


Agenda

Earth Radiation Balance
e Potential climate drivers (forcings)

Earth planetary motion
Extraterrestrial effects on insolation

e Black-body radiation
e (Calculate solar insolation, radiation equilibrium
e Basic greenhouse model

Radiative forcings, atmospheric effect

— Selective interactions of elm. radiation with atmosphere (gm
tutorial)

e Feedback processes

e Anthropological climate drivers, more greenhouse gases
-Sources & sinks

e Projections



Earth In Solar System

Earth is a spinning gyro with an (approximately) space-fixed orientation now towards North Star. Axis
precesses and wobbles with 10ka-100ka periods. Revolution of Earth around Sun in 365.25 d, slightly
elliptic orbit (e~6%). Now: Axis tilt against normal to plane of orbit (ecliptic) about Sun (23.59).
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Seasons are caused by tilt of rotational axis (spin angular momentum), determining angle of incidence
and intensity of solar insolation, as well as length of day/night.

Energy transfer Sun 2 Planets via emission and absorption of electromagnetic radiationl !




“Black Bodies” Sun and Earth

In spite of occasional flares (outbursts/mass
North Pole) ejections), the Sun emits thermal radiation like

Angle of the sun

Arctic Circle any “black body” at the same temperature T.

Tropic of Cancer

Equator

Tropic of - Planck 's Radiation Law
Capricorn

Light power density perunit wave length 4
emitted in random directions (in 47):

2hc? 1 W
R(/LT): PE |:ehc/ikT _J (ms'sr)

‘ h=6.625-10J -s Planck's constant

Antarctic Circle

Solar radiation incidence during

- k =1.381-10%J / K Boltzmann's constant
summer on northern hemisphere

c=2.998-10° m/s speed of |Ight RS=696105km
A =wave length; sr = solid angle 47R2 = 6.09 -102km?
s =6.

Stefan — Boltzmann Radiation Law
Total power emitted S(T)z_[R(/l,T)-dﬁza-T“ (W/mz)‘

SB —constant :

¢ =5.670-10"° (W/K*m?)




Solar Insolation on Earth

Solar Constant No atmosphere
Earth surface area A. = 4z -RZ =5.1x10° km?

: 1
exposed to Sun = disk of area A = zRZ = ZAE

A
4rRZ
Rs

S=c-T¢ (R—Zj ~1.370kW/m?

SE

S-A =0-TS4-(47IR52)-(

Time averaged over spinning earth (A) =A /4
Setective = S/4=0.343KW /m?

effective

" Albedo" o = reflectivity, o = 0.3 (expt.)
— mean power absorbed by Earth's surface
S =(1—a)-S/4 =0.240kW /m’
T = 255K (=-18°C) T " =288K(+15°C)
(Need better model for Earth energy balance)
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Effect of solar irradiation on Earth
surface is non-cumulative, non-
linear, possibly unstable.

- System of several negative and
positive feed-back effects.

Possible: Thermal equilibrium (fast)




Orbital Modulation of Insolation

After Taylor, Elementary Climate Physics
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Modeling of influences of peculiarities of
Earth planetary orbit and orientation
(Milankovich cycles) on solar insolation
gives somewhat irregular long-time
pattern, approximately accurate (Ice
Ages). Predicts no 11-year cycle.

Observed Surface Temperature
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The sun's energy recerved at the top of Earth’s atmosphere has been measured by satellites since 1978, It has
followed its natural 11-year cycle of small ups and downs, but with no nat Increase (bottom). Over the same

period, global temperature has nisen markedly (top),

Average temperature trend = superposition
of sunspot insolation variation (11-year
cycle) on steadily increasing temperature
function T(t) not seen in upper atmosphere.




Understanding Earth’s Radiation Balance

Reflected Solar Incoming 235 Outgoing
Radiation Solar t Longwave

107 Wm** l Radlatlo_rzr Radiation
342 Wm

235 Wm*
Reflected by Clouds,
Aerosol and
Atmospheric Emitted by 40
Gases Atmosphere 165 Atmospheric
77 Window
Emitted by Clouds

Absorbed by
67 Atmosphere

Estimate of the Earth's annual and global mean energy balance. Over the long term, the amount of incoming solar radiation absorbed by the Earth and
atmosphere is balanced by the Earth and atmosphere refeasing the same amount of outgoing longwave radiation. About half of the incoming solar radiation is absorbed by the
Earth’s surface. This energy is transferred to the atmosphere by wamning the air in contact with the surface (thermals), by evapotranspiration and by longwave radiation that is
absorbed by clouds and gregnhouse gases. The atmosphere in turn radiates longwave energy back to Earth as well as out fo space. Source: Kiehl and Trenberth (1997).

From IPCC AR4 Report, assessed Aug. 2012:
http://www.ipcc.ch/pdf/assessment-report/ar4/wagl/ar4-wagl-chapterl.pdf



http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter1.pdf

Selective Filter Effect of Atmosphere

Absorption of solar radiation by the atmosphere is
determined using spectroscopic satellite, aircraft, and
surface data. See recent Atmospheric Radiation

Measurement Enhanced Shortwave Experiment (ARESE)
See, e.g., F. P. J. Valero et al., J. GEOPHYS. RES., 105, 4743 (2000)

U.S. weathier satellite

Radiation from Sun 20 T Adapted fro GOES g {decom.)
100% | Introduction to Atmospheric Top of atmosphere
Radiation, Academic Press, Sirlace (= 80%
| san piego, 2002. rtece (fo= 87)
2000
Dispersion by Rayleigh
Reflected from £ scattering (blue sky)
surface, clouds = _
and atmosphere 2 1500
4% 20% 6% g 1
Top of s
atmosphere E 1 Strong absorption
# 1000 of solar radiation in
§ : H:0 IR by atmosphere
20% absorbed by ] /
Z co
50% absorbed by surface et ——

5

Wavelength (um)

Scattered or absorbed radiation not available for
warming Earth surface. > Ty < 255K 11?7?77

Earth's surface




Categorizing Possible Climate (T) “Forcings”

Paleoclimatology achieved via study of Antarctic and Greenland ice cores, geological
sedimentation, tree rings, coral reefs, records, ...

Recent past via human records, oral history, temperature records
Now: various geophysical measurements on land and sea, e.g., remote satellite sensing.

Climate forcing := change imposed on Earth’s energy balance/climate due to

1) External causes (solar radiation influx):
a) changes in Earth orbital eccentricity (Ae~(0.01-0.2)%, T... ~ 110,000 a),
b) orbital precession (T ~ 20,000 a)
c) obliquity (A6= £19, T_,, ~ 40,000 a) of rotational axis.
d) Solar activity, sunspots (T~ (9-14) a)
e) Impact of meteorites, asteroids.

2) Internal causes:
a) Volcanic eruptions producing aerosols.
b) Changes in oceanic currents.
c) Changes in ice and cloud coverage (albedo).
d) Human induced changes (emission of greenhouse gases,
tropospheric aerosols, CFCs and HCFCs (like those producing “ozone hole”).

Correlate terrestrial observations with characteristic t-dependencies of potential causes.
Look for simplest plausible explanation (“robust” science), eliminate others.



Black Body Radiation
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Basic Greenhouse Model

Incoming Solar Approximations: Atmosphere is
- - transparent to incoming solar
Outgoing Terrestrial
Absorbed by Earth HH0ING Terrestr , | radiation. Earth surface absorbs part
(S/4)(1-a) (1-f)-c-T' | (1 - a) of it. Emits absorbed energy
B as thermal radiation at T,. Part f of
c-T I that is absorbed by atmosphere,
heating it to 7,. part (1 - f) is
I transmitted to space.
T« f.oT|T, | «= Energy Content equilibrates T, »> T,
l o T fooTl=2-0T ->T,=(2/f)" T,
4
o, t Absorbed = Radiated Energy (Power F)
T

f
Earth Surface T, = constant (84 (1-a)=(1-1)0- T +E'G'To4 =F

: F=(1-f/2)-0-T;
—>T0:{(S/4)(1_0‘)T _— =

o (1-1/2) Improve model by accounting for

_ altitude dependent, continuous
Observed : T, = 288K — 1 =0.77 absorption f(z), reduction in T(z).
—T,=2"T,=241K correspondsto z=7km > Atmosphere retains more heat.



Radiative Climate “Forcings”

Perturbations in the atmosphere (additions of GHG) change atmospheric
absorption (f 2 f + Af) of thermal spectrum for a given (fixed) T,

- Forcing = AF = change in outgoing flux

(Has additional consequences on H,0 evap., clouds, etc. > “feed backs.”)
Model simulation looks for (linear) relation between forcing and AT,.

AT, =A-AF  Scale parameter A

For a given T,, perturbation Af in absorbance changes emitted power flux F by

{DAF =|[1-(F+Af))2]- 0T -[1-f/2]-0 T = —A%c-a.To4 (T, = const. = equil.)

Equilibration of the same absorbed solar fluxwith Af : Ty >T, =T, + AT,
= (S/4)(1-a)=(1-f/2)-0 T =[1-(f +Af)/2]-o [T, +AT0T

7o + ATOT ~TH [L+ ATy T, ] ~ T + 4T (ATy/T,)  for AT, /T, < 1

AT, ~ To  af- 1 | AF =4 F { first order in AF, AT,
) A 4(1-£/2)oT; A Can do numerically exact.




Selective Filter Effect of Atmosphere

L _ _ Ny AR l Mean composition of dry
3 Nitrous oxide (N;O) A‘J\ “L 0, 2095 air and absorption
1 e — (O)and’ P CO;  0.041 spectra for GHG.
0 /—\;,}L OzoneiRd ) ‘ :r ?2241 -3 0% = [H;0] = 0.4%,
A ; e L 2% ()_4
S Carbon dioxide (CO;) )JU L J\ He 3.24x10 /
gol—— AL o i’ | GHG concentrations: on
< Water vapour (H;0) \J[Ult,} \\J H, sor10-¢ | therise during the last
B 7 CHy  >20x10~* century.
A uw\/\jv J M NO  >50x107"
03 ~4,0x107°
P 8 1 5 3 10 20 55 1 Adapted fro F.W. Taylor, ECP.
Wavelength (pm)
100 = X ‘/'_\ ﬂ ﬂ'] P 1
£ 75t | || | R IRl f
s ‘ \ | |[ ik i | Scattered or absorbed
2 5ol ] | ’ LK | 2| radiation not available for
g- ‘ Sun Illl‘ ]1 \ * /| ‘Ea"h g warming Earth surface. > T¢
0 / A lJl 1
0.1 0.5 1.0 5.0 10 50 100
Wavelength (pm)




Selective Filter Effect of Atmosphere

ray spectrum 6000K (I
11 km |\
I (227mb

Troposphere

Adiabatic
lapse rate in

n

Earth Surface

In actual calculations, atmosphere
divided into layers, consider also clouds,
dust, etc. Albedos of clouds, ocean, ice
can be taken from measurement.

Greenhouse Effect

Absorption of solar radiation by the
atmosphere is not lost into space.

Relaxation into IR thermal kinetic
spectrum of atmospheric particles.
Most of the energy content is
radiated back to Earth surface.

In equilibrium influx = outflux

1) Earth surface + atmosphere
receive P=S(1-a)/4.

IR radiation from surface is
absorbed by atmosphere, heating
it up.

2) Atmosphere radiates P=S(1-
a)/4 at low T back into space and
at higher T toward surface, heating
the surface in addition to direct
insolation.

Solve numerically consistently in
iteration. > T = 283 K (+10°C)

See, e.g., F. P. J. Valero et al., J. GEOPHYS.
RES., 105, 4743 (2000)



Tutorial

Interaction of elm Radiation
With Matter I



The Electromagnetic Spectrum

Wavelength
(meters)

Radio Microwave! Infrared Visible | Ultraviolet

103 102 105  5x10% 10°8 1010 1012

blimda® & % o

Buildings Humans HoneyBee Pinpoint Protozoans Molecules  Atoms  Atomic Nuclei

Frequency ##
(Hz)

104 108 1012 1013 1016 1018 1020

Temperature

of bodies emitting
the wavelength

(X)

T/K 10° 102 104 107 1010




Energy Transfer by Photons

Moving electric charges in
broadcast antenna emit
electromagnetic radiation fields
Ji characteristic (frequency, wave
| length) of the electric currents

Electromagnetic waves transfer quanta (photons)
which can be absorbed by electrons in a receiver antenna, causing

them to move in synch with the emitter.



Absorption of elm Radiation: Beer-Lambert Law

Incﬂm!ﬂg 9 Transmitted
Intensity Intensity
Io y L)

=

lNluminated e
Area A 6 dx
Atom Area £ — X
=cross section Absorber

(Volume=A-x)

Incoming intensity I, = I(x =0) blocked by ¢ per atom
Intensity absorbed along pathlength Ax : —AI =f-1-Ax
......... (— simple calcs)

Probability (= fraction f) for absorptionof dI, change =—dI

in the next slice of absorber dx : dP,,.(x) « dx

f=dP,.(x)= (dI) u-dx  (fraction of I abs.)

g—i =-u-I(x) — DEq for exponential

Transmitted : |I, = I(x) = I - €| ui= p,oricie - €

Can use base 10 instead

X of base e=2.718....
Absorbed:|I, = fo 100 =L -e*)  ame L o e

— Absorbance : Log,, [I j

p-x=e-c-x Units of g and ¢ depend on unit of c.

11

Specific for absorber material, depends on internal structure, electric
dipole moment. Otherwise, u # 0 only for ionized ideal gas.




Emission and Absorption of Photons

Unbound electric charges such as electrons in a hot body

(“blackbody”) of ionized gas (e.g., Sun) emit and absorb
electromagnetic spectra with continuous wavelengths

(frequencies, photon energies).

Bound electric charges (e.g., electrons in atoms, molecules)
emit and absorb discrete (“line”) energy (wavelength)

spectra.

' 3
>0 Continuum
Energy transfer by photons in > o_ﬁ_(l"_'bf_"[“p_—
bound systems: - Discrete —
Absorption or emission of light (bound) ooto”
occurs in transitions between <0 p@é\g\) (\N)QO(
. L ‘o(\
discrete energy levels. < 0o
har risti ing =2 r. ID
Characteristic spacing > spect Ehergyiliovd
Ground State

AE| = hv = hc/A Absorption issi
h = 6.62606957 X 10 m2kg/s " Emission
Planck’s constant




Energy Transfer Through Radiation

Wave length spectrum for thermal equilibrium Continuous % N\ 7
—— thermal spectrum. .
B S ) oo |[4Empl
absorbed by . '

charged particles
in random motion

Wave length spectrum for atomic transitions

Charged/Polarized Particles

Energy Levels of Na and H (1-electron atoms)

S P D F ! Hydrogen
'o- K4 e fo— P— I fe—
E E g E | = n--i\hnny
Energy (752: —&B —£29 :g{: g—
levels of 5P (—4d —af, n=a
outer Na 1~ Ss— :
electron i | hes
|
- - 45— |
> I
& I
2 I
 -3- 3p I
Wave Length A (nm) > : e
4 '\ hwlf
Internal atomic / molecular energies are quantized OO
Transition between levels:i — f 5=l ag ¥

AE; =E; —E =hvy =hay, =hc/Z

1 eV = 1.602 176 53(14) x 102° J (Joul
Planck's constant h =6.626-107*J - s € (14) x (Joule)

vi2.417 989 40(21) x 104 Hz

. Energy related —
hi=h/27z,c=0.2998m/ns speed of light spectroscopic V: 8 065.544 45(69) cm-1
observables A:1239.841 91(11) nm

T: 11 604.505(20) K (Kelvin)



Molecular Emission/Absorption Spectroscopy

Intrinsic Excitation Modes

/ o N

Symmetric stretch Bend
(365 x 10°em ') 11.60 x 10°cm ™ ')

e e 0 -0 o @o—o—o@‘

Asymmetn stretch Bend
(235 x 10%em™') {65 x 10%em™")

Asymmetric stretch
(376 x 10> em™")

doubly
degenerate

@

Symmetric stretch
(infrared inactive)

d.o.f.: 1 rotational
+ 1 vibrational

Vpot

Linnr S O, (O, NO Limenr trdammmie €O, S0

I Segrews of retational Troedem snd T rqual masmeats of Seertie

Independent degrees of | g . »
freedom of motion of a e

3-atomic molecule: & ™

1) translational as a whole,

2) rotational (diff. axes),

3) vibrational (diff. modes), =

4) electronic. e " Lot
® RSN

IR absorption if molecule

has electric dipole

E =Eyus (V) +E (J;)+Eyip (N)+E, (.)

Translation energy E;.,s has continuous “thermal”
spectrum, generated by multiple collisions.
Mean energy about kT= 400 cm (T =300 K), infrared (IR)

Can absorb or emit any energy amount (E conserved).
Quantized degrees of freedom absorb/emit discrete energy
packages h@, :i(Ef — Ei)

Rotational energy E,.; is quantized (line spectrum), typical
Energies= (1-500) cm-! (far-IR to microwave)

Vibrational energy E,;, is quantized (line spectrum):
energy of vibrating nuclei about their equilibrium
positions; E ~ (500 to 10%4) cm! (near-IR to far-IR)

Electronic energy E is quantized (line spectrum), typical
energies (104-10°) cm- (UV and visible).



Energy Transfer via Collisional Relaxation

Internally rot-vib excited di/poly-atomic molecules in atmosphere
suffer multiple collisions with other particles in random (thermal)
motion, which act as a “viscous heat bath.”

Energy is transferred back and forth between all (f) degrees of
freedom, until equi-partition

o (E) =2k-T (i=12...f)
\ / <— Equilibiung ieqg 9 e
\ position _ _ 1

xl - 3D translational motion (E)eq = (Ex>eq +<Ey>eq +(E, >eq :3.§k T

— t ~ damping
TV force Consequently: for damped oscillation of mass m on a spring

viscous l, Velocity Undamped : X, (t) =x(t=0)-cos(@-t) @ =,/c/m
damping v

Damping coefficient y — X, .q (t) =X(t=0)-e™"* -cos(@ - t)

‘ ‘ Energy (E(t) ~ x(t)2) transfer to bath particles and back
laimmmen 1 until equilibrium is attained (bath heats up).

x=¢’ uco,\{m_r - (r]

x4 d .
% E<E> :_|:<E>_ EO :I/Trelax , with Tretax & Teoll Fast
s ol collision time 7., = function (density, T) relaxation/
attainment

o » (W
—

O iy wet™ st . —3 Of
s o mean free path A N 5-10~cm / M_ 10| equilibrium
MlverRaige & S mean thermal speed p/Torr 87kT

Internal molecular energy dissipated quickly and heats surrounding gas @ equilibrium I !



Selective Filter Effect of Atmosphere

s°|ar-enerQY'absorbing Greenhouse gases N>
gases ‘C’(’)
= Downgoing solar radiation Upgoing thermal radiation Ar
%‘ ‘g 70-75% transmitted 15-30% transmitted Ne
s a3 He
£ 'é , Kr
== 396Wm’ .
gz H;
g. - CHgy
Lo N>O
Q Infrared

Transitions: Electroni

Vibrational—> < Rotational >

03

100 6
§ : ' ' '
S 50 at :
@
o 254 1 $¢a
0 4
£
§ ' ' ‘Carbon dioxide
g. . A Oxygen and ozone | 2
S A Methane
% o kl . _ Nitrous oxide
, = e e BAYIPINIEAR0NG .
0.2 1 10 70
Wavelength (pm)
| " A | B i L
10" 10" 10"

Frequency (cycles per second)

(A2) uonejaso jo Ablaus

78.08 Mean composition
20.95 :
L of dry air and
0.934 absorption spectra
182210 = for GHG.
5.24x 10~ 0% < [HZO] < 0.4% ,
114210 ¢ _
87x10-% GHG concentrations
5.0%107% rising during past
>2.0x 10~ centu ry.
»5.0x107" B pdapted f
P pted from F.W. Taylor,
~4.0x10 ECP.

Scattered or absorbed
radiation energy is not
available for warming Earth
surface. > Tg < 255K

Radiation within the
“Atmospheric Window"” A\ is
not absorbed by atmosphere
- emitted directly into space.
Specific Greenhouse gases
may absorb in AA and reflect
radiation back to Earth
surface-> “warming potential”

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6174548/



Selective Filter Effect of Atmosphere

Nitrous oxide (NoO)

T

Oxygen {O,;) and
Ozone (O4)

Carbon dioxide (CO,)

L g\

Absorption
-0

:\Nd!el’ vapour (H,0) \J[ U-\L J '
| Dt:‘-’w\/\«/v [émospth,dovs :

0.4 081 2 e 20 30

Wavelength (pm)

N2
O,
CO;
Ar
Ne
He
Kr
Xe
H,
CHy
N,O
03

78.08
20.95

> 0.041

0,934

1.82x10°%
5.24x 10~

Mean composition of dry
air and absorption
spectra for GHG.

0% < [H,0] = 0.4% ,

114210 4

R7x10°°
5.0x10°%
~2.0x% 10~
»50x10~7
~4.0 »

= 1 00 ———"\_/'_\ A {.‘ ';ﬁﬂ P’ ‘ Inl
£ 75F | ”‘i’w
5 | UL ] | |
= 50 F . NRY LA
g' 1 Sun | :‘l|‘ | ’ \; ‘ | ‘ ‘Earth
2 5| NG ¥ | e
< | }m U N Atmo tlc “Window”
0 \t/ 1 1
0.1 05 1.0 50 10 50

A Wavelength (um)

100

T

Intensity —»

0-°

GHG concentrations: on
the rise during the last

century.
Adapted fro F.W. Taylor, ECP.

Scattered or absorbed
radiation energy is not
available for warming Earth
surface. > Tg < 255K

Radiation within the
“Atmospheric Window” A\ is
not absorbed by atmosphere
- emitted directly into space.
Specific Greenhouse gases
may absorb in AA and reflect
radiation back to Earth
surface-> “warming potential”
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Tipping Points in Earth Climate ?

n'We

Non-linear and coupled effects in Earth
current climate evolution > global warming,
melting of sea ice, ice cap, desertification,
ocean acidification, sea level rise,......

Historic climate facts:

Earth climate has alternated between

Ice ages (little and major) and greenhouse
periods. Transition speed?

Do we have time to adapt or change pace?
Mind the fate of planet Venus (nyT012921)

Earth albedo or surface reflectivity € =
important in maintaining radiation balance

Glaciation: increasing ice cover A¢ > 0 — surface temperature change AT <0

Warming: decreasing ice cover A¢ <0 — surface temperature change AT >0

Albedo is non-monotonic function of important driving parameters, has extrema!



Non-Linear Forcings: Feedback Effects

Important feedback forcing mechanisms considered in

output acts to enhance input climate models:

(+)
o FESRtEx

3 OrocosS « CO, runaway process: Increase [CO,] = increase
input output T - release additional CO, from frozen Tundra >

« Ice - albedo: White Ice surface reflects more

acts t i . i
o }f’{educempm radiation, lowers T, more freezing >
~ NEGATIVE  H,0 greenhouse effect: More humidity raises
Yooy FESDRNGR atmospheric IR absorption, higher T, more
input output humidity >

« Cloud effects (dynamical and thermal), complex
interaction between radiation, convection,
circulation, cloud cover. Albedo effect dominates.

H,O greenhouse effect looses importance if
troposphere is already opaque to IR. Then, it only
affects heat convection.

Combination of partially canceling positive and
negative feedbacks.

However:

Complex systems have capacity of sudden irregular
(chaotic) response to small changes of parameters.

Examples




Non-Linear Climate Forcings

Time dependent Earth albedo,

Thawing Tundra

(Area =1.1x Area_of US) >
time dependent CO,/CH,
emitter

After Taylor (ECP)

Earth albedo a=a(T(t)) > T =T (t) = surface temperature
C = effective surface heat capacity : abs.heatenergy Q=C-T
Differential equation for T (t)

C-%T(t):(l—a(T))-% — o -T*(t) with S,o constants

T increases, and a decreases (more ice melting), as long as

(1—a(T))-% >o-T4t) or 1 —4%-T4(t)>a(l')>0

Q(T)
c-T* T4
3 Q(amin)
no ice
Q(T)
’ QBrmax)
1 max ice

=V

Stable states: T (t) = const.? —
dT(t)/dt=0 at T=T, (i=12..)

Q)= (1-a(m)-7 = o-T

Butd?T (t)/dt” <0 — unstable
Assume gen. dependence a(T)

a(T)=a,+c,-T+c, - T?+...7

T—>0a—>a,. T >oa>a,,

max !

Stable states 1) ice age or 3)
ice free. State 2) is meta
stable, unstable against small
changes in a.

Sudden climate changes!



Speculation: Earth Albedo Model

Albedo is non-monotonic function of important driving parameters.

Combine & parameter dependence to model non-linear dependence on history:
e(t+At)=a-e(t)-p-&(t)+......; parameters a,f = f(CO,,...)?

Since g(t) is non — monotonic and must have an extremum

29

— sign(a) = sign(p), choose a, 8 >0

Adopt discrete time steps t (days, months, years,....,centuries) —
e.=¢(t+n-At)~a-¢ - -  "Iteration"

n+

Variable transformation —

Profile function| f(¢)=pu-e-(1-¢)| "Logistic Map"

Intro Order&Chaos

e =f(e)="Ff(f(e ))=Ff(f(f(¢,)))=F(e,) Iterative Logistic Map

Stat Theory W. U. Schroder
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Intro Order&Chaos

Stat
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Iteration Number n

Same example as above, plot showing
only the iterative intensities / on the
curve representing the map profile
function f(/).

A large part of the brightness spectrum is
covered by the trajectory already after
500 iteration. No apparent intensity
pattern.

Intensity flashes between bright and dim.

Same example as above, plot shows

iterative intensities /_ vs n. Some, but not
exact similarities, intermittency domains,
strongly dependent on initial condition /,,.



Linear and Non-Linear Dynamical Regimes

0.0<u<1.0:
1.0< 1 <3.0:

3.0< u<3.6:
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3.6 < u<3.8:
3.8< u<4.0:

No non - trivial fixpoints —I —0

1 non - trivial attractor fixpoint, "deterministic chaos"
Trajectory deterministic for precise initial condition

1 non - trivial repellor fixpoint, "deterministic chaos"
bi — stable flickering with alternating intensities,
several n - frequency doublings (bifurcations)
1 non - trivial repellor fixpoint, intermittent flicker

1 non - trivial repellor fixpoint, chaotic dynamics

1

=
o9

=
Lo

Intro Order&Chaos

Intensity |,

=
(!
I

u=3.55 1 02

0.5 Left: Frequency

0 doubling

Right: Two frequency
doublings with
intermittency.

0.4

| I 0 | | | |

0 | |
0 10 20

Stat Theory W. U. Schroder

30 40 50 0 10 20 30 40 50
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Fragile Thermohaline Ocean Circulation

What could happen with

Atlantic “conveyor belt”
driving Gulf Stream, which
roduces moderate climate
in Western Europe and
North America.

Kuhlbrodt et al.,
Rahmstorf et al.

===  Surface flow ) Wind-driven upwelling L Labrador Sea

mesm Deep flow (+) Mixing-driven upwelling N Nordic Seas

=== Bottom flow . Salinity > 36 % W  Weddell Sea
<  Deep Water Formation Salinity < 34 %o R Ross Sea

Atlantic: Warm saline (sea) water flows north, cools and sinks into deeper waters. Cold saline water
returns southward. Possible scenario from glacial ice melting: saline water dilutes with fresh water,
which does not sink readily. - backflow to south interrupted, circulation blocked >

stops Gulf Stream: consequences for European and North American climate.

-



Understanding Earth’s Radiation Balance

Reflected Solar Incoming 235 Outgoing
Radiation Solar Longwave
Radiation Radiation

107 Wm™?
‘ 342 Wm? 235 Wm?

Reflected by Clouds,
Aerosol and
Atmospheric Emittedhby 40
Gases Almosphete G ge Atmospheric
77 Window

Emitted by Clouds
Absorbed by Greenhouse
67 Atmosphere Gases

/

FAQ 1.1, Figure 1. Estimate of the Earth's annual and global mean energy balance. Over the long term, the amount of incoming solar radiation absorbed by the Earth and

atmosphere is balanced by the Earth and atmosphere refeasing the same amount of outgoing longwave radiation. About half of the incoming solar radiation is absorbed by the
Earth’s surface. This energy is transferred to the atmosphere by wamning the air in contact with the surface (thermals), by evapotranspiration and by longwave radiation that is
absorbed by clouds and gregnhouse gases. The atmosphere in turn radiates longwave energy back to Earth as well as out fo space. Source: Kiehl and Trenberth (1997).

From IPCC AR4 Report, assessed Aug. 2012:
http://www.ipcc.ch/pdf/assessment-report/ar4/wagl/ar4-wagl-chapterl.pdf



http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter1.pdf

Anthropogenic

Matural

Anthropogenic vs. Natural Forcings

RF Terms RF values (W m™) |Spatial scale| LOSU
| |
! |
| ! 1.66 [1.4910 1.83] | Global | High
Long<ived I :
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: 4 Halocarbons 0.16 [0.14 to 0.18] Global High
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Ozone Stratospheric Tropospheric Med
i g aate | 0.35 [0.25 to 0.65] | o global
| [
Stratospheric water '
P ! ! 0.07 [0.0210 0.12] |  Global Low
vapour from CH, | |
I I
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| [ _
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To the best current knowledge:
Human activities (GHG) cause climate change

Greenhouse gas emissions [.:»



Greenhouse Gas Emission

Greenhouse Gases (GHG) = gases that trap

heat (IR) in the atmosphere and heat surface.

> s Fluorinated Gases
Nitrous Oxide 29
—

s, Carbon dioxide (CO,) from burning fossil fuels
(coal, natural gas, oil), solid waste, biomass
(plants, wood, animal products), manufacture
Methane of cement. 0.035% in atmosphere.

Lo Methane (CH,) emitted in production (mining)

and transport of coal, natural gas, oil, from
o livestock, agricultural practices, decay of
Dioxide organic waste in municipal solid waste landfills.

S Nitrous oxide (N,O) from agricultural and
industrial activities, combustion of fossil fuels
and solid waste.

Fluorinated gases = (HFCs, CFCs, PFCs =
hydro/chloro-fluorocarbons, per-fluorocarbons,
Total Emissions in 2010 = 6,822 Million Metric Tons halon, SF6) from indUStrial processes.

of CO,, equivalent - potent greenhouse gases = High Global

EPA Report on Climate Change, GHG Warming Potential gases ("High GWP gases").
http://www.epa.gov/climatechange/ghgemissions/gases.html

Water (H,0) vapor: >65% responsible for GH effect, but atmospheric content= Humidity
is function of temperature : Clausius-Clapeyron Law,

H,O not directly affected by anthropogenic activities, but indirectly via CO, emission.
Positive feed-back loop T €«-> water-vapor, but clouds stabilize !




Global Warming Potentials: Data

United Nations
Framewaork Convention on
Climate Change

http://unfccc.int/ghg_data/ite

ms/3825.php

Species Chemical formula Lifetime [(years) Global Warming Potential (Time Horizon)
20 years 100 years BOOD years
CO= COz wariable § 1 1 1
Methane * CHy 123 55 21 5.5
Mitrous oxide MH=0 120 220 310 170
HFC-23 CHF3 254 5100 11700 5200
HFC-32 CHZF2 5.5 2100 850 200
HFC-41 CHZF 3.7 450 150 45
HFC-43-10mee CSHZF10 17.1 3000 1300 400
HFC-125 CZHFS 3286 4500 2200 520
HFC-134 CZHZF4 10.5 2500 1000 310
HFC-134a CHZFCF3 14.8 3400 1300 420
HFC-152a C2H4F2 1.5 450 140 42
HFC-143 CZH3IF3 3.8 1000 200 54
HFC-143a CZH3IF3 43.3 so0o0 3200 1400
HFC-2ZTea C3HFT 35.5 4300 2500 §50
HFC-235fa C3IHZFE 209 5100 300 4700
HFC-245ca C3IH3FS 5.5 1200 S50 170
Sulphur hexafluoride SF8 3200 15300 23500 34500
Perfluoromethane CF4 sooog 4400 8500 10000
Perfluoroethane CZFg 10000 G200 5200 14000
Perflucropropans C3F2 2800 4200 Fooo 10100
Perfluorobutans C4F10 2800 4800 Fooo 10100
Perfluorocyclobutane c-C4FS 3200 s000 arno 12700
Perflucropentane CSF12 4100 S100 7500 11000
Parfluorohexanes CEF14 3200 sooo Fao0n 10700




1 pound of CH,

7

1 pound of N,O

1 pound of SFg
] =

21 pounds of CO,

300 pounds of CO,

16,300 pounds of CO,

Global Warming Potential (GWP)

Main factors:

1) Effectiveness to trap heat (GWP4#
2) Abundance in atmosphere

3) Residence/lifetime in atmosphere

CO,: GWP := 1 (reference).
Lifetime in Earth’s atmosphere ~10

CH,: GWP = 21
Lifetime in Earth’s atmosphere ~12

N,O: GWP = 300
Lifetime in Earth’s atmosphere ~12

v




US GHG Emission Sources (2010)

Other (Non-Fossil Fuel Combustion)
\ 5%

Residential &
Commercial
10%

Electricity
40%

Transportation
31%

Note: All emission estimates from the /nventory of U S

r 2 £ = s S Sinkc J39-20710
Greennouse Gas Ermussions and inks: 1 990-20710.

Electricity (40% of total CO,, 33% of GHG
emission) via combustion of fossil fuels. Coal
produces more CO, than oil or natural gas.

Transportation (31% of CO, , 26% of
GHG), via combustion of fossil fuels. This
category includes transportation sources
such as highway vehicles, air travel, marine
transportation, and rail.

Industry (14% of CO,, 20% of GHG)
mostly via fossil fuel combustion. Some
important processes also produce CO, via
chemical reactions (not combustion).

Examples: production and consumption of
mineral products (e.g., cement), production
of metals (e.qg., iron, steel, etc.), production
of certain chemicals.

Indirect CO, production via use of electricity
(e.g., aluminum, composites,...).

1990-2010: U.S. Trends relatively stable (app. 6 Gt CO,/a) = contra Kyoto Protocol !!




North American CO, Sources and Sinks

8000
Sources

[ i Y i T |
o o o 9o
== o
[ I s T s T

Net Exchange with Atmosphere (Mt CO, per Year)
=
3

2000
1000 -
0
Fossil Fuels E I
-1000 - f
2000 | Sinks Forestland Cropland Other

“At the continental scale, there has been a large and relatively consistent increase in
forest carbon stocks over the last two decades (woodbury et al. 2007), due to recovery of
forests from past disturbances, net increases in forest area, and faster growth driven by
climate or fertilization by CO, and nitrogen (kKing et al. 2012; williams et al. 2012). However,
emissions of CO, from human activities in the U.S. continue to increase and exceed
ecosystem CO, uptake by more than three times. As a result, North America remains a

net source of CO, into the atmosphere (king et al. 2012) by a substantial margin.”
After NCADAC report 2013



Projections for CO, Emissions
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Energy Information Administration / International Energy Outlook. 2010

US (5% world population) produce 20% of

global CO, emissions.

1 ton of oil equivalent
(toe) = 42 G] =energy
released by burning 1 ton
of crude oil.

World energy-related CO, emission
projections (in billion metric tons CO,),
by OECD (Organization for Economic
Cooperation and Development) and non-
OECD countries over the period 2007-
2035.

Non-OECD countries include developing,
newly industrialized, Eastern European
plus former Soviet countries.
http://www.oecd.org/countrieslist/.

S Global Coal Demand

S -

Nicht-OECD-Lander

D-Lander

After: Splegel online, Oct. 2012/ Sources BP, IEA




National Climate Assessment and Development Advisory Committee

Summary Findings (edited):
1) Global climate is changing, apparent in a wide range of observations. The climate
change of the past 50 years due primarily to human activities (burning of fossil fuels).

2) Extreme weather and climate events have increased in recent decades, evidence is
mounting for human activities as dominant cause.

3) Human-induced climate change will accelerate significantly if emissions of heat-
trapping gases continue to increase.

4) Impacts of climate change, evident in many sectors, become increasingly challenging.

5) Threats to human health and well-being from extreme weather events, wildfire,
dangerous air quality, diseases transmitted by insects, food, and water, and threats to
mental health.

6) Infrastructure adversely affected by climate change: sea level rise, storm surge,
heavy downpours, extreme heat.

7) Lower reliability of water supplies, affecting ecosystems and livelihoods in many
regions, particularly the Southwest, the Great Plains, the Southeast, the islands of the
Caribbean and the Pacific, including the state of Hawai.

8) Adverse impacts to crops and livestock over the next 100 years, increasing disruptions
from extreme heat, drought, and heavy downpours.

9) Natural ecosystems directly affected, changes in biodiversity and location of species.
10) Life in the oceans is changing as ocean waters become warmer and more acidic.

11) Planning for adaptation (address and prepare for impacts) and mitigation (reduce
emissions) is increasing, but progress with implementation is limited.



Mitigation Goals

limiting global mean

temperature increase
(e.g. 2°C, 3°C)

What is a ‘safe’ amount of climate change?
Depends on the risks associated with given
temperature targets, and decisions about willingness
to tolerate these risks

A 4

limiting global
atmospheric

GHG concentrations
(e.g. 450 ppm, 550 ppm)

How does GHG concentration translate into

global temperature change and other impacts?
Depends on climate sensitivity and the strength of
other forcing factors (e.g., aerosols)

4

limiting global

GHG emissions
(e.g. global emission budget
or percent reduction)

How does a given level of emissions translate

into an atmospheric GHG concentration?
Depends on carbon cycle dynamics and the timing of
emission reductions

A 4

limiting U.S.
GHG emissions

(e.g. national emission budget
or percent reduction)

What is a reasonable share of U.S. emission

reductions relative to the global targets?
Depends on political, economic, and ethical judgments

Developing nations find requests by the US to limit emissions unjustified

because current per-capita emissions and standard of living in the

United States and other developed nations are the highest and because US is
responsible for largest share of historical increase in atmospheric GHG, and because the
US have not yet enacted a restrictive emission policy or ratified Kyoto Protocol.



Emissions (GtCO /yr)

Global Mean Surface Warming (°C)

Possible Climate Futures

o
o

| Fossil CO, Emissions  Sosita by | Correlated with scenarios of constant,
L Policy ] decreased or increased emissions of
40t 1 greenhouse gases.
sl Nef‘_’_ d‘fc"_”e Changing climate - changes in
o DetZero. frequency, intensity, spatial extent,
0 S, duration, timing of extreme weather and

climate events, even produces
unprecedented extreme weather and
climate events. (NAS report).

| Global Warming bossible Future
without Climate

Probabdility of exceeding 2°C Palicy

Vo climate policy 100%

Emission budget of 1000 Gt{C. until 2050:25%

~

(o)
T

Examples: Extensive heat waves and
droughts, super-storms/hurricanes,
extreme downpours, flash flooding,
coastal flooding due to rising sea levels,
atmospheric rain channels, troughs,....
Global: stopping the Gulf Stream.

wn
Al

Future

=N
T

w
Y

max +2°C

N

Stabilized

AT < 20C until 2050 are probably
“relatively well manageable.”
 astovsenvedTempertures | S ' Larger temperature increases (42-6°) are
1900 1920 1940 1960 1980 2000 2020 2040 2060 2080 2100 likely catastrophic (T, sea level).

We are on a dangerous path !

Past observed Temperatures




National Climate Assessment and Development Advisory Committee

Summary Findings (2017, edited). Projections - 2100, Different polit. scenarios:

1) Global climate is changing, apparent in a wide range of observations. The climate
change of the past 150 years is due largely to human activities (burning of fossil fuels).

2) Extreme weather and climate events have increased in recent decades; evidence is
mounting for human activities as dominant cause (More recently “high confidence”_).

3) Human-induced part of climate change will accelerate significantly if emissions of
heat-trapping gases continue to increase.

4) Impacts of climate change, evident in many sectors, become increasingly challenging.

5) Threats to human health and well-being from extreme weather events, wildfire,
dangerous air quality, diseases transmitted by insects, food, and water, and threats to
mental health.

6) Infrastructure is adversely affected by climate change: sea level rise, storm surge,
heavy downpours, extreme heat.

7) Lower reliability of water supplies, affecting ecosystems and livelihoods in many
regions: US Southwest, Great Plains, Southeast, Caribbean and Pacific islands, including
the state of Hawaii.

8) Adverse impacts to crops and livestock over the next 100 years, increasing disruptions
from extreme heat, drought, and heavy downpours.

9) Natural ecosystems directly affected, changes in biodiversity and location of species.
10) Life in the oceans is changing as ocean waters become warmer and more acidic.

11) Planning for adaptation (address and prepare for impacts) and mitigation (reduce
emissions) is increasing, but progress with implementation is limited.

- 12) Large-scale human migration
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The End



“Black Bodies” Sun and Earth

In spite of occasional flares (outbursts/mass
North Pole) ejections), the Sun emits thermal radiation like
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Equilibrium (estim.): T=255 K (-18°C). ~
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