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Courtesy: 
J. Hansen (2023)
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Working Group I – The Physical Science Basis

Evolution of 

RF estimates 

in the IPCC 

Assessments

(1990 – 2013)
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Earth’s Energy Imbalance: 

Greenhouse Gas and Aerosol signatures in 

the Satellite-Observed Radiation Budget

[Raghuraman et al., Nature Communications, 2021]
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• For reference, mean EEI over this period is nearly 1Wm−2. 

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

(null hypothesis)?

• ΔEEI = ΔERF + λΔTs + ϵ

Satellite-observed trend in EEI (past 20 years)

See also:

• Hakuba et al., 

2021

• Bagnell & 

DeVries, 2021

• Loeb et al., 2021

• Kramer et al., 

20210.38 ± 0.24 𝑊𝑚−2𝑑𝑒𝑐𝑎𝑑𝑒−1



Methodology
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𝛥𝐸𝐸𝐼 = 𝛥𝐸𝑅𝐹 + 𝜆𝛥𝑇𝑠 + 𝜖

CERES EBAF 

satellite 

observations

Internal variability
• CMIP6 Control

• AM4 Control

• Pre-industrial Forcing

• 48 models, 1,393 

realizations

Modeled Earth’s energy imbalance
• CMIP6 Historical

• AM4 PSST+ERF (Prescribed 

SSTs, sea ice, and forcing)

• 2001-2020 Forcing

• 6 models, 162 realizations

Response
• AM4 PSST (Prescribed SSTs and sea 

ice)

• Fixed Forcing

• 20 realizations

Effective Radiative Forcing
• AM4 PSST+ERF

-AM4 PSST

• 2001-2020 Forcing



Anthropogenic forcing & feedback yields a god estimate of  the 
observed TEEI
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Raghuraman et al. 
(2021).

Also, Kramer et al. 
(2021)



Large decrease in reflected sunlight
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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

EEI = S0 − (𝐑𝐒𝐖+ OLR)
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Climate Response to 

Radiative Forcings
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Human influence has warmed the climate at a rate that is 

unprecedented in at least the last 2000 years

Figure SPM.1 

IPCC AR6
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a)  Observed vs. Natural + Anthropogenic Forcing

b) Observed vs. Natural Forcing Only

c) Observed vs. Internal Climate Variability

d) Recent Global Temperature Variability

Comparing 2016’s record observed global temperatures with CMIP5 models 

Source:  Knutson et al., BAMS (2018)
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Surface budgets, and

Energy-Water nexus

GHGs vs Aerosols
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SURFACE BALANCE

Net SW = 160 W/m2
Net LW = - 56W/m2

SH + LH = - 103 W/m2
LH/ SH ~ 4



Change

GHG ➔ 1.5K

Aero ➔ -0.5K

Offset of GHG effects by Aerosols

CM4



Change

GHG ➔ 2 W/m2

Aero ➔ -1.8 W/m2

Offset of GHG effects by Aerosols on 
precipitation – more than on temperature

CM4
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IPCC AR4 (2007); 

see also AR6

Zonal-mean precipitation trend 
(1901-1998)



Ramaswamy-Chen (GRL, 1997)

Atmos + Mixed-Layer R15 “MCM”

GHG = CO2 forcing; ALB = “NH sulfate”.    GHG+ALB = “0” global-mean forcing



Observed Trends in Summer Rainfall: 1950 to 2002

The Sahelian Drought

The Weakening Indian Monsoon

N-S Shift in Asian rainfall

Major Rainfall Shifts during the last 50 Years
Chung and Ramanathan 2006
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How Hadley and Walker circulations respond to green-
house gases and aerosols? {Climatology, and the changes}

Climatology GG

All forcingAERO
North-South asymmetry : Manabe-Broccoli (1985); Ramaswamy-Chen (1997); Rotstayn-
Lohmann (2002); Ramanathan et al. (2003); Chung-Seinfeld (2005); Yoshimori-Broccoli (2008); 
Hwang et al. (2013); Hill et al. (2014)

Anthropogenic aerosols induce NH-SH asymmetry

Walker circulation 
weakened

Meridional circulation 
weakened

Bollasina et al. 
(2011)
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IPCC AR6
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The 21st C  Scenarios

• WMGG increases

• Aerosol decreases

➔ Reversal of late 20th C effects ?



Present



Some 
GHG 

Aerosol 
> 

GHG ?

GHGs  
dominant

A plausible precipitation 
evolution picture
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Courtesy: 
J. Hansen (2023)



‘Symptoms’ of  an imbalanced Earth

28von Schuckmann et al., 2016

Radiative Forcings➔
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With every increment of global warming, changes get larger in 
regional mean temperature, precipitation and soil moisture

Figure SPM.5

IPCC AR6


