerns is the rise in sea level driven by a
reduction in global glaciation

Both Greenland and Antarctic have contributed G®89mm/year
increase in sea level from 1971 to 2010(1)

Land storage of water does not seem to have changed

The Arctic sea ice extent has decreased 3.5% to 4.1% per deca
with a range of 0.45 to 0.51 million km2 loss per decade(2)

The total since 1950 the total loss is 4 million km2



Latest Data on Global Temperatures

Year-to-Date Global Temperatures

1o Global Mean Estimates based on Land and Ocean Data for 2017 and the other eight warmestyears on record
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A The previous temperature profile was seen by some to show Looking at the last 5 years, there has been
a rolloff in the 15 years previous to 2013 when the previous significant and continuous rise in global
data was compiled temperatures(2)

A However, when more recent data was added as seen abovél Before 2013 the temperatures had rolled off
the curve has made a noticeable uptick resuming its rapid  but now it is seen as a normal fluctuation
temperature rise since 1980(1) that has been seen many times before
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Polar Amplification

A Climate systenfieedbackghat contribute to recent polar
amplification includehe(1)
A reductionof snow cover and seae
A changesn atmospheric and oceatirculation
A the presence of anthropogenic soot in the Arctic
environment,
A increasesn cloud cover and waterapor
A Overall, sedce changesre thought to be the major
source of polar amplification

NASA GISS temperature trend
20002009, showing strong arctic
amplification(1)
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Temperature Anomaly



Rate of Change in Temperature Across the Globe
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soon |- e Sea Ice and Glacier Changes

Greenland E 12 A There has been continued ice mass loss in both the

Antarctica -

S
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arctic and the Antarctic and this has come from
glaciers and ice sheets

A This has resulted in 28mm in sea level rise and
represents 10,000 Gt of ice in the last 20 years

A The Glaciers in Antarctica are increasing except in the
Weddle sea

A However, in Greenland the ice loss went from 34y6t/
in 19922001 to215 Gtrin 20022012(1)

A This came from surface melt and runoff and
accounted for 0.09 to 0.59mm/year sea level increase
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A In the last decade the largest
contributions to global glacier
loss were from Alaska, the
Canadian arctic, and the
periphery of the Greenland ice
sheet, and the Andes and Asia
mountains

A These accounted for 80% of th
total ice loss
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FAR 1990 Earth System Climate Models

A The figure shows the increase in resolution of climate modeling in four

generations of IPCC reports spanning 12907
A The 4" generation Atmosphere Ocean General Circulation
_ models(AOGCM) which were used in the 2007 report include an
AR 1008 Incredible array of complex process including

CLEEESEREERET 3 ] A Atmosphere effects of convection, clouds, aerosol and boundary layer effects, radiation

A Land effects of vegetation & soil type, moisture, snow, temperature feedback
A Sea ice effects dfifferent albedos for bare ice, melting ice, snow covered ice, apater

A The 3 generation Earth System Models(ESM)(2) include all oftthe 4
generation processes but add feedbacks among physical, chemical anc

biogeochemical processes
A Climate influences on sources and sinks of CO2 ande@ithe carbon and methane cycles
A Aerosol particles and their interaction with clouds and radiative transfer and the siur
A Interactive time varying stratospheric ozone concentrations and chemistry

Many of the effects of the greenhouse gases and other factors su
as clouds and aerosols are expressed in terms the change in ene

density in the atmosphere
This is called Radiative Forcing and is expressadm?




Short (global =473 W m?) (d) zonal average of shortwave CRE CI d R d. t. Eff t
R oud Radiative Effec

A One of the major issues influencing radiative
fluxes in the atmosphere are the effect of clouds
In absorbing or emitting radiation

‘ | | A The plots on the left are the measur@RE from

i St the for (a)shortwave(from the Sun) , (b) longwave

“ : radiative(from the atmosphere), and (c) the net
radiative effect

A The plots on the right show the zonal averages fc
the CRE for two different measurements in black
the CMIP5 model mean in red, and individual
models in gray

e w o = w» w A Thereis also a wide variation between individual

() zonal average of net CRE models seen in the zonal comparison and the CF

e shows up as the biggest cause of differing climat

projections from the various models

A Improvements are being sought in the areas of
fractional coverage of clouds, their vertical

o N distribution, as well as their ice and water conten

. : 9 60 30 0 30 60 90
-100 -50 0 50 100 Latitude

Shortwave CRE

Longwave CRE

Net CRE




THE POWER OF POLLUTION

W NOCT O ADSOID SUNIEM direclly, OF 3000 ool Jropwts and Dghien
s, Tvewr CUirmsalta Mmodieds 2 BHT ! IR OO AN ¢

Aerosol Caused Climate Effects

A Atmospheric aerosolsome from natural and

wihs - anthropogeni@ 2 dzZNDSa & dzOK | a ¢

W s .. =wewe  pollution (SO2), smoke and airplane contrails

A Aerosols scatter and absorb light aaisoserve as
condensation and ice nucleation sites, on which
cloud droplets and ice particles can form

! A Aerosol particles can also affect clouds making the
brighter so they reflect more light

A Climate models account for these indirect effects
separately as radiation interactions and cloud
Interactions(1) and are quantified as Effective
Radiative Forcing(ERF)
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Carbon Cycle
Modeling in IPCC5

A One of the improvements
In IPCC5 modeling over
IPCC4 is inclusion of the
carbon cycle

A The graphs(1) show the
amount of CO2 either
stored(@inked in the
ocean(top) or the
land(bottom) or
emitted(sourced) irgiga
tons/year

A The solid line are
estimates from the Global
Carbon Project(2)



