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Radiant exitance (W/cm”2.micron)
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Irradiance (W/m2/nm)

Spectrum of Solar Radiation (Earth)
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Fig. 2.14 Meridional transport of energy for annual-mean conditions. Net radiation and atmospheric
transport are estimated from observations; ocean transport is calculated as a residual in the energy bal-
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logical Society.]
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Fig. 2. Schematic variance spectrum for CO,, over the course of Earth’s history. Note the impact of
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past 420,000 years as recorded in the Vostok ice, showing that both the rapid rate of change and
the increase in CO, concentration since the Industrial Revolution are unprecedented in recent
geological history.
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If the quantity of carbonic acid increases in geometric progression, the
augmentation of the temperature will increase nearly in arithmetic progression

If the guantity of carbonic acid in the air should sink to one-half its present
percentage, the temperature would fall by about 4°; a diminution to one-
quarter would reduce the temperature by 8°. On the other hand, any doubling
of the percentage of carbon dioxide in the air would raise the temperature of
the earth's surface by 4°; and if the carbon dioxide were increased fourfold,
the temperature would rise by 8°.

1906

1859-1927




IR outgoing irradiance (W/m?2)

286IIIIIII

284 —

282 —

280 —

278III|IIIII

100 200

300

400 500
CO, (ppm)

600

700

800

@ITIN=ERIS



IR outgoing irradiance (W/m?2)

283

282

281

280

279

278

Y =-3.18* X +282.29
Residual sum of squares = 0.00024

Coef of determination, R-squared = 0.999987 |

0.5 1
log,[CO, /280]

B ITINERIS



IR outgoing irradiance (W/m?2)

283

282

281

280

279

278

Y =-3.18* X +282.29
Residual sum of squares = 0.00024

Coef of determination, R-squared = 0.999987 |

0.5 1
log,[CO, /280]

B ITINERIS



Global Energy Flows W m™

1 O 2 Reflected Solar Incoming 2 3 9 Qutgoing =
Radiation 34 1 Solar Longwave ITIN=RIS
101.9W m? Radiation f Radiation

341.3Wm? 2385Wm?
Reflected by
Clouds and Atmospheric
Atmosphere Window

Emitted by
Atmosphere

79 169

333
Back

Radiation
396
17 780

Absorbed by Thermals Evapo- Surface
Surface transpiration Radiation Absorbed by

Surface

356

Net absorbed
0.9
Wm?*

Trenberth et al., 2009

ENEN



Global Energy Flows W m™

1 02 Reflected Solar Incoming
Radiation 34 1 Solar
101.9W m? Radiation

341.3Wm?
Reflected by

Clouds and
Atmosphere
79

Emitted by
Atmosphere

17
Absorbed by Thermals Evapo- Surface

Surface transpiration Radiation

Net absorbed
0.9
Wm?*

Trenberth et al., 2009

P Outgoing —
Longwave ITIN=RIS

f Radiation
2385Wm?

Atmospheric
Window

Back
Radiation

22?

Absorbed by
Surface

ENEN



Global Energy Flows W m™

1 02 Reflected Solar Incoming
Radiation 34 1 Solar
101.9W m? Radiation

341.3Wm?
Reflected by

Clouds and
Atmosphere
79

Emitted by
Atmosphere

17
Absorbed by Thermals Evapo-

Surface transpiration

Net absorbed
0.9
Wm?

Trenberth et al., 2009

235

f

169

277

Surface

Back
Radiation

277

Outgoing =
Radiation
2385Wm?

Atmospheric
Window

Radiation  Absorbed by

Surface

ENEN



Global Energy Flows W m™

1 O 2 Reflected Solar Incoming 2 3 9 Qutgoing =
Radiation 34 1 Solar Longwave ITIN=RIS
101.9W m? Radiation f Radiation

341.3Wm? 2385Wm?
Reflected by
Clouds and Atmospheric
Atmosphere Window

Emitted by
Atmosphere

79 169

333
Back

Radiation
4007
17 780

3377
Absorbed by Thermals Evapo- Surface "
Surface transpiration Radiation Absorbed by
Surface

356

Net absorbed
0.9
Wm?*

Trenberth et al., 2009



®ITIN=ERIS

Greenhouse gas » ;{Sglatlve
emissions ge .
nerturbation

Atmospheric CO, » top of the atmosphere radiative
doubling forcing: +4 W m2



10

@ITIN=RIS



B ITINERIS

Greenhouse gas
emissions

AT = AAF

Radiative
budget
nerturbation

g

Climate associated
changes
(temperature, ....)




f‘: ," 5 [ - L— \

| \ @ITINERIS

Can Science Save the Earth? — Naples — March 23-27, 2025




04, @ Northern Hemisphere

@ITIN=RIS

400 600 800 1000 1200 1400 1600 1800 2000

- — —e e

04, b Southern Hemisphare

o

>

g

g .

® 200 400 600 800 1000 1200 1400 1600 1800 2000

=

s 04 ¢ Globe

g o2l

>

[

200 400 600 800 1000 1200 1400 1600 1800 2000
os,. d Northern Hemisphere-Southern Hemisphere ]
041 4
0.2{
Mann and Jones, 2003 2

0.2
0.4 .
0.6 4
0.8 4

-20b 400 600 800 1000 1200 1400 1600 1800 2000

Year



TEMPERATURE ANOMALY (°C)

1901-2000

1.5

—_—

o
o

o

©
o

Aom ol
etk

1900 1950 2000
YEAR

@ITIN=RIS



TEMPERATURE ANOMALY (°C)

RN
(@)}

—

O
o

o

O
o

- 1880-1920 .

| ¥ -

i ‘v j‘ ‘ \ -‘- ‘ " “ |

- r i

_I 1 1 1 | l 1 1 1 1 1 1 1 1 | l 1 1 1 1 1 1 1 1 | 11 1 1 I—
1900 1950 2000

YEAR

@ITIN=RIS



®

AV TIN=RIS

L L]
n . g s ¥
1
- . .
1 e

u | -

- . L .

: . 4 % " ' . :

N L]
- \ .
° J . ’

N 9 ‘ L] —

— 0. . A - W s . 1

E ANYY T I

" ¢ ntegrate

- 9§ ' b : ¥ . Carbgon —

.Y : . © Observation -
iy System ]

CO, growth rate (ppm/year)

o
(D,) Alewoue ainesadwa)

§ | L1 LU

1995 2003 2007 2011 2019
ITALIAN NATIONAL AGENCY FOR t t 13 t
NEW TECHNOLOGIES, ENERGY AND
SUSTAINABLE ECONOMIC DEVELOPMENT

ENEN




CAUSES CLIMATE SYSTEM CLIMATEVARIATIONS "INI= RIS

(external forcing) (internal interactions) (internal responses)
Changes in
plate tectonics —
Changes
— in
Ice

Changes
in
vegetation

Changes in
Earth's orbit

Vegetation

Changes
in
Ocean

Changes in
land
surface

Changes in
Sun's strength




B ITINERIS

Greenhouse gas » E:gﬁzg’e
emissions :
perturbation

Climate (temperature,
precipitation, aerosol,
clouds, vegetation, land
use, temperature profile,
biogeochemical cycles,

)




f‘: ," 5 [ - L— \

| \ @ITINERIS

Can Science Save the Earth? — Naples — March 23-27, 2025




200000

number of infected people

nL

50000

00000

50000

0

0

e

-
_._;_._5_.__.._;9_-0-9""7"“ ] ] | ] ] ] ] ] ]

20
number of days from 23 February, 2020

@ITIN=ERIS



I Snow cover albedo A Seaice albedo B Permafrost thawing

HITIN=ERIS

¢ Peatlands smoldering

o Wildfire

F Desertification

E Cloud properties

Y

¥

b -~ ’
gl
Figure 1. Map of feedback loops

(A-I) The map shows example locations where select positive feedback loops are likely operating. The full extent of the area and locations impacted by each
feedback loop are not depicted. Feedback loop summaries: (A) sea ice melting or not forming — decreasing albedo; (B) increasing thawing and decomposition
— increasing CO, and CH; emissions, loss of sequestration; (C) drying and increasing vulnerability to fire/smoldering, decreasing soil organic carbon —
increasing release of CO; into the atmosphere and decreasing carbon sequestration; (D) increasing fire frequency and/or severity — increasing CO, emissions,
loss of sequestration, change in albedo; (E) changing cloud distribution and optical properties — altered cloud albedo and greenhouse effect; (F) increasing
chronic aridification and hotter drought stress extremes leading to expanding deserts — decreasing CO, sequestration, and increasing albedo; (G) dieback of
Amazon, boreal, and other forests — loss of sequestration, change in albedo, decreasing evapotranspiration; (H) changing insect distributions and abundances,
decreased host tree defense — loss of sequestration, change in albedo; (I) decreasing snow cover — decreasing albedo. See Table S1 for further feedback loop
details. Photo credits (also given in Table S3): (A) Patrick Kelley, CC BY 2.0; (B) Boris Radosavljevic, CC BY 2.0; (C) NASA's Earth Observatory, CC BY 2.0; (D)
Nick-D, CC BY-SA 4.0; (E) Doggo19292, Public Domain; (F) David Stanley, CC BY 2.0; (G) NASA/JPL-Caltech, (H) Jonhall, CC BY 3.0, (I) Natalia_Kollegova,

Rlpple et aI-, 2023 Pixabay License.




Table 1. Summary list of feedback loops

Feedback Effect of climate change Effect on climate change +/

20 physical feedback loops

1. Planck’ 1 Temperature 1 Heat loss (radiation) -

2. Water vapor’ 1 Increasing water vapor 1 Greenhouse effect -
content

3. Sea ice albedo™’ 1 Sea ice melting or not forming | Albedo +

4. lce sheets*! 1 Glacier & ice sheet melting/ | Albedo +
instability

5. Sea level rise’ 1 Sea levels | Albedo (1 coastal +

submergence)

6. Snow cover' | Snow cover | Albedo +
7. Clouds' A Cloud distribution & optical A Cloud albedo & greenhouse 3
properties effect
8. Dust' A Dust aerosol abundance A Albedo & greenhouse effect ?
9. Other aerosols’ A Atmos. aerosol conc. A Albedo & greenhouse effect ?
10. Ocean stratification 1 Ocean stratification | Carbon uptake by ocean +
11. Ocean circ.” | Ocean circ. A Surface temperature ?
12. Solubility pump' 1 Atmos. CQO; levels | CO; absorption by ocean -
13. CH,4 hydrates™ 1 CH,4 hydrate dissociation rates 1 Release of CH, into atmos. +
14. Lapse rate' A Temp.-altitude relationships | Global mean temperature -
15. Ice-elevation’ | Ice sheet/glacier elevation 1 Glacier & ice sheet melting, +

| albedo



16. Antarctic rainfall’

T

| lce sheet extent, | Albedo, 1 deep ocean +
1 precipitation warming
17. Sea ice growth | Seaice thickness, | insulation 1 Thin ice growth rate -
18. Ozone' A Atmos. circ. | Tropical lower ?
stratospheric ozone
19. Atmos. reactions’ A Atmos. chem. reaction rates A Greenhouse effect ?
20. Chem. weathering’ 1 Chemical weathering rates 1 CO5 taken out of atmosphere -
21 biological feedback loops
21. Peatlands' 1 Drying and fire, | Soil carbon 1 Release of CO, into atmos. +
22. Wetlands' 1 Wetlands area (1 precipitation) 1 CO2seq., 1 CH,4 emissions +
23. Freshwater 1 Aquatic plant growth rates 1 CH,4 emissions -
24. Forest dieback” 1 Amazon and other forest | CO; seq., A albedo -
dieback
25. Northern greening 1 Boreal forest area, Arctic 1t CO.seq., | albedo +
vegetation
26. Insects A Insect ranges and abundances | CO;zseq., A albedo +
27. Wildfire' 1 Fire activity in some regions 1 CO, emissions, A albedo +
28. BVOCs' A BVOC emission rates | Greenhouse effect, -
1 tropospheric O,
29. Soil carbon (other) 1 Loss of soil carbon 1 CO- emissions -
30. Soil nitrous oxide' A Soil microbial activity 1 Nitrous oxide emissions +
31. Permafrost” 1 Permafrost thawing 1 CO; and CH,4 emissions +
32. Soil and plant ET 1 ET from soils and plants | Latent heat flux +

IR

Mirrnhes (inthearl

t Mirrnhial resniratinn rates

t Y- and CH. emissinns

¥



33. Microbes (other) 1 Microbial respiration rates 1 CO, and CH,4 emissions +

34. Plant stress 1 Thermal stress, 1 droughts 1 Plant mortality, | CO. seq. +

35. Desertification 1 Desert area | CO, seq., A albedo -

36. Sahara/Sahel greening” 1 Rainfall in Sahara and Sahel 1 CO. seq. by vegetation -

37. CO. fertilization 1t CO; conc., 1 NPP 1 Carbon uptake by vegetation -

38. Coastal productivity 1 Coastal ecosystem | Coastal ecosystem -
degradation carbon seq.

39. Metabolic rates 1 Phytoplankton 1 CO, released into atmos. -
respiration rates

40. Ocean bio. 1 Ocean CO,, 1 acidification, A Ocean carbon sink ?
T temp.

41. Phytoplankton-DMS' A Plankton DMS emissions A Cloud albedo ?

Loops are divided into two categories: physical (loop numbers 1-20) and biological (loop numbers 21-41). The rightmost column shows the loop di-
rection (“+": reinforcing, “-": balancing, “?": uncertain). Feedback loops that involve potential tipping elements are marked with asterisks (*; see sup-
plemental experimental procedures). As a rough indicator of feedbacks that are more likely to be at least partly included in some climate models, loops
that are covered in Figure TS.17 (feedbacks overview) or 5.29 (biogeochemical feedbacks) of IPCC" are marked with daggers (1). Many of these feed-
backs will have significant effects on Earth’s climate, but others are more speculative and possibly negligible. Feedback impacts operate on time
scales ranging from short (e.g., months/years) to very long (e.g., millennia); feedbacks we believe to be exceptionally slow are marked with double
daggers (}). Symbols indicate increasing (1), decreasing (|), and changing (A), and abbreviations correspond to circulation (circ.), concentration
(conc.), temperature (temp.), atmospheric (atmos.), chemical (chem.), sequestration (seq.), biogenic volatile organic compounds (BVOCs), ozone
(O3), evapotranspiration (ET), biological pump (bio.), and dimethy! sulfide (DMS). See supplemental experimental procedures and Table S1 for com-
plete loop descriptions, grouping order, limitations (e.g., overlapping loops and uncertain tipping elements), and selected references.

Ripple et al., 2023
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change Climate

warming
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water vapor
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greenhouse
trapping
of radiation

S/S, = 1/(1-S.H) = 1/(1-f)
AT/AT = 1/(1-f)

Water vapour feedback
f is about 0.4 AT:/AT is about 1.7
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Schematic of the ice- albedo feedback mechanism using the framework of Kellogg [1973]. The
direction of the arrow indicates the direction of the interaction. A “+” indicates a positive
interaction (an increase in the first quantity leads to an increase in the second). A “-” indicates a
negative interaction (an increase in the first quantity leads to a decrease in the second quantity).
A “+/-” indicates that the sign of the interaction is uncertain or that the sign changes over the
annual cycle [from Curry et al., 1996, by permission of AMS].
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Ice-albedo feedback
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The cloud-radiation feedback mechanism [from Curry ef al., 1996,
by permission of AMS].
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Forcing

Water Vapor [ ] Cloud Feedback
- Feedback

F1G. 13. The response of a single climate model to an imposed
doubling of CO, as different feedbacks are systematically added
in the model (adapted from Senior and Mitchell 1993). Different
treatments of cloud processes in the model produce a large spread
in predicted surface temperature due to CO, doubling.
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FAQ 7.3: Equilibrium climate sensitivity and future warming

Equilibrium climate sensitivity measures how climate models respond to a doubling of carbon dioxide in the atmosphere. s] E R | S
Climate sensitivity of models Future projections
@ Climate models from the new generation (=) @ More sensitive © But projections in
are on average more sensitive to carbon dioxide models — this assessment
7 than those of the last generation (%) 74 project stronger do not solely
warming rely on models
o 3 B o
= = g - -
B || % = —
CO, at 380 ppm 5 °7 . S %7 ju =
20C s . | £ = 9/' == IPCC best
g : g’ —— : e estimate
temperature = L £ m B —
. i e T 4 S
increase e = N o =
: | E B = B
=} — R4 9 —
g == B IPCC best o == ---@--
34 | E m—— estimate & 3 —_—
2 — - 2
CMIP5 CMIP6 AR6 CMIP5 CMIP6 ARS6

IPCC, 2021
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“....although climate forcing by human-made greenhouse gases (GHGS) is known accurately,
climate forcing caused by changing human-made aerosols is practically unmeasured.”

“Aerosol Faustian bargain”

Hansen et al., 2011
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