Introduction: Climate & Climate Change
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* Current climate
* Climate change in the Industrial Era
* Radiative forcings and climate feedbacks
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Spatiotemporal Scales in the Earth Climate System
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Spatiotemporal Scales in the Atmosphere
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Earth Energy Budget (in Early 21st Century)

Units Wm2

Solar Thermal

incoming outgoing

(340, 341)

& ‘ N
25 reflected A3 at"&?:g:vir'c
"63,25) surface ' G

greenhouse

absorbed latent heat gases

atmosphere

21

imbalance ) (72,85) (16, o))

0.7 -~ absorbed V- -~ “eva- sensible
———0:5:0.9) — surface = poration heat up surface down surface IPCC, 2021

« Energy balance: Atmosphere 80+(398-40)+21+82-342-(239-40),
Surface 160+342-398-21-82, Earth TOA 340-100-239
 Planetary albedo: —~29% (surface 7%, atmosphere 22%) 6




Top-Of-Atmosphere Incident Solar Radiation: F,,
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Planetary Albedo (at TOA): R
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TOA Net Downward Solar Radiation: (1 —R) F,,
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TOA Upward Longwave Radiation: F,,
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. 000
F,,, As a Linear Function of Surface Temperature
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TOA Solar Radiation: Meridional Distribution
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TOA Upward Longwave Radiation: Meridional Distribution
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* High values of about 250 w/m2 in 30S-30N
* Higher values in northern than southern polar regions
 Weaker meridional gradient than solar radiation

14



TOA Net Flux (Solar + Longwave): Meridional Distribution
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Surface Net (Solar + Longwave) Flux
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Global Surface Temperature: 1983-2009

ISCCP-DE 135307-200312 Mean Annual
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ISCCP=-FDO 198387-280412 Hean 0O.JF
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Global Seasonal Surface Temperature: 1983-2004
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Tropospheric Air Temperature: 1983-2009
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Vertical Distribution of Air Temperature and Its Drivers
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Global Water Vapor Content: 1983-2008
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Global Cloud Water Content: 1983-2008
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Global Cloud Cover

ISCCP-D2 1983087-288806 Hean Annual
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Global Cloud Cover at Different Heights: 1983-2008
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Global Precipitation: 1979-2008
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Global Seasonal Precipitation: 1979-2008
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Global Warming
2022
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Global Temperature Change In Industrial Era

Changes in assessed historical surface temperature changes since AR5

AR5 headline
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Global Temperature Change In Industrial Era

Global surface temperature records, 1970-2025
Degrees C relative to 1850-1900 average

— NASA — Hadley/UEA —NOAA — Berkeley — Copernicus ERA5 JRA-3Q DCENT China-MST

2025 in top-three hottest years on record as ocean heat surges

Hiatus ?

1970 1980 1990 2000 2010 2020 2025

Source: NASA GISTEMP, NOAA GlobalTemp, Hadley/UEA HadCRUTS, Berkeley Earth, Copernicus ERAS, JRA-3Q, DCENT and carbonBrief
China-MST s e

https://www.carbonbrief.org/state-of-the-climate-2025-in-top-three-hottest-years-on-record-as-ocean-heat-surges-9 29



Global Temperature Change In Industrial Era

Comparing different 2026 temperature projections
Degrees C from 1880-1900

— Observations [l Schmidt € Met Office Berkeley Earth Carbon Brief 2026
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Brief analysis
https://www.carbonbrief.org/state-of-the-climate-2025-in-top-three-hottest-years-on-record-as-ocean-heat-surges-9 30



Global Sea Surface Temperature at Record Levels

Global sea surface temperature at record levels Sea surface temperature anomaly * 22 Aug 2026 @
Data: ERAS - Reference period: 1991-2020 - Credit: C3S/ECMWF

Daily sea surface temperature for 60°S-60°N « Data: ERAS « Credit: C3S/ECMWF
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Global Temperature Evolution

Global temperature evolution over the past 60 million years
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Global Temperature Trend: Spatial Heterogeneity

1900-1980

X = non-significant trend
1981—-2020
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IPCC, 2021
Jim Hansen: AT variability and biodiversity? .



Global Temperature Anomaly: 2025

Relative to 1951-1980 Averages ; www.BerkeleyEarth.org

L : j I Temperature
-5 2 1 0 1 2 5 Anomaly (* C)

https://www.carbonbrief.org/state-of-the-climate-2025-in-top-three-hottest-years-on-record-as-ocean-heat-surges-9 34



Global Temperature Anomaly: 2025

Annual Average Temperature Rankings in 2025

warmest N I ) Coldest | HEEEN I
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https://www.carbonbrief.org/state-of-the-climate-2025-in-top-three-hottest-years-on-record-as-ocean-heat-surges-9 35
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China Temperature Anomaly: 1901-2020
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Heatwave in 2022 in China
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Humidity Change: 1973-2019

(a) Trends in surface specific humidity (q) (b) Global average surface q annual anomalies
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— 20CRv3 — HadISDH
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20-
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(d)  Global average surface RH annual anomalies

1| Percent RH
o
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Trend (percent RH per decade)

IPCC, 2021 38
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Global Precipitation Anomaly: 1901-2019

(b) GP
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(c) Global land precipitation anomalies (1891-2019)

-150-100-50 0 50 100 150
Trend (mm yr~' per decade)

X = non-significant trend  IPCC, 2021
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—GPCC V2020 — CRU TS 4.04 —GHCN V4 ----GPCP V2.3 Wet gets wetter over oceans:



MEI.v2

Global Precipitation Anomaly: 1979-2024

Global land and ocean an
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Global Precipitation Anomaly: 2024

Precipitation Anomaly (1991-2020 mean) 2024

-400mm -200mm Omm 200mm 400mm

https://www.ncei.noaa.gov/access/monitoring/climate-at-a-glance/global/mapping
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Changes in Global Monsoon Precipitation

IPCC, 2021

Trend in precipitation

Change in precipitation
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Surface Wind Speed Change: 1988-2017

Trends in surface wind speed 1988-2017
(b) CCMP

(a) HadISD
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Sea Ice Change

Arctic Antarctic
(a) 18 (b)
184
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= NASA team == [Mean 1979-1988
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— QOSISAF ' 1850-1978 range (Arctic only)
IPCC, 2021
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Sea Ice Change in 2025

Arctic and Antarctic sea ice in 2025
Million square kilometres of sea ice

___——-/’—-“\___
Antarctic hlstorlcal range~—_

_\Antarctlc seaice

oo extent in 2025
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_—Arctic historical range -

\

Arctic seaice
extent in 2025

Antarctic record low Arctic record low
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Source: US National Snow and Ice Data Center carhonBrief

CLEAR OMN CLIMATE

https://iwww.carbonbrief.org/state-of-the-climate-2025-in-top-three-hottest-years-on-record-as-ocean-heat-surges-9 e



Ocean Heat Content Change

(a) (b)
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= = = = Desb17 — Table 2.7 = immmm CSIRO-BOA Cheng17 = |sh17v7.3
GCO0S20

» World energy consumption in 2019: ~ 5.5x1020 J
» Radiative forcing for 1750-2019: 2.7 w/m2 = 4.3x1022 J /yr
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Sea Level Change

Changes in global mean sea level

50 - (a) Last 800 kyr _ (b) Last 2500 years
MIS11 LIG MH 0.3
: i LGM 0.251
E o ; == 2]
<] H
= ; B 0.157
8 '\ ' 8 U
= i £ 0.057
= i S |
3 —100 3 0
§ ~0.05'7 |
_150 = : H —01 1 T T T T ; T
800 600 400 200 0 -500 0 500 1000 1500 12000
Thousands of years before 2000 Te_*_!r_(_C_E_) ______________ E
=TT """ .24 7 (9) Recent -
(c) Since 1850 | 0.23
o 0.22
E
g 0.21
E =
8 2 02
(a]
£ $
&) >
=
S 0.18 +
T T T o
1850 1900 1950 2000 S
mmm  Spratt & Lisieck 2016 = = AVISO 0.17
mmm Kemp et al. 2018 EU CMEMS
mmm  Church & White 2011 m m CSIRO
m== Ray & Douglas 2011 m m CU (Nerem et al. 2018) 0.16 -
Jevrejeva et al. 2014 m m ESA (Legeais et al. 2018)
Wenzel & Schroter 2014 NASA (Beckley et al. 2017)
Hay et al. 2015 NOAA 0.15 4

Dangendorf et al. 2017 m m |LEGOS (Blazquez et al. 2018)
mmm Frederikse et al. 2018 mmm Palmer etal. 2021 (1901-1993)
mmm Dangendorf et al. 2019 WCRP GSLB group 2018 (1993-2018) (.14
mmm Frederikse et al. 2020

Contributors to sea level rise:
https://youtu.be/Q15gTMXjwCc IPCC, 2021

Trend: 4 cm/10a

2000 2010 2020
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Effective Radiative Forcing

[Concentration based]

Change in effective radiative forcing from 1750 to 2019 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

= CHg N2O
greenhouse gases M

Ozone 0.47 [0.24 to 0.71]

Stratospheric
water vapour

Albedo Land use

0.05 [0.00 to 0.10]

Light absorbing particles on -0.20 [-0.30 to -0.10]
snow 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 _—< 2.72[1.96 to 3.48]
Solar >-|-< -0.02 [-0.08 to 0.06]
2 -1 0o 1 2 3
IPCC, 2021 Effective radiative forcing (W m~2)
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Effective Radiative Forcing

[Emission based]

Effective radiative forcing, 1750 to 2019
co; —

CHq

|
i
-
CFC + HCFC + HFC | =
: ——

Ox

Carbon dioxide (CO;)

NMVOC + CO [ .j— mm N0

I CFC + HCFC
so. — " =

) B Methane (CHy)

Organic carbon + = Ozone (03)

B H-O0 (strat)
Black carbon I" . Aerosol-radiation

EEl Aerosol-cloud
Ammonia # 4 Sum

T

L T T T T T T T T T T T T T T 1

-15 -1.0 -05 0.0 0.5 1.0 1.5 2.0
(W m~—?)

IPCC, 2021
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Effective Radiative Forcing

Carbon dioxide (CO,) Tropospheric Aerosol

Methane (CH,)
Nitrous oxide (N,O)

Halogenated gases

Pt

Changes in effective radiative forcings

Volcanic

Total

Rate of change anthropogenic ERF o

IPCC, 2021

0.5
0.4
0.3
0.2
0.1
0.0

(W m= per decade)
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Total anthropogenic

composition forcing

Radiative Forcing: Spatial Distribution

Total RF: 1850-2000

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: 1850-[1995-2014 mean]

Net Effective Radiative Forcing
Aerosols

Robust signal
[ No change or no robust signal
IP C C , 2 02 1 2227 Confiicting signals
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Climate Feedback (W m~™

Summary of Feedbacks

Assessment of Climate Feedbacks

=
11 [ s B ¥ N
I 1 1

Water Vapour + Lapse Rate

Surface Albedo

OP®

Cloud

Biogeophysical
and non-CQO3

Biogeochemical

w NN EE OO
o b O O WU O
I T R O B

Planck

Q=< BN ARG

T CMIP5

©

T CMIP6

w
Ln

IPCC, 2021
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Cloud Feedbacks

Tropical Low Cloud Feedbacks

Observations -

Large-Eddy Simulations = O @ .

Global Climate Models

-15 -1.0 -05 00 05 1.0 15 20 25 3.0

Wwm~2K~1
Assessed Clloud Feedback Values
High-Cloud Altitude ——]
Tropical Marine Low-Cloud - I‘—o—|
Tropical Anvil Cloud Area :
Land Cloud Amount 3—'
Middle Latitude Marine Low Cloud Amount A :
High Latitude Low-Cloud Optical Depth - |—0—|
_____________ ) e e e i i e
Sherwood et al., 2020 RoG Total Cloud Feedback{ I l
\

-0.4 —-02 00 02 04 06 08
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Climate Sensitivity

a) Evolution of equilibrium climate sensitivity assessments from Charney to AR6 .
o< 105 Science 125

6 7 - rb
G :
E; 5 T Very likely: 2-5 °C -5 = 'MT
Z Py x x [ < 10
=4 - £ b = g o E:t o i Likely: 2.5-4 °C -4
3 5 " e
n b
& 3 - - 4 Best estimate: 3 °C -3 T in rement
g 5 ' Instantaneous creme
B : ) forcing LS
E <7 e e B ilibri
E ARG combines evidence from: = 3.7 W m-2 eqU|I|br|um
5 + Process understanding .
= ] H  Instrumental record | Wlth 2 X C02
g_ 1 Primarily model evidence p<5% E?Aﬁ?gcg.ﬂaﬁgf.gmim 1
w Also considers instrumental record and paleoclimates

T T T 1 T T Total Feedback
1980 1990 2000 2010 2020 2030

Year of assessment

b) Equilibrium climate sensitivity (°C) assessed in AR6 ¢) Transient climate response (°C) assessed in AR6

and simulated by CMIP6 ESMs and simulated by CMIP6 ESMs
Process understanding |_'_| Process understanding Joors _i_ ....... 1
Instrumental record |r— Instrumental record s
Paleoclimates TR S Paleocimates
Emergent constraints fromsese e Emergent constraints R
Combined assessment I—|— -------- 1 Combined assessment I---—|—~-I
CMIPE ESMs RN IO T O CMIPG ESMs PR W,

T T T T T T T T T T T
0 1 2 3 4 5 6 7 8 9 0 1 2 3 4
Best estimate range or value Likely range or limit Joeeeeeeeeee]  Very likely range or limit I Extremely likely limit I P C C ! 2 O 2 1
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.
Cumulative CO, Emissions and Warming

Every tonne of CO, emissions adds to global warming

Global surface temperature increase since 1850-1200 (°C) as a function of cumulative CO, emissions (GtCO,)

“c Carbon budget

3
55P5-8.5
. The near linear relationship 550370
= between the cumulative
€0, emissions and global )
warming for five illustrative
. scenarios until year 2050 55P1-2.6
55P1-19 / 1
i A —_ —> Remaining carbon budget
15 GtCO, in line with keeping
global warming to 1.5°C or 2°C
1
Historical global —
Warming
05 67%
) o } 2°C 50) GtCO,
Cumulative Oy emissions since 1830
0
2000 3000 4000 4300 GtCO;
0.3 Future cumulative
| — SEpl-19 CO; emissions differ
| I — 55p1-24  BCT0SS SCenarios, and

determine haow much
55P3-70  warming we will
¥ I I N 550555 axperience

8 53 8
s e 3
HISTORICAL PROJECTIONS

Cumulative CO, emissions between 1850 and 2019 Curulative CO; emizsions between 2020 and 2050

2L

IPCC, 2021
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