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Albedo = 0 Albedo = 1
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Albedo =0 Albedo = 0.3 Albedo = 1

Image (earth): https://epic.gsfc.nasa.gov/
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Lambert-Beer law: 1729/1852
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Natural green-house effect
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Atmospheric CO, at Mauna Loa Observatory
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Climate sensitivity
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Where does the energy go?

(a)
1501
~93 %:
0.
100
’_‘J‘
N
O i
I 50
O
£
[
T
o
[ Levitus
504 [ Ishii
1 Domingues
[ Palmer
= Smith
_1 00 T T T T T T T
1950 1960 1970 1980 1990 2000 2010
(b) Year

1950 1960 1970 1980 1990 2000 2010

50

=

N

.

O 0 I
o

2 [~ 700-2000 m

a

[ 2000-6000 m

Source: IPCC AR5 WG, Fig. 3-02




15 F T T T T T T T
E o) Northern Hemisphere, Annual

14F
13F

12F

—— Walsh and Chopman (Updated)
—— Hadley (HADISST1 ICE)
—— SBA (SMMR,SSMI)

Ice Extent (10° km?)

NT1 (SMMR,SSMI)

10 - ABA (AMSR-E)

9E 1 1 1 1 1 1 1
18_ T T T T T T T ]
16
E 14fF
= X
= 12:— ]
g 10F '
= L -
- [ ]
S 8 — aw : A
[  —— JAS ]
°F — sa _
4, 1 L 1 M 1 N 1 " 1 L 1 M 1 ]

1880 1900 1920 1940 1960 1980 2000

Source: IPCC AR5 WG, Fig. 4-03



25— |

== Total SSH (Altimetry) :
= Ocean Mass (GRACE) : A
20H === Thermosteric (Argo) | , P
- = = GRACE + Argo
15+ |
—~ 1 0 B -
S
=
1 5F |
n
=
S ok |
5+ |
~10¢ |

5 | | | | | | | |
2005 2006 2007 2008 2009 2010 2011 2012 2013
year

Source: IPCC AR5 WG1, Fig. 13-06



1.0 F Land surface air temperature: 4 datasets 06 Tropospheric temperature:
o 0.4}7 datasets .
58 0.2F 295
SR e A s vt e | O 1 ST Wy |V DRSS U] e 11 18 =
SE 02t 83
§ o 04} £o o
F® i s
-06} I r
-0.8F
20F
0.4 - Sea-surface temperature: 5 datasets Ocean heat content(0-700m): .
5 datasets arl e
e 10} A Sy
2 8o
. © 5 Z
AI r g ob--- 1IN AL ... 8>
5 Es
= 10k = h S
o i ea
Marine air temperature: 2 datasets 04 Specific humidity:
4 datasets by S
AR 0.2 8 <
£ §& .
> < >
S e a g DOF:---ccerrcrrereranan , ‘% g AI r
S 29 h .
: moisture
6} Northern hemisphere (March- &E\
= 4} April) snow cover: 2 datasets g
g E % 2 T
L > L
5T S0F 0 g
& 5 -100F- 5 <f— S
s E
® _150 E_ g n OW
E ¢
-200 s w
2 I Glacier mass balance: c
< 3 datasets [©]
E 10 <)
1) [ Summer arctic sea-ice extent: 6 datasets E
< 8 c
: ; +— |ce
©
Ice i :
= a
[ s
41 -15
1850 1900 1950 2000 1940 1960 1980 2000
Year Year

Source: IPCC AR5 WG, Fig. FAQ-2.1



Natural

Fluctuations in QOutgoing Longwave
SWR Reflected by Radiation (OLR)
Incoming Solar Output the Atrnosphere
Shortwave —_— -
Radiation (SWR) —_—

——

—_
il

SWR Absorbed by Aerasol/doud

the Atmosphere Interactions
’ (SWR,LWR | \)

Chemical
Reactions

*-u...,_Chemwal

Reactions

Emission of

Gases
and Aerosoys

Latent
Heat Flux

mnp

Sensible
Heat Flux

SWR Absorbed by
the Surface

SWR Reflected by
the Surface




Global average surface temperature change
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Source: IPCC Assessment Report 4, Synthesis Report, SPM, 2013
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Global mean sea level rise

(relative to 1986-2005) Mean over
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Image (cropped): Wikimedia Commons / Diliff, CC
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Social Cost of Carbon
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Model used: DICE, Nordhaus, W. The Climate Casino. Yale University Press. (2013).
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Image (cropped): Wikimedia Commons / NASA, CC
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Images (cropped): Wikimedia Commons, Donavanik / CSIRO, CC



Images (cropped): Wikimedia Commons, trokilinochchi / news channel online 24/24, CC
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Hacking the
Climate?

Source: PRIMAP-hist / Global Carbon Budget (2017) / UNEP Gap Report (2017)
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CO; could soon reach levels that, it’s
widely agreed, will lead to catastrophe.
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Sucking up carbon

Greenhouse gases must
be scrubbed from the air
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Geoengineering-Experiment

US-Forscher will
Sonnenverdunklung testen

Den Klimawandel mit feinen Partike
Luft stoppen - kann das funktioniere
Interview erklart Harvard-Forscher I
Keith sein Ballon-Experiment - und \
die Erforschung von Geoengineerin,
wichtig ist.

Von Christopher Schrader
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Climate Geoengineering
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Reflecting on 50 years of geoengineering research

Ken Caldeira® and Govindasam y Bala®

vtne: o Atrcesp heric and Clceanic

Abs tract Earhs Riture invited “leading expents in the field of geoenginesring research 1o ntribue
Ibried mflections {2-5 pages) on the development of the discussion aver the past decade and 1o mnsider
whe it sy be going in the next 10 yesn_" Respanding te this request, we offer the follow ing et in the
spirit of reflechions that emphasize our personal noles and viewpoints. The primary focus of many of our
comiments i solar geosngines ring and not carbon dioxide removal {CDR). This, this te i not intended
Ty conmprise & comprehensive review or set of canstully vented analyses Our primary anchsion

i that s ustained progess in ‘esenginesing” resasrch will depend on sodal and materisl support for
experimental wark that can provide the obse rvationsl besis for improved modefing and anslysis, and,

wosrk
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Pubsibhad orlira 12 1N 2007
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Iy, prrent and de ploym ent of Syste s that may help protect the & nvironmentand irprove
hasan el Hoeing. Relevant issues, and potentisl fulure trajeciories, for COR technologies may differ dra-
waically from those for solar geoenginesiing technologies.

1. The Past

The: charge 1o mflect on developments over the past decade indicates & young person’s view of history.
Rather than use Crutzn’ [2006] paper & the opportunity for de cadal-scsle reflecon, we could just a3
wellbe usting the 1965 Presidents Science Advisory Cammittes (PSAC) repart to then-Pre sdent Ly ndan
Johnson [Presidents Science Advisary Gomymitiee, 19651 & a jum ping off point 1o reflect on the evahusion
of the field on the hal-century time scale. The PSAC repon raized the possibility of albede genengines
ing to offset COynduced dimste change, but did not even mnsider emisions reduction. Arguably, the
history of geosngineering goes desper than the histary of smitsions reducti ons. Genengines fing options
discurssed in that report inchuded putting reflecting particls over the ocesns and madifying dmus clouds.
Geoenginesring gasks contidered inchuded preventing glabal warming and inhibiting the formation of
huicanes.

Mikchasil Budyko's proposalto place serosols in the s tratos phere w s first describe d in his 1977 book “Climatic
Changes™ [Bucyka, 1 977]. The baek eriginally sppeamedin the Fussian language in 1 974 Budyke esfimated
that shout 200,000 tons of sulfur would need 1o be placed in the swratosphe m 10 offset the warming that
occurred between 1920 and 1940 He opined, “This in the nesr future climste modificasion will become
necessary inorder K msintsncurment climatic conditions " He continued, “ Thesemessures of clims e mod-
ification are intended for preve ning or weakening dimaticchanges that may ensue inseversl decades 22
resuit of mans ecnemic sctivity. Such modification, however, is not beyand the capacity of modem tech-
nalogy. In the neartureitwill sppanently be possible tomadify theclimate, ... producinga drop inglobal
temperature of seversl degrees” Budyko sugge sted that the sulfur content of fuek in swatosphesic flight
couldl be tuned to maintain s stable climste. Budyko ssw sctive climate management s morslin perstive,
writing. " we sgres that it i theorstically possible | it bacomes incurmibent on us 1 develop a plan for
cliruste modifi cation that will maintsin existing dimatic cnditions ... =

I 1989, Jaimes Early published an anahysis suggesting that sunlight could be deflacted sway frim the Earth
wiith sstellites place d between Esrth and the sun [Early, 1989]. In 1992, solar geoenginesring was high-
lighted in & 1992 report by the LS Nationsl Resesrch Council [National Ressarch Cound, 1993). This study
reviewed & 1ot of options that lamgely holds up today, conside fing conaepts such &5 space mimors and
micro-balloons. This NRC sport conchuded, “These idess might merit some hirther study ... but do not
navw seem worth grest effont. They should be kept in mind, how ever, becsuse technological changes may
rraske them more sttractive”

CALDEIRA AND BALA

FIFTY YEARS OF GE OENGIN EERING RES EARCH 10
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LET THE CAR REMOVE CO, FROM THE ATMOSPHERE

Image: Bellona 2010
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SRM

Solar
Radiation
Management

per das Schlimmste war, dass die Asche weithin die
tmosphére verdunkelte und lange Zeit schwarzer Regen
5 fiel und merkwardige Nordlichter zu sehen waren...*

Image: LTB Spezial 26



Wie verlautet, soll der
Vulkanausbruch genutzt
werden, um die Temperatur
der Erde konstant zwei Grad
hiedriger zu halten.

Aber... geht
das denn? 4

Image: LTB Spezial 26



Das russische Volk hat genug Kalte

im eigenen Land. Wir kbnnen in

dem Projekt keine Vorteile
erkennen.




Das ist : Nein! Das
wider die Natur! 1§ ist der Fort-
Ich bin

schritt!
dagegen! >

Beruhigen Sie sich, meine
.Herren!

Image: LTB Spezial 26



Wie Sie aus unserer Grafik leicht ersehen kdnnen, wird :

mithilfe dieser kiinstlichen Vereisung der Meeres-

spiegel um mindestens 30 Meter
gesenkt.
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Earth’s Future

RESEARCH ARTICLE

Special Section:

o

Arctic

e management
Steven . Desch’ , Nathan Smith', Christop her Groppi', Perry Vargas' ./, Rebeaca lackson’,
Anusha Kaiyaan' ', Peter Nguyen’, Luke Probst!, MarkE. Rubin', Heather Singleton', Alexander
Spacek’ -, Amands Truitt', Pye Pye Zaw', and Hilairy E Hartnett

ABSEACE As the Earhs climate has changed, Axtic sea ic= e xient has decrea e drasically b i fiely
that the e Arctic will b e fiee i 000 the 20301 This ko of 88 e s prese 13 one o the

the climate systmm, 25 sunkight that would otherwise be reflectad by
anice 1 b oy s o 141l tht 13, e ek re e e hres e decreseed
in ime 1 Erevert this kss, so restaring sea iee arificialy s an mperative, Her we investigate a means
fox enhancing Arctic ses ica prodution by wsingwind power cusing the Arctic winter 1o PUTp wster 1o
the s ace, whereit willfreeze mane iy We show that where s ppmopriste devices am employed, it
possible 1 il v, by a Bout 1 mver the coume of the winte: We

vt ki v o S
it chtnkharlcn e o 4
i ot dhucis s

examine the effects this has in the ARtic climate, cnchidingthat de plyient over 0% of the Artic,
€ spacially where ice survival s mirginal ol fore than rever e cure nl iends of ke ot n the Arctic

preswe—rs
Harts, e s s

wsing antay it thickuningk becon-
= g sea the strngest

femdhacks inthe chmate system.

1. Introduction
1.1, The Urgent Need to Desl With Climate Change

The climate & wanming, and 5 highest in the Arctic, ice 8 vanishing st
an sccalarating rate. According to the 2013 Fth Asse ssmient feport (ARS] of the Intergavernmentsi Fanel
o Clirate Change JPCE) e waming of the stoepherm and acesn peve s unequnocal rom 1380
1o 2012 the glabally sversged combined lind snd acean surlace lem pérstus incesied 055 = 020°C.
With the Len thres de cades warmer than the previous one and warmer than any cthers sinze 1850 The

Pl b 34 BN 217

Source: Frieler et al. Delaying future sea-level rise by storing water in Antarctica (2016) / Desch et al. Arctic ice management (2017)

ein s b v, higherin the Arcic ragion, with dramatic effecs. On 30 Decamber
2015 tempe smres ona buoy 303 km frorm the North Pole shot up 29T due to an influx of wam sir fom
e ped the freezing point 1 the

dend of winter, an exsedingly ram evert

bl 10 3l 20161

It canbe statedwith b il tarirs) that the Gresnland
and Antarctic ke sheets have been Iosing mass andglaciers have bezn s hrinking workbwide. A xtic sea-ice

159% ce) Afroem 1973 bwhen sstelite 02012
vt ary e i the range o 3. . P

fox the baseline 1978~ 1999 the ratewas 3% par decade Lishannessen etal. 19931 The ko of Arctic ses
ice in the mumaner of 2007 ws ruch grester than expectad and sttacied the sttention of the 3cientife
community and the puts [Xerr, 20 2007]; but the extent of saxie in 2012 was even ke, snd
thrcugh July 2016, the sea ice xtent was lower than ever racorded in the gpring, more than 2 standard
devistions bekow the 1981-2010 sverage. Fgus 1 kustrales the slarming snd aceelersting loss of e in
the Arctic Dcesn.

The ks of Aretic s e 8 due 1o antivopogenic effects and i therelor: kel o continue & sccekerate.
‘Accarding 1athe IPCC ARS Repor, the incre ausin glalsal lem peratures i very smilarto that predicted from
the cumulstive snthmpagenic CO, amissions of 2140 2310 Gt batween 1750 and 2011. ¥ i “extrem ey
ke that most of he globel tmperature inceies are due 1o anthropogeni forcings. Anthropogenic
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Die Sicherheitsbestimmungen des
Katastrophen-
schutzes!

Was? Zehn
Milliarden Taler pro
Stunde?




Geoengineering

Climate Engineering ... or Intervention
Solar Radiation Management

Solar Reflection Management

Albedo Modification ... or Hacking
Cocktail Geoengineering

Carbon Dioxide Removal

Negative Emissions

Ich warne Sie! Stellen'Sie. sofort lhre
Experimente ein! Sie gefahrden
die Menschheit!

Ach, was Sie nicht

Image: LTB Spezial 26



Emissions in GtCO»eq
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Source: PRIMAP-hist / Global Carbon Budget (2017) / UNEP Gap Report (2017)



40 Emissions in GtCO,eq
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Emissions in GtCO»eq
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Source: PRIMAP-hist / Global Carbon Budget (2017) / UNEP Gap Report (2017)






‘ nttp:/openclimatedata.net

= Jupyter wvern me < OO & 171 parties ratified
nbviewer
1959 Total 2454 CDIAC 20.090/0
1960 Total 2569 CDIAC
1961 Total 2580 CDIAC
1962 Total 2686 CDIAC

1963 Total 2833 CDIAC

Turn it into a wide table, with one variable per column.

Russian Federation
7.53%

In [5]: ffc = ffc.drop("Source", axis=1).reset index().pivot(columns="Category",

17.89%

Conversion to Gt and to tonnes CO3 instead of tonnes C.

In [6]: ffc Gt CO2 = ffc[["Total", "Coal", "0il", "Gas", "Cement", "Flaring"]] *

In [7]: ffc Gt CO2[["Coal", "Oil", "Gas", "Cement", "Flaring"]].plot.area(stackec
plt.title("Global Emissions from Fossil Fuel and Cement Production (Data:
plt.ylabel("Gt C0$ 2%");

Global Emissions from Fossil Fuel and Cement Production (Data: Global Carbon Budget)

O GitHub Repository

i

Download

Data: paris-agreement-entry-into-force.csv

GtCo;

Metadata: datapackaoge json
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Nov 2017:
300,000 newly registered cars
of those:
50,000 SUVs
3,000 Electric Cars

ource: Kraftfahrt-Bundesamt Image (cropped): Michael Movchin, CC
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Images (cropped): Cskiran / AntanaCoins, CC
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Images (cropped): Rafael Matsunaga / Tony Webster, CC
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Images (cropped): Urville86 / Wikimedia Commons, CC



U.S. Department of State/ S. Willner, CC

(cropped):

Images



%

Image (cropped): Ende Gelande / Edouard Marchal, CC



We don'’t know everything,
but we know enough to act.




