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Climate Science Milestones
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In my view, the aspect of climate
change we care most is:

SO RAPID AND SEVERE
ANTHROPOGENIC CLIMATE CHANGI
THAT CANNOT BE ADAPTED WITHO!
ENORMOUS AND UNACCEPTABLE
CONSEQUENCES



Earth Energy Budget

Units Wm-2

Solar Thermal

incd—ming outgoing

340

(340, 341)

o ’ . .
25 reflected L. atn\;l?:g :\;nc
"&3)2@) surface_ ‘ "

greenhouse

absorbed latent heat gases

atmosphere

VAl

(72,85) (16,24)

- eva- sensible

~poration heat up surface down surface | PCC, 2021

AEnergy balance: Atmosphere 80+(398-40)+21+82-342-(239-40),
Surface 160+342-398-21-82, Earth TOA 340-100-239
APlanetary albedo: =~ 29% (surface 7%, atmosphere 22%) 5



How Earth Energy Balance Is Affected by Huma

Earth’s energy imbalance results from increases in

{ Kk‘?‘ « Qreenhouse gases absorbing thermal radiation that would

Incoming
solar
radiation

Ice (3%) —7*

-

<« - otherwise be emitted to space. This radiative forcing leads
to an accumulation of energy in the Earth’s system

Cloud changes are an important
feedback on how the Earth system
responds fo a radiative forcing

Outgoing
Radiation

Ocean (91%)—+

Earth’'s energy budget encompasses
the major energy flows of relevance
for the climate system Section 7.2

o———— Atmosphere (1%)

Land (5%)

The contribution to the
increase in Earth's energy
inventory is shown by %

Earth’s energy budget is influenced by:

Radiative forcing \
Section 7.3

human and natural forcing agents:

< 3F

Volcanoes

L

Quantification of effective radiative forcing for

GHGs and aerosols from agriculture,
industry and fossil-fuel combustionj

D N

glimate feedbacks O
ey Improvements
Section 7.4

Key processes explored:
k|
(o "R

Cloud changes (feedback)

{  QOcean warming coupled
with atmospheric feedbacks
v

o

.

Climate sensitivity & )
Section 7.5 {«}
Evidence from: process
understanding, historical
warming, paleoclimates,
and emergent constraints

\. J

IPCC, 2021
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Radiation Transmitted by the Atmosphere
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Mie Theory for Atmospheric Scattering

Scattering efficiency Qs
- N w RSN (6]

o
| 5

Mie Scattering

D
\
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Cloud droplets scatter all wavelengths of
visible light creating the appearance of
white clouds

Atmospheric Optics

5 10 " _l5'0'”1'00
Size parametetd ¢“1j _
X < 0.1: Rayleigh scattering{ND,)

0.1 <x< 50: Mie scattering (aerosols, clouds)
x> 50: Geometric scattering
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Scattering & Absorption of SW by Aerosols

Top of the
\ atmosphere \ \ \ 5 \
I
0 A
OOOCD o O O . O
O” ", O®© ) S
~—a_S- ~—=T/ Indirect effect. =« . -
oniceclouds  * _ |
Surface and contrails P
Scattering & Unperturbed  Increased CDNC Drizzle Increased cloud height Increased cloud Heating causes
absorption of cloud (constant LWC) suppression. (Pincus & Baker, 1994) lifetime cloud burn=-off
radiation (Twomey, 1974) Increased LWC (Albrecht, 1989) (Ackerman et al., 2000)
\ Direct effects } Cloud albedo effect/ Qaud lifetime effect/ 2" indirect effect/ Albrecht effey \Semi—direct effect)
15t indirect effect/

Twomey effect
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Radiative Forcing: Terminology

Instantaneous RF Stratospheric- Zero-surface- Equilibrium
adjusted RF temperature-change RF climate response

Stratospheric tem-

peratures adjust No flux imbalance

RF = net flux imbalance
at tropopause Atmospheric

temperatures adjust temperatures

temperature fixed in adjust everywhere
troposphere and at

surface

temperature fixed
everywhere

temperature
fixed at surface

ATs

Figure 2.2. Schematic comparing RF calculation methodologies. Radiative forcing, defined as the net fiux imbalance at the tropopause, is shown by an arrow. The horizontal
lines represent the surface (lower line) and tropopause (upper fine). The unperturbed temperature profile is shown as the blue line and the perturbed temperature profile as
the orange line. From left to right: Instantaneous RF: atmospheric temperatures are fixed everywhere; stratospheric-adjusted RF: allows stratospheric temperatures to adjust:
zero-surface-temperature-change RF: alfows atmospheric temperatures to adjust everywhere with surface temperatures fixed; and equilibrium climate response: allows the
atmospheric and surface temperatures to adjust to reach equilibrium (no fropopause fiux imbalance), giving a surface temperature change (B T,).
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Trends inLonglived GHG Concentrations

Evolution of well-mixed greenhouse gases
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EffectiveRadiative Forcing

[Concentration based]

Changelin eﬁectivel. radiative Torcing frorp 1750 to 2|019 ERF (W m™2)

2.16 [1.90 to 2.41]

0.54 [0.43 to 0.65]
0.21[0.18 to 0.24]

Carbon dioxide

Other well-mixed
greenhouse gases

Ozone

Stratospheric
water vapour

Albedo Land use

= CHgq N;O

0.47 [0.24 to 0.71]

0.05 [0.00 to 0.10]

Light absorbing particles on -0.20 [-0.30 to -0.10]
show and ice 0.08 [0.00 to 0.18]

Contrails & aviation- 0.06 [0.02 to 0.10]

induced cirrus
-0.22 [-0.47 to 0.04]

Aerosols Aerosol-cloud Aerosol-radiation 10.84 [1.45 to -0.25]
Total anthropogenic _—4 2.72[1.96 to 3.48]
Solar >-|-< -0.02 [-0.08 to 0.06]
2 1 o 1 2 3
IPCC, 2021 Effective radiative forcing (W m™?)
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EffectiveRadiative Forcing

[Emission based]

Effective radiative forcing, 1750 to 2019
CO; —

CHq
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Contributions of Londived GHGs to Total ERF

80 A
B 2019-1850

B 2019-1960

B 2019-2000
60 -

40 -

20

Contribution to ERF increase (%)

CO; CHg N,O Halogenated
species

IPCC, 2013
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EffectiveRadiative Forcing
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Total anthropogenic

composition forcing

Radiative Forcing: Spatial Distribution

Total RF: 185€P000

Multi-model mean 1 46 W m=

| I I I —
-30 -20 -1.0 -05 05 1.0 20 3.0

IPCC, 2013

Aerosol ERF: 185§(19952014 mean]

Net Effective Radiative Forcing
Aerosols

R N\ s 2

-105 -75 -45 -15 1.5 4.5 75 10.5
(W-m~2)
Robust signal

[ No change or no robust signal
I P C C y 2 02 1 =227 confiicting signals




Trends in Londived GHG Radiative Forcing

IPCC, 2013

RF change [W me yr_1]

Radiative Forcing [W m™]

o 8
T T T T T T

©
n

o
o

- ?\III Antlhrlobogelnirlz IGf:Jlselsl

T
r

A
f_

co,
S
F
o

0.03

0.02

0.01F

0.00

CH,

CO,

004 Rate of Change

1850

1900

1950

20




Cumulative CQEmissions and Warming

Every tonne of CO, emissions adds to global warming

Global surface temperature increase since 1850-1900 (°C) as a function of cumulative CO, emissions (GCO.)

. Carbon budget

3
55P53-8.5
)s The near linear relationship 550370
= between the cumulative i
CO; emissions and global g
warming for five illustrative
. scenarios until year 2050 55P1-26
55P1-19 / |
- d e —> Remaining carbon budget
15 GtCO, in line with keeping
global warming to 1.5°C or 2°C
1
Historical global
Warming
0.5

Coumulative CO; emissions since 1850

]
2000 3000 4000 4500 GHCO,
o Future cumulative
1 — 55p1-1.9 CO, emiﬁion‘_s differ
1 I 55Pp1-2.6 &Cross scenarios, and

determine how much
55P3-70  warming we will
(! | [ exparience

-
= B
s % E 3

IPCC2021
HISTORICAL PROJECTIONS
Cumulative O, emissions between 1850 and 2019 Cumulative €0, emizsions between 2020 and 2050
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Ozone Radiative Forcing
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IPCC, 2013 -



Aerosol Effective Radiative Forcing

Temporal Regional Mean Net Effective Radiative Forcing
due to Aerosols

mmmm Global mean = SOUTH-AMERICA ASIA = ATLANTIC

= ARCTIC EUROPE OCEANIA = |[NDIAN

= NORTH-AMERICA - EUROPE-AFRICA ANTARCTICA = SOUTHERN-OCEANS
CENTRAL-AMERICA AFRICA PACIFIC

IPCC, 2021
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LUCGCrelated Surface Albedo Radiative Forcing

Effects already
27 occurred in 1750

7 '.'
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IPCC, 2013 ”




Effective Radiative Forcing

Changes in effective radiative forcings

Carbon dioxide (CO,) Tropospheric Aerosol
Methane (CH,)
Nitrous oxide (N,O)  Volcanic

Halogenated gases Total

PP
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Modeled Anthropogenic versus Natural Impacts

IPCC, 2021
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Effects of Pollution Control on Climate:
Climate-Pollution Nexus

Current actions to Current actions to o d
O 5 s & . a arming compounas
limit climate change improve air quality geomp
Cooling compounds
No direct climate effect
Reduce Reduce
Nitrous Meth Carbon ;
oxide eCHane monoxide Nitrates
(N,0) CR) e 20 (C0)
Carbon Halogenated S Nitrogen Volatile Black Oraaric
dioxide compounds oxides organic Carbon cagrbon Sulphate
(COy) (NOy) compounds
Tropospheric Su.rface
o o particulate
zone (O,) matter

[ Climate benefit ]

IPCC, 2021 .



Temperature Response to Perturbed Emissions

Effect of a one year pulse of present-day emissions on global surface temperature

Response after 10 years (H=10)

Response after 100 years (H=100) Net effect, 5% to 95% range
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By sector, response after 10 years By sector, response after 100 years

Fossi| fuel production
ang 1!J|i i

Residential and com-

3
Avia-contrail
mercial (biofuel use only) }

Avia-stratH,0

HFCs
I

stribution B CH,
Agriculture Bl NO
B BC
Wast t oc
aste managemen S,
Residential and com- I NOx - _
mercial B COo |
Fossil fuel combustion Il VOC Ij"
for energy B NH
1
||
1

Land transportation

Open biomass burning

Industry
Shipping )
Aviation
P o Ty L P T T T P N T T SN SN N SN ST SR S el SR T Y I I T S
-0.010  -0.005  0.000 0.005 0.010 0.015 -0.010 -0.005  0.000 0.005 0.010 0.015
Change in global surface temperature (°C) Change in global surface temperature (°C)

IPCC, 2021 8



Do Io To Do Po Io I»

F SO T 0
I EEl -€
E [ +€
I EF -€
, E [ +€
W E [ -€} [ +€
ECQ [ +-€ | AMOCI 7€

EQ ¥

[ €} [ +€

29




H,O Feedback

Water phase diagram
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Fluid
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Water Vapor Increase Driven by Warming

3.5 o O ERA-Interim O GFDL-CM3
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Water Vapor Change: 1983004

a) Column Water Vapour, Ocean only: Trend,1988-2004

% per decade
b) Global ocean mean (%) 1.2% per decade
4 I | | I | | I I | | I | | I
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Water Vaporg Lapse Rate Feedback

Water Vapor Perturbation Atmospheric Atmospheric Upward
f k temperature humidity longwave
eeabac
radiative fluxes
O,
Lapse rate Unperturbed No lapse rate Negative lapse Positive lapse
feedback profile feedback rate feedback rate feedback

Tropopause

Surface

Water vapor feedback and lapse rate feedback are negatively
correlated, and are therefore considered together. 33

IPCC, 2007



Ice Albedo Feedback

§uanht

"Albedo”

Applicable to:
lce/snow reflects V lce/snow vs. water

V Ice/snow vs. land/veg.
V X

¢ L OS>laf 6 SR=2¢ am
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Changes in Polar Ice

—— Observations
-«== Mean of Models
10.0 - Standard Deviation of Models

2.0

Sea Ice Extent (million square kilometers)

0.0 T 1
1950 1975 2000 2025 2050
Year

Stroeve et al. [2007]
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Cloud Types and Radiative Effects

Changes in CRF are extremely difficult to quantify,
leading to large uncertainty in current estimates

V Highlevel clouds: weak reflectance of SW, strong
GH effect on LW

V Lowlevel clouds: strong reflectance of SW, weak
GH effect on LW

V Convectiveclouds: strong SW and LW effects
V Mid-level clouds: liquid/ice mixed
V Polarclouds in different seasons?

How to affect cloudsheight, fraction, thickness,
droplet size, phaseliquid/ice/mixed), lifetime

36



Changes in Cloud

T

ising of Tropopause

Rising High Clouds (+)

Fewer Anvil Clouds (-)
~ Enhanced Stability

N '
.....

Enhanced Stability

> ) 7 el

Destablllzatlon

Surface Warming

T

.

Major advances since AR5

* Comprehensive assessment of feedbacks in
different cloud regimes (cf. Table 7.9)

* Increased confidence of the positive low-cloud
amount feedback

* Improved understanding of the cloud phase
change feedback

et l\, l Fewer Low Clouds (+)

ol N

Rising of Tropopause

T ——

s gr— More Liquid from Ice (-)

IPCC, 2021




Cloud Feedbacks

Tropical Low Cloud Feedbacks

Observations -

Large-Eddy Simulations - O O .

Global Climate Models 1
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Assessed Clloud Feedback Values
High-Cloud Altitude { ——
Tropical Marine Low-Cloud - |—0—|
Tropical Anvil Cloud Area :
Land Cloud Amount 3—'
Middle Latitude Marine Low Cloud Amount A :
High Latitude Low-Cloud Optical Depth - |—0—|
_____________ el e e e e e e
Sherwood et al., 202R0G Total Cloud Feedback{ : l
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Climate Feedback (W m—2 °C~1)

Summary ofFeedbacks

Assessment of Climate Feedbacks
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Climate Sensitivity

IPCC, 2021
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