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Earth’s energy imbalance results from increases in

» X ¥ 7, greenhouse gases absorbing thermal radiation that would
< > otherwise be emitted to space. This radiative forcing leads
to an accumulation of energy in the Earth’s system

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

Incoming Cloud changes are an important
Ol feedback on how the Earth system
radiation responds to a radiative forcing
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Radiative Forcings in the IPCC Assessments
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Change in effective radiative forcing from 1750 to 2019

ERF (W m~?)

Carbon dioxide 2.16 [1.90 to 2.41]
, 0.54 [0.43 to 0.65]
Other well-mixed 0.21[0.18 t0 0.24]
greenhouse gases
Ozone 0.47 [0.24 to 0.71]
Stratospheric 0.05 [0.00 to 0.10]
water vapour Lioht absorbl el
ight absorbing particles on -0.20 [-0.30 to -0.10]
Albedo Land use snow and ice 0.08[0.00 to 0.1]
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Earth’s Energy Imbalance:

Greenhouse Gas and Aerosol sighatures in
the Satellite-Observed Radiation Budget

[Raghuraman et al., Nature Communications, 2021]
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Satellite-observed trend in EEI (past 20 years)

AEEI (Wm~=2)
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For reference, mean EEI over this period is nearly 1 Wm™2,

See also:

* Hakuba et al.,
2021

* Bagnell &
DeVries, 2021

* JLoebetal., 2021

* Kramer et al.,
2021

Why is Earth’s energy imbalance increasing? Is it just due to internal variability

(null hypothesis)?
AEEI = AERF + AAT + ¢



Internal variability

Methodology . OMIP6 Control

* AM4 Control

Modeled Earth’s energy imbalance * Pre-industrial Forcing
* CMIPs6 Historical * 48 models, 1,393
* AM4 PSST+ERF (Prescribed realizations

SSTs, sea ice, and forcing)
* 2001-2020 Forcing
* 6 models, 162 realizations
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Anthropogenic forcing & teedback yields a god estimate of the
observed TEEI
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Large decrease 1n reflected sunlight

EEI = S, — (RSW + OLR)
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* Reduction in reflection observed across the globe
¢ Forcing dominates this reduction in reflection: aerosol decrease and greenhouse gas rapid cloud adjustments

¢ Feedbacks supplement this reduction in reflection: sea-ice decreases
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Climate Response to

Radiative Forcings
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Human influence has warmed the climate at a rate that is Figure SPM.1
unprecedented in at least the last 2000 years

Changes in global surface temperature relative to 1850-1900

a) Change in global surface temperature (decadal average) b) Change in global surface temperature (annual average) as observed and
as reconstructed (1-2000) and observed (1850-2020) simulated using human & natural and only natural factors (both 1850-2020)
OC oC
2.0 2.0
Warming is unprecedented
in more than 2000 years
1.5 1.5
Warmest multi-century observed
/ period in more than .
100,000 years  simulated

1.0 human &

natural

observed

simulated
natural only
(solar &
volcanic)

reconstructed

-0.5 -0.5

1 [ T T ]
1 500 1000 1500 1850 2020 1850 1900 1950 2000 2020



SIXTH ASSESSMENT REPORT

Working Group | — The Physical Science Basis

a) Observed vs. Natural + Anthropogenic Forcing
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b) Observed vs. Natural Forcing Only

c) Observed vs. Internal Climate Variability
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Surface budgets, and
Energy-Water nexus

GHGs vs Aerosols
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1.5

Global Mean Near Surface Air Temperature Change,T

I I I
Observations: Berkeley Earth
CM4: Well Mixed Greenhouse Gases
CM4: Aerosol
CM4: Volcano,Solar,03,Land Use
CM4: All Forcing

Offset of GHG effects by Aerosols
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Global Mean Precipitation Change,P
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CM4: Well Mixed Greenhouse Gases
CM4: Aerosol
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Offset of GHG effects by Aerosols on

precipitation — more than on temperature

Change

GHG = 2 W/m2

Aero = -1.8 W/m2

1875

1900

1925

Year

1950

1975

2000



Zonal-mean precipitation trend
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Atmos + Mixed-Layer R15 “MCM”

GHG = CO2 forcing; ALB = “NH sulfate”.

GHG+ALB = “0” global-mean forcing
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Major Rainfall Shifts during the last 50 Years
Chung and Ramanathan 2006

Observed Trends in Summer Rainfall: 1950 to 2002
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How Hadley and Walker circulations respond to green-

house gases and aerosols? {Climatology, and the changes

Anthropogenic aerosols induce NH-SH asymmetry Bolla;gnlalet al

Climatology GG

Walker circulation
weakened

Climatology WMGGO3

A
North-South asymmetry : Manabe Broccoli (1985); Ramaswamy-Chen (1997); Rotstayn-
Lohmann (2002); Ramanathan et al. (2003); Chung-Seinfeld (2005); Yoshimori-Broccoli (2008);




(@) NH summer SW radiation anomalies
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The 215t C Scenarios

 WMGG increases

e Aerosol decreases

=» Reversal of late 20t C effects ?
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Precipitation (relative)
(in flux units)

A plausible precipitation

evolution picture

Precipitation CM3 vs CM4 1900-2100,
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Earth’s Energy Imbalance (W
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Radiative Forcings =

‘Symptoms’ of an imbalanced Earth

Earth's energy imbalance: < S@:

Atmospheric temperature T 0 Ex_t:ame i ) Fre—
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With every increment of global warming, changes get larger in Figure SPM.5
regional mean temperature, precipitation and soil moisture

a) Annual mean temperature change (°C)

at 1 °C global warming
Observed change per 1 °C global warming Simulated change at 1 °C global warming

Warming at 1 °C affects all continents and
is generally larger over land than over the
oceans in both observations and models.
Across most regions, observed and ‘
simulated patterns are consistent. \

b) Annual mean temperature change (°C) Across warming levels, land areas warm more than oceans, and the Arctic
relative to 1850-1900 and Antarctica warm more than the tropics.
Simulated change at 1.5 °C global warming Simulated change at 2 °C global warming Simulated change at 4 °C global warming
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