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Climate Science Milestones

2IPCC, 2021



Global Warming
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In my view, the aspect of climate 
change we care most is:
SO RAPID AND SEVERE 
ANTHROPOGENIC CLIMATE CHANGE 
THAT CANNOT BE ADAPTED WITHOUT 
ENORMOUS AND UNACCEPTABLE 
CONSEQUENCES



Earth Energy Budget
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ÅEnergy balance: Atmosphere 80+(398-40)+21+82-342-(239-40), 

Surface 160+342-398-21-82, Earth TOA 340-100-239

ÅPlanetary albedo: ͘29% (surface 7%, atmosphere 22%) 5

IPCC, 2021



How Earth Energy Balance Is Affected by Human

6IPCC, 2021
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Mie Theory for Atmospheric Scattering
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¸ x < 0.1: Rayleigh scattering (N2, O2)
¸ 0.1 < x < 50: Mie scattering (aerosols, clouds)
¸ x > 50: Geometric scattering
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Scattering & Absorption of SW by Aerosols
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IPCC, 2007



Radiative Forcing: Terminology

13
IPCC, 2007



Trends in Long-lived GHGs Concentrations
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IPCC, 2021

[CO2] in 2023: 419.3 ppm



Effective Radiative Forcing
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IPCC, 2021

[Concentration based]What is ERF?



Effective Radiative Forcing

16
IPCC, 2021

Climate-chemistry 
interactions at play!

[Emission based]



Contributions of Long-lived GHGs to Total ERF

17
IPCC, 2013



Effective Radiative Forcing

18IPCC, 2013



Radiative Forcing: Spatial Distribution
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Total RF: 1850ς2000

IPCC, 2013

IPCC, 2021

Aerosol ERF: 1850ς[1995-2014 mean]



Trends in Long-lived GHG Radiative Forcing

20IPCC, 2013



Cumulative CO2 Emissions and Warming
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IPCC, 2021

Carbon budget



Ozone Radiative Forcing

22IPCC, 2013



Aerosol Effective Radiative Forcing

23IPCC, 2021



LUC-related Surface Albedo Radiative Forcing

24

Effects already 
occurred in 1750

IPCC, 2013



Effective Radiative Forcing

25IPCC, 2021



Modeled Anthropogenic versus Natural Impacts

26IPCC, 2021



Effects of Pollution Control on Climate: 
Climate-Pollution Nexus

27IPCC, 2021



Temperature Response to Perturbed Emissions

28IPCC, 2021
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H2O Feedback
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ClausiusςClapeyronEq.:

¢ ҧ Ÿ H2h ҧ Ÿ DI ŜŦŦŜŎǘ ҧ Ÿ ¢ ҧ

647.10 K
22.06MPa

With constant RH

273.16 K
611.66 Pa

0.006



Water Vapor Increase Driven by Warming
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IPCC, 2013



Water Vapor Change: 1988-2004
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IPCC, 2007

ҟSST = 0.25х/ ƛƴ мр ŀ



Water Vapor ςLapse Rate Feedback
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Water vapor feedback and lapse rate feedback are negatively 
correlated, and are therefore considered together.

IPCC, 2007

Tropics

Mid lat.

Water vapor 
feedback

Lapse rate 
feedback



Ice Albedo Feedback
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¢ ҧ =>LŎŜ Ҩ =>!ƭōŜŘƻ Ҩ  =>¢ ҧ

Applicable to:
V Ice/snow vs. water
V Ice/snow vs. land/veg.
V Χ



Changes in Polar Ice
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Stroeve et al. [2007]



Cloud Types and Radiative Effects
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Changes in CRF are extremely difficult to quantify, 
leading to large uncertainty in current estimates

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

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

V Convective clouds: strong SW and LW effects

V Mid-level clouds: liquid/ice mixed

V Polar clouds in different seasons?

How to affect clouds: height, fraction, thickness, 
droplet size, phase (liquid/ice/mixed), lifetime



Changes in Cloud
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IPCC, 2021



Cloud Feedbacks
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Sherwood et al., 2020 RoG



Summary of Feedbacks
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IPCC, 2021



Climate Sensitivity
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IPCC, 2021


