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Climate Science Milestones

; 1940s 1999
Observations Systematic Vostok 420,000-year
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Humboldt first 1872 observations begin 1981 2000s
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Challenger. first First near-global 1857 Maximum  ||Argo floats
deep ocean climate Keeling begins | temperature 2010
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@ 1978 @
Continuous 2015
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Dove maps warming at many temperature ) 9
isotherms for 1900 individual locations measurements | 2001 ! effect at surface
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Direct measurments

Ice cores
€O, and the enhanced greenhouse effect
1822 1896 1956 1990
Fourier greenhouse Arrhenius models climate Plass models radiative | IPCC
analogy: atmosphere sensitivity to CO, 1931 absorption by CO, First Assessment
retains heat Hulburt Report
1897 calculates 4°C || 1957 2000s
1840 Chamberlin describes | Sensitivity Revelle & Suess Earth System Models
Agassiz hypothesizes ice geological carbon cycle suggest oceans not it led carb
ages in Earth's past absorbing all w TCOUP ea camon
@ anthropogenic CO, cycles
1861 1979
_TyndaH demonstrates 1938 Chamey report begins 2021
infrared absorption by Callendar suggests scientific consensus on IPCC ARG
various gases CO, affecting global O, areenhouse effect Energy and sea
1856 temperatures 1967 level budgets
Foote suggests CO, is a Manabe & Wetherald model closed
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Earth Energy Balance

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

imbalance : OO, {F2rés) (18, &)

07 : bed ¥ - “eva- sensible
———6:5-09) —surface poration heat up-surface down surface |PCC, 2021

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




How Earth Energy Balance Is Affected by Human

\
Incoming \_}hg [ Cloud changes are an important
—iEE 3 (685 feedback on how the Earth system
radiation AN L&s/ responds fo a radiative forcing
— Outgoing
Radiation

‘ Earth’s energy imbalance results from increases in
| Y7, greenhouse gases absorbing thermal radiation that would
f-Q@ otherwise be emitted to space. This radiative forcing leads
to an accumulation of energy in the Earth’s system

Ice (3%) —7*

Ocean (91%)—+

el

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:

Section 7.3

>

Volcanoes

L

Radiative forcing \

Quantification of effective radiative forcing for
human and natural forcing agents:

\

8 G

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

™\
Climate feedbacks | ¥

Key Improvements N~
Section 7.4

Key processes explored:

Cloud changes (feedback)

{  QOcean warming coupled
with atmospheric feedbacks
v

» understanding, historical

(Climate sensitivity {@} )

Section 7.5

Evidence from: process

warming, paleoclimates,
and emergent constraints

\. J

IPCC, 2021
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Planck’s Law for Black Body
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Radiation Transmitted by the Atmosphere

2 1 10 70
Downgoing Solar Radiation Upgoing Thermal Radiation
70-75% Transmitted 15-30% Transmitted

Spectral Intensity

Percent

Carbon Dioxide

N . . A Oxygen and Ozone

A i Methane

I A Nitrous Oxide
k Rayleigh Scattering

0.2 1 10 70
Wavelength (um)
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Mie Theory for Atmospheric Scattering

Radar Cross Section of Metal Sphere
with Asymptotes
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e a<0.1: Rayleigh scattering (N,, O,)

a=2nR/A  0.1<a<50:Mie scattering (aerosols, clouds)

e 0 >50: Geometric scattering
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Scattering & Absorption of SW by Aerosols

Top of the
\ atmosphere \ \ \¥ 5 \
ha
. x

~—=T Indirect effect_ It _:-
oniceclouds | * _
and contrails du

Surface
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 in Long-lived GHGs Concentrations

Evolution of well-mixed greenhouse gases
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(Effective) Radiative Forcing

Emitied Resulting atmospheric Radiative forcing by emissions and drivers Level of
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Contributions of Long-lived GHGs to Total ERF

80 A
B 2019-1850

B 2019-1960

B 2019-2000
60 A

40 -

20

Contribution to ERF increase (%)

CO; CHg N,O Halogenated
species

IPCC, 2013
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Effective Radiative Forcing

(a) Effective radiative forcing, 1750 to 2019 (b}
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Effective Radiative Forcing
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Total anthropogenic

composition forcing

Radiative Forcing: Spatial Distribution

Multi-model mean 1 46 W m=
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Trends in Long-lived GHG Radiative Forcing

IPCC, 2013
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.
Cumulative CO, Emissions 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.)

e Carbon budget
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= between the cumulative
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55P1-19 / |
- 1 — —> Remaining carbon budget
15 GtCO, in line with keeping
obal warming to 1.5°C or
lobal t 2°C
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Historical global M
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05 67%
) o i 2°C GtCO,
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2000 3000 4000 4500 GtCO:
-0.3 Future cumulative
| — S5pl-1%9 CO; emissions differ
| — — 55p1-2.4  BCTOSS SCenarios, and

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

B F 8
s e 3
HISTORICAL PROJECTIONS

Cumulative O, emissions between 1850 and 2019 Cumulative €0, emizsions between 2020 and 2050

LN

IPCC, 2021
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Ozone Radiative Forcing
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IPCC, 2021

Aerosol Effective Radiative Forcing

Temporal Regional Mean Net Effective Radiative Forcing
due to Aerosols
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LUC-related Surface Albedo Radiative Forcing

Effects already
~7= ocecurred in 1750
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Effective Radiative Forcing

Changes in effective radiative forcings
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Methane (CH,)
Nitrous oxide (N,O)  Volcanic

Halogenated gases Total

{ﬂﬁf% W R rre—— 'Y

_2 1
i Rate of change anthropogenic ERF o
- o0 05 %
©
04 §
i ¢ 03 °
0]
-4 — 02 &
° 3
[ ® 0.1
- o
**%e0 ® . 002
| | | 1 | | | I | | I | I I | | I | | I I I | I | I L
1750 1800 1850 1900 1950 2000

IPCC, 2021 25



Modeled Anthropogenic versus Natural Impacts

Global

Near-Surface Air Temperature
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|
Effects of Pollution Control on Climate:

Climate-Pollution Nexus

Current actions to Current actions to o d
- - - - - - 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 J
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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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H,O Feedback

Water phase diagram

Supercritical
Fluid

Critical Point
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Water Vapor Increase Driven by Warming

Trend in TLT (°C per decade)
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Water Vapor Change: 1988-2004

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

% per decade
b) Global ocean mean (%) 1.2% per decade
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Water Vapor — Lapse Rate Feedback

Wate rva po r Perturbation Atmospheric Atmospheric Upward
feed baCk temperature humidity longwave
radiative fluxes
O
Lapse rate Unperturbed No lapse rate Negative lapse Positive lapse
feedback profile feedback rate feedback rate feedback

Racdhative Radiative Eadative

torcime A torcime Ad?

Tropopause | e

Larger
temperature
-L"'1:|n;:u'-~ in the

Uppet

troposphere

Lniform
|k'||||!L'I1I|,I,.'l_' | ill'Sl'I'
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changes at

changes over
the vertical

surface
Surface

Water vapor feedback and lapse rate feedback are negatively

correlated, and are therefore considered together. Pee. 2007



Ice Albedo Feedback
h§unﬁght

“Albedo”

lce/show reflects

T =>Iced =>Albedo J =>T%
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I —a—a—_—_ _ & ___-_....---..
Changes in Polar Ice

Arctic September Sea Ice Extent:
Observations and Model Runs

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

2.0

Sea Ice Extent (million square kilometers)

0.0 | | 1
1950 1975 2000 2025 2050
Year
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Cloud Types and Radiative Effects

» High-level clouds: weak reflectance of SW, strong
GH effect on LW

» Low-level clouds: strong reflectance of SW, weak
GH effect on LW

» Convective clouds: strong SW and LW effects
» Polar clouds in different seasons?

» How to affect clouds: height, fraction, thickness,
droplet size, phase (liquid or ice), life time

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

T

ising of Tropopause
Rising High Clouds (+)

Fewer Anvil Clouds (-)
~ Enhanced Stability

N '
.....
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Surface Warming
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.

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
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ol N

Rising of Tropopause

T ——

s gr— More Liquid from Ice (-)
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Cloud Feedbacks

Tropical Low Cloud Feedbacks

Observations -

Large-Eddy Simulations - O O .

Global Climate Models 1
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Climate Feedback (W m—2 °C~1)

Summary of Feedbacks

Assessment of Climate Feedbacks
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Climate Sensitivity

a) Evolution of equilibrium climate sensitivity assessments from Charney to AR6

and simulated by CMIP6 ESMs

Year of assessment

b) Equilibrium climate sensitivity (°C) assessed in ARG

c) Transient climate response (°C) assessed in ARG

and simulated by CMIP6 ESMs
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IPCC, 2021

Climate Sensitivity and Warming

Schematic ECS likelihood

Assessed changes in global surface temperature

Observations Projections
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Past Climate Change
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Global Temperature Anomaly: 1850-2020

Changes in assessed historical surface temperature changes since AR5
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China Temperature Anomaly: 1901-2020
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China Extreme Weather Changes
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Heatwave in 2022 in China
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Global Temperature Anomaly: 1850-2020

Global temperature evolution over the past 60 million years
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Global Temperature Anomaly: 1850-2020
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Global Temperature in 2023
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Global Precipitation Anomaly: 1901-2019
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Global Precipitation Anomaly

Land-Only Precipitation Anomalies Jul 2020
(with respect to a 1961-1990 base period)
Data Source: GHCN-M version 4beta
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Trend in precipitation

Change in precipitation

IPCC, 2021
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Humidity Change

(@) Trends in surface specific humidity (q) (b)

Global average surface q annual anomalies
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Surface Wind Speed Change: 1988-2017

Trends in surface wind speed 1988-2017
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Changes in Cryosphere and Its Components

Northern Hemisphere spring snow cover Arctic summer sea ice extent
45 T T T T 14 T v v T T
IPCC, 2013 12
[3Y) 40 o
£ £ 1of
c
g <_2 8t
£ % E
6r IPCC, 2013
30 A A A A A 4 i A i A A
1900 1920 1940 1960 1980 2000 1900 1920 1940 1960 1980 2000
Year Year

March — April Snow Departure
(1988 - 2004) minus (1967 - 1987) I % N w, N
‘ / P ¢ N L e i ’ - X -
= 5 s L . Y L\ A

T e Y

-

'\ Ipcc, 2007
W-3610-26 M-2510-16 A-.1;zo'-e 5.05 V6‘l.015 161025 M261038 I:FI E\,ﬂ%ﬁ'f{%&:ﬁ (2021 ) 55




Changes in Greenland and Antarctic Ice Sheets

Total mass change
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Ocean Heat Content Change
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Global mean sea level (m)

Global mean sea level (m)

(2) Last 800 kyr

Sea Level Change

Changes in global mean sea level
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Sea Level Rise and Its Causes

(a) Global Energy Inventory (b) Global Sea-Level Budget
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Changes in Ocean pH

Low latitude surface ocean pH over the last 65 million years
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Modeled Anthropogenic versus Natural Impacts

Global

Near-Surface Air Temperature
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Changes in Climate Extremes and Attribution

Climate change is already affecting every region across the globe with
many observed changes in extremes attributable to human activity

a) Synthesis of assessment of observed change in extreme heat and
confidence in human contribution to the observed changes in the world’s regions
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b) Synthesis of assessment of observed change in heavy precipitation and
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¢) Synthesis of assessment of observed change in agricultural drought and
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O Increase (11)
‘ Decrease (2)

| PCC' 202 1 \ ;\ No significant change (24)

O Insufficient evidence (7)
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Future Climate Change Projections
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Future Climate Change: From Emissions to Climate

1
| Comprehensive Climate Model :

|
: Carbon Cycle Climate Interactions :
| = |
I CONCENTRATIONS RADIATIVE I
EMISSIONS |msmbmpe| OF RADIATIVELY | FORCING ™= CLIMATE :
: ACTIVE SPECIES RESPONSE |
| —m—m—m,CCCF§£€£C— . — B

projected projected
observed /\ » observed » observed
1900 2000 2100 1900 2000 2100 1900 2000 2100 1900 2000 2100
Year Year Year Year

Figure 10.1. Several steps from emissions to climate response contribute to the overall uncertainty of a climate model projection. These uncertainties can be quantified
through a combined effort of observation, process understanding, a hierarchy of climate models, and ensemble simulations. In a comprehensive climate model, physical and
chemical representations of processes permit a consistent quantification of uncertainty. Note that the uncertainty associated with the future emission path is of an entirely dif-
ferent nature and not addressed in Chapter 10. Bottom row adapted from Figure 10.26, A1B scenario, for illustration only.
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Projected GHG Emissions versus Temperature Rise
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Radiative Forcing: 2000 — 2300
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Projected Temperature Change

(b) Observed and projected warming are stronger over
land than oceans, and strongest in the Arctic

(e) Warming to 2100 depends on the scenario

X = non-significant trend
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e
Uncertainty in Temperature Projections
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Projected Precipitation Change

(b) Global land precipitation change
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Projected Change in Extreme Events

Extremely high temperature event Extremely high precipitation event
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Projected Change in Sea Ice Extent

(c) September Arctic sea ice area
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Projected Change in Sea Level

a) Global mean sea level rise from 1900-2150
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Projected Change in Ocean Acidification

(No units)

IPCC, 2021
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Projected Changes in Regional Climate Impact-Drivers

While changes in climatic impact-drivers will happen everywhere, there is a
specific combination of changes each region will experience

World regions grouped into five clusters, each one based on a combination of changes in climatic impact-drivers
Reference period: Mid 21st century or 20C GWL compared to a climatological reference period included within 1960-2014

/ NWN f NEN \

GIC RAR . . 1) Hotter and drier

ESB \

\RFE '/

, 2) Hotter and drier and in some
regions wetter extremes

. 3)Hotter and wetter extremes
. and in some regions more
precipitation or fire weather

4) Hotter and wetter and in some
regions more flooding

5) Hotter and in some regions
wetter extremes or more
precipitation

- I = e 6)Increasein Tropical cyclones
" SSA ’ & intensity or Severe winds

All coastal regions except North East North America (NEN) and
Greenland/Iceland (GIC) will be exposed to at least two among increases
in relative sea level, coastal flood and coastal erosion
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Projected Warming with Natural Influences

a. Potential low likelihood high impact 21! Century volcanic future
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b. Impact of eruptions upon 21! Century GSAT projections
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Near-Term Climate Change Under Natural Variability

Global surface temperature change (°C)
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SIET{LAYENE : Social Cost of Carbon
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Towards 1.5°C Warming: Is It Possible ?
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60 — Current policy scenario
Unconditional NDC scenario
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[l Carbon neutral or negative

[ 2030
[]2035
[ 2040

" ¢
2
[]2045
[]2050

[[]2053

[ 2060 https://en.wikipedia.org/wiki/Carbon_neutrality

Il 2070 79
[[] Unknown or undeclared
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Quiz

Explain the direct, semi-direct and indirect radiative
forcing of aerosols

Explain the different effects of CH4 emission changes
and CH4 concentration changes in climate forcing

Explain the role of NOx emissions in climate forcing
Surface warming in the Arctic is most significant, why?
Discuss the roles of clouds in climate change

Why do the oceans matter for the climate?

How do you think future warming will affect
precipitation (total, distribution, intensity, etc.)?



Clear Sky Radiative Budget of Earth

Units Wm-=2

Clear sky

Thermal

incoihing reflected outgoing

340

(340, 341)

33 reflected atmospheric
(31, 34) surface window

greenhouse
absorbed gases
atmosphere

- -absorbed N . eva: “sensible
__surface — — — poration heat up surface down surface

IPCC, 2021
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Changes in Climate Indicators

Selected large-scale climate indicators from the Cenozoic era to the recent past

Atmosphere

”p

CO, (ppm)

® @

younger

e (1905 9014 CF)

Sarr

Recent past

Approximate
pre-industrial

(1850-1900 CE)

Last Millennium
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360397

286> 296

27810 285
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-15t015

-0.05100.03
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Temperature Glacier extent Northern tree line Sea level rate
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-35t005

Mid-Holocene
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thermal maximum
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older

Minimum Pre-industrial Level Maximum
X to Y very likely range, unless otherwise stated in FAIR data table

X->Y: start to end of period, with no stated uncertainty _ _

X~Y: lowest and highest values, with no stated uncertainty Colder Warmer Insufficient data
Lower sea level Higher sea level or not assessed

More ice Lessice
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Cryosphere and Its Components
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Projected Change in Sea Ice Extent

(c) Northern Hemisphere September sea ice extent (average 2081-2100)

29 (3)

== CMIP5 multi-model
average 1986-2005

[ 1 CMIP5 multi-model
average 2081-2100

CMIPS5 subset
average 1986-2005

CMIPS subset
average 2081-2100
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Climate feedbacks
Ocean warming/freshening «
Wind stress

Climate extreme events
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Feedbacks of Ocean Carbon Cycle

Air Solution Pump
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Feedbacks of Terrestrial Carbon Cycle

How do plants process carbon?
Photosynthesis:  CO, + H,O + energy — O, + organic C

Flux of CO2 firom
,«7; > atino —~7‘7‘) 0
;-.‘ ( /1‘().\} nere Q % T i, =
through y Y W\l ) %) e 1" )
s - - = 2 4 NSD Owypen (O3
photosynthesis is D ey = .9 D lGen Gl e, gha

1
= =y o < -fo'\' y .:',\.»» > =z arrsosphere
120 billions of b f;jf';x-,,_ . Sty S

SR Lol gy IR gt L ASE oe J i s
merric rons/yeai Carhon dioxide N\

Water |H( he sail
. . ! + ¥ "oy Flux of CO2 from land plants
Respiration: CH,,0,+ 0, —»CO, + H,O + energy FLEDf CO2 from land plants’
p : back to the atmosphere through
glucose Oxygen Carbon water respiration is 120 billions of
dioxide metric tons/yr

» Temperature/Precipitation Change
» CO, fertilization
» Nutrient limitation, pollution impacts (O, etc.) 88



Summary of Feedbacks

(a) Feedbacks in the Climate System

Negative feedbacks diminish the
nitial climate response to radiative forcing

Positive feedbacks amplify the
initial climate response to radiative forcing

y i L%
- LA
Total -1.16 [-1.81 to -0.51]
Planck -3.22 [-3.39 to -3.05)
Water vapour and lapse rate 1.30[1.13t0 1.47]
Surface albedo 0.35[0.10to 0.60]
Clouds 0.42[-0.10to 0.94]
Biogeophysical and —t -0.01[-0.27 to 0.25]
non-CO; biogeochemical
(Total from panel (b))
-35 -30 -25 -20 -15 -10 -05 00 05 10 15 20 25 80 35
climate feedback parameter (W m2 °C'1}
(b) Biogeophysical and non-CO, Biogeochemical Climate Feedbacks Mean [5-85% range]
Total (without permafrost feedback) -0.01 [-0.27 to 0.25]
CHg source response to climate O permafrost feedback 0.03[0.01 to 0.05]
atm. CHs lifetime response to climate -0.03 [-0.12 to 0.06]
N20 source response to climate 0.01 [-0.01 to 0.02]
Cther non-CO- biogeochemical -0.17 [-0.36 to 0.02]
Biogeophysical 0.15[0.00 to 0.30]
-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.3 0.4
climate feedback parameter (W m= °C'1}
(c) Carbon-Cycle Climate Feedbacks Mean [5-95% range]
Land carbon response to CO, -0.78 [-1.28 to -0.28]
Ocean carbon response to CO» -0.68 [-0.98 to -0.39]
Land carbon response to climate O permafrost feedback 0.25 [-0.03 to 0.54]
Ocean carbon response to climate 0.08 [0.04 t0 0.12]
-5 -10 -05 00 05 10 15 20 25 30 35

IPCC, 2021

climate feedback parameter (W m2 °C'1}

Mean [very likely range]
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