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lcons of Human Impacts
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The Greenhouse Theory of Climate Change: . 1988
A Test by an Inadvertent Global Experiment SCleIlce

V. RAMANATHAN RAYAAAS

Fourier (I, p. 569) stated aptly: “The question of global
temperatures, one of the most important and most difficult in
all natural philosophy, 1s composed of rather diverse elements which
should be considered under one general viewpoint” (translation

IN 1827, THE PHYSICIST-MATHEMATICIAN JEAN-BAPTISTE

predicted changes, during the next few decades, could far
exceed natural climate variations in historical times.
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Source: NASA What is Happening?
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My
personal
journey
Began in a
S. Indian
Village

Next to Grandfather’s Home, Eraharam, South India:
Photo: 2004; Ramanathan



1967 to 1969

Interferograms: Transition from free
and forced convection to Turbulent Flows

Onset

of Turbulence
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Climate journey began in 1974 at

Earth Radiation Budget Experiment:

| COMPONENTS OF
EARTH RADIATION BUDGET

: Earth

Ramanathan, Barkstrom & Harrison,
1974-1989
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Directly Measuring the blanket thickness
Raval & Ramanathan, Nature, 1990

Observations of the Blanket
Thickness

What is Happening?

Blanket Thickness =131 Wm -

Gases only

Water Vapor + CO2; (95%)

Ozone (56%)- From Models

Increase in thickness due to
human-added gases™: 3.6 Wnt

* Drefus, Xu, Shindell, Zaelke and Ramanathah,
2022



How thick is the human-made CO), blanket?

A or CFCs, methane
Qa 7 and other Non-
< CO, gases
trap another
800 terrawarts
CO?2 Traps: 1000 T CEKr awdatts of Radiation energy.
(= 2 Watts per Square migters)- ,3‘_ :
b *% T A | Estimated from
2% 0T THEN SN . IPCC-AR6-2021;

Emitted 2,400,000,000,000 tons of CO,. 1850-2019 Drefus, Xu, Shindell,

e Zaelke & Ramanathan,
Yes: 2.4 Trillion Tons 2022



Climate Change Science

Quantum Mechanics
Radiative Transfer- Integral Equations

Thermodynamics of Energy Transfer:
Radiant to latent/sensible/potential

Newtonian Dynamics- Differential Equations

Turbulence ( Who Understands Turbulence?)



Motions of Atoms within a Molec

o0 0606

Nitrogen




Symmetric Quantum Mechanics of Energy-Trapping by

vibration (0.172 eV C02 MOIQCUIe
Bending 1977

vibration (0.083 e

A Radiative-Convective Model Study of the CO. Climate Problexn

Asymmetric Vibrational Energy Levels
vibration (0.291 eV

T. AucUsTSsON
George Waskington University, NASA-Langley Research Center, Hampton, Va. 23665

V. RAMANATHAN
National Center for Atmospheric Research}! Boulder, Colo. 80307
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My Entry into Climate- Change

SC Greennuvuse Effect Due to Chlorofluorocarbons: 1975

s S— Science

RYAAAS

V. Ramanathan

1975 discovery of Halocarbons as Super-greenhouse gases puts
Non-CO, greenhouse gases on par with CO,



“All the News
That’s Fit to Print”

VOL CYXIV No 42,967

SECOND GOVERNOR'S CUP RACE: Some of the 73
h orld Trade Center fol
d Bay and back. One

he New York Eim

NEW YORK

SUNDAY SEPTEMBER 14,

LATE CITREDITION

Weather: Sunny, pleasant today;
clear tonight. Sunny tomorrow.
Temperature range: today 51-723
Saturday 52-71. Details on Page 53,

1975

SECTION ONE

60 CENTS

1975

US.PUTSOFFCUT U.F.T. Weighs Board Plan | A (. ARRANGES

IN SUPPORT FOR(E To Trim Class Schedules §{()-MLLION SALE

INWEST CERNANY Reduction of 7o Perinds Each week OF BONDPAGKAGE

Concern Over a W
of Combat

Shift on Trimming *Fat’

HN W. FINNEY

wa
t the South Street Seaport. Page 43.

Linked to Dropping of Two Periods |
of Preparation Time for Teachers Buyers Are Savings Banks
| and Insurance Companies

—Deal Crucial for City

One molecule, each of CFC-11 and
CFC-12 have the same warming

effect as about 10000 molecules
of CO,

By LEE DEMBART

PURCHASERS NOT NAMED

. | Three in Congress Challenge
Constitutionality of New
Fiscal Control Board

pancing to tide the ¢
December.

Climatic Changes by Aerosols in Atmosphere Feared5

Bv WALTER SULLIVAN

Although attention in the
'debate regarding the roie of
fluorocarbon aeroso! snravs has
hitherto focused on public
‘health questions, has now
peen proposed thai they could
lalter world climates.

it

According to calculations by
iDr. Veerabhadran Ramanathan

lof the National Aeronautics and
'Space Admunistration’'s Langlev
;Research Center in Hampton.

a, fluorocarbons in the armos-

|ohere could have 2 green-

house effect’” smmilar to that
caused by carbon dioxide.
Sucn an effect occurs when a
gas, acting like the glass in a
greenhouse, permits sunlight to
pass freelv, but inhibits the es-
cape of heat in the form of In-
frared radiation. The result is

a warming nf the lower atmos-

: *onhouso
effect that is bhelieved to ac-
count for the oven-hot temper-
ature of Venus, whose atmos-
phere consists of a heavy
blanket of carbon dioxide.

Dr. Ramanathan's wmnmg.‘ing wa\elengths of ultraviolet|
based on calculations to be pub-sunlight that othcrwise cause|
lished shortly in the journaliskin cancer and othgr
Science, coincides with a nmw-‘to earth-borne life. Dr. Raman-
ing number ot ~tmm~nhcr|c‘athan s calculations suggest the|
observations that hear on the|possibility of climatic effects|
controversy ifar less dramatic than those on

According to the experiment-| Venus, but nevertheless of ma-
ers, these suggest—but do not jor importance to mankind. If,
prove—that fluorocarbons inihe suggests, fluorocarbons reach
the stratosphere have been'a level of two parts per billion
broken down nto chlorine,|in the atmosphere. as predicted

which can then act to deplPt"ifor the end of this century if

the ozone of that region. Theipresent usage continues, global
public health concern relates —

to the role of ozone in absorb- Uontinued on Page 36, Column 4 |

mjury!
|



CFCs and Short -Lived Climate Pollutant gases (Methane;
HFCs & Ozone) trap heat in Atmospheric Window

NIMBUS Satellite : IRIS Data; 1970s

*Super
pollutants
are creatlng a

Emission

Wavelength (um)



Three-Dimensional Community Climate Model of NCAR:
Pitcher, Malone, Ramanathan, Blackmon, Puri and Bourke, 1983
Ramanathan, Pitcher, Malone and Blackmon, 1983

Movement of water vapor in the atmosphere (around 5 kilometers)

Emission
anywhere
is surface

warming
everywhere



Heat Trapping Pollutants

Total energy

M trapped is about 4 Wm-2
o as of 2019.
¢ .
R =
$
\ﬁ“&

Ramanathan et al, WMO-Report, 1985; IPCC 2001 and 2007; Ramanathan and Feng, 2008;
Ram and Xu, 2010; Dreyfus, Xu, Shindell, Zaelke & Ramanathan, 2022



JUDGING A THEORY BY ITS PREDICTIONS SCience

AYAAAS

15 AUGUST 1980

Detecting Climate Change due to
Increasing Carbon Dioxide

Roland A. Madden and V. Ramanathan

Prediction

Warming Due To CO, Should Be Detectable By
Year 2000



IPCC-TAR-2001

ariations of the Earth's surface temperature for:

(a) the past 140 years

GLOBAL

Data from thermometers.
-0.8
1860 1880 1900 1920 1940 1960 1980 2000
Year

(b) the past 1,000 years

NORTHERN HEMISPHERE

Data from thermometers (red) and from tree rings,
corals, ice cores and historical records (blue).

1200 1400 1600 1800
Year

IPCC Conclusion: 2001

There is new and stronger evidence
that most of the warming observed

over the last 50 years is attrib-
utable to human activities.

Madden &
Ram, 1980

But there was a major discrepancy in

the magnitude of the warming:

The warming, although significant,

was only about half of what we expected!




Masking of Global
Warming

By

Atmospheric Brown
Clouds

(aka partcles in Air
pollution)




Indian Ocean Experiment (1997 to 1999 )

PlIs: Ramanathan,Crutzen, Mitra & Lelieveld.
Over 200 scientists from India, Europe, USA participated

The Indian Ocean Experiment
(INDOEX), an international
field experiment, has been
collecting data since 1996,
featuring an intensive field
campaign conducted in
Spring 1999. For details, see
http://www-indoex.ucsd.edu.
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My Research Tools

Ramanathan, 2007

The A-Train

CALIPSO __.
PARASOL 191 L -
1:33 &’ 1:31 ua
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“ v _ 55

Satellites (1970s-

Aircraft (1990s-)
Balloons

Ships (1990s-)

Surface Stations (1990
UAVs (2004-)

Climate Models (1980s-

January 1:0

Thanks: NASA, NOAA and NSF & a dedicated program director, Jay Fein of NSF and
my manager Hung Nguyen of SIO, Who made it all possible by supporting and helpi




Maldives
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e .0 Global_flux-1; f,(s) = -73 W m~?
A .5 Global_flux-2; fy(s) = -70 W m™

Surface forcing (W m .

~ Model_0.9; f,(s) = 70 W m™
Model_087; f,(s) = -76 W m™

0.2 0.3 0.4
Aerosol optical depth

0

-2 ® CERES; f,(T) = -25 W m* Satheesh and Ramanathan,
4 Nature, 2000
v.aE 8
= 8
210 Top-of-
- :j Atmosphere
O - :
F e Forcing

-18

— Model_0.9; f,(T) =-22 W m®

N
(=]

0.2 0.3 0.4
Aerosol optical depth




Ramanathan, et al, 2007
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The Mask is made up of sulfates/Nitrates/Organics
particles

Data from : IPCC 2007; Ramanathan and Feng, 2008 & Ram and Xu, 2010

Instead of thinning the GHGs blanket and the Mask, we are just thinning the masl



Observational determination of namre |

the greenhouse effect 1 9 89

A. Raval & V. Ramanathan
Degartment of ._v~.';:l vetad Soences Lnnvee sty of

Water Vapor

increases by 5.5%
per °C SST:

In Wﬁ—13.0+5.53x10_27' /

280 255 290 295

Sea surface temperature (K)




Feedbacks act as force multipliers:
Retreating Sea Ice enhances solar heating & amplifies warming

sea ice (%)
total-sky albedo (%)

1990

Sept. 2012

darker " no change i 33'; v ‘ V
= PISTONE, EISENMAN &
RAMANATHAN, PNAS, 2014



@
Blanket- Effect Of Clouds Albedo- Effect Of Clouds S
+ 30 Wm-2 | -48 Wm-2___ ’ C].ens;ﬁ

1989

V. Ramanathan, R. D. Cess,
E.F. Harrison, P. Minnis,

B. R. Barkstrom, E. Ahmed,
D. Hartmann.

1985-1989: Net Radiative Effect

Of Clouds : = 18 Wm2

Clouds Radiatively
Cool the Planet




215 Century: Climate Change Morphed into Climate Disruption:
Low Probability High Impact Extremes: Fat Tails

Hot temperature extremes frequency increased 180%
Heavy Precipitation frequency increased 30%
Agriculture & ecological droughts in drying regions increased 70%

Disaster numbers increased by 400% from 1970s to the current
decade; 2.06 m deaths and $3.64 trillion loss

Reference: IPCC-2021; WMO, 2021




Climate Change to Climate Disruption: Weather Extremes

5400

s X e(—T)

«

T R e

Evaporation of Moisture from soil and vegetation Increases
exponentially with Temperature

—

P A
Valley Fire, Southern California Sept 05
Image Source: @Acampa Najjar; Twitter, Sept 05, 2020



Trends in surface equivalent potential temperature:

A more comprehensive metric for global warming P ‘\ AS
and weather extremes

Fengfei Song®®*(, Guang J. Zhang® ', V. Ramanathan®?, and L. Ruby Leung"

Feb 2022

1980 to 2019 Trend

/ F’
C Reanalyses SAT Trend (Global Mean: 0.67) D Reanalyses Thetae sfc Trend (Global Mean: 1.36)




lobal warmin
Global wa 5 ACCELERATED WARMING

Will happeﬂ faSter Climate simulations predict that global warming

than we think wlll rise exponentially If emisslons go unchecked.

Three trends will combine to hasten it, warn Yangyang
Xu, Veerabhadran Ramanathan and David G. Victor.

1.5°C of warming
ocCurs a decade
garller than
projected by the
m IPCC.

Climate Change
will get its
Ozone Hole
s /0 ment around
e 2030
== Climate modelst

Uncertalnty range
(10-905)

E1_____T_____T____ﬂ_____T_____T__

P Talaln' FeTa - P Talata' Fela - - = T .
2000 2010 2020 2030 2040 2050

2018

Global warming since 1850-1900 ("C)
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likely to breach 1.5°C limit in next five years

Climate change: World

Finally United
Nations
Scientists
Agree with us:
January 2025




Drought Index for 2080-2099:
NOAA-Princeton Univ Model Study

[ From Cook et al, 2014] 5% Probability Projection

Ocean’s Role:

98% of food is grown in land (FAO, 2021);
Nature Based Carbon Extraction

Extreme Severe Moderate Mild




Can it get any worse? Yes, it Can:
Due to LPHIEs; Fat Tails & Black Swans

(Ramanathan, Suarez-Orozco, von-Braun and Forman, 2025)
Climate Extremes
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V. Ramanathan™ and Y. Feng;

PNAS-2008
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Why is this good as well as Bad news?

Jouzel et al, 1993;
Petit,, Jouzel et al 1999

400

age en milliers d'années

Glacial — Interglacial Cycles for the last 800,000 Years



Business As Usual §

Bend the warming curye

CO, only

Fast mitigation- SLCPs
Short Lived Climate Pollutants SLCPs only

Long-Term mitigation- CO,

Drawn by UNEP based on
Ramanathan & Xu, 2010,
Shindell...... Ramanathan et al, 2011

2000 2050 2100



1987: Montreal Protocol Targets CFCs
1974: Molina and Rowland ; 1 975: Ramanathan

1997: Kyoto Protocol: Includes Non-CO2 heat trapping gases

1985: Ramanathan et al; WMO/NASA/EU Report- First Intl Report
to recognize Non-CO2

2016: Kigali Amendment -phases out HFCs 2022: USA Ratified Kigali-

Bi Partisan. 2009: Phasing down HFCs.. Molina, Zaelke,...... Ramanathan, ...
2010: Quantifying HFCs role in climate mitigation; Ramanathan & Xu,
2013: The role of HFCs in mitigating 21st century climate change: Y. Xu!, D. Zaelke?,

G. J. M. Velders?, and V. Ramanathan; ACP Journal

2016: California Passes SB1383




My Prediction (The Last One)

By 2030 (with few years uncertainty), The warming will pass 1.5C (Xu, Victor and Ramanathan, 20
That will be the Ozone Hole Moment for Climate Change

2030-2035: The Climate Resilience Protocol

Phase out fossil fuels and SLCPs; Thin the CO2 Blanket
by 300 billion tons;
Clean Energy, Water & Food for All; Biodiversity;
Chart out sustainable pathway for the next century



My Resilience Journey Began at the Vatican-

2004 l
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La Jolla-UCSD 2013

[- g
PAS SCRIPTA VARIA 136  PASS STUDIA SELECT!
[ Edited by
Marcelo Sudrez-Orozco
Ramanathan
THE PONTIFICAL
ACADEMY
OF ScENCES
The Holy Father, Pope Francis

% Fron! Climate Crisis
Jo to Climate Resilience

A Vatican 3-day Summit for bending the curve
and bouncing forward to climate resilience

PLANETARY CALL TO ACTION FOR

CLIMATE CHANGE RESILIENCE Lol SN

Authors: Ramanathan,

Orozco,
Von Braun, Sr Alford,
Card Turkson, O Gustafsson,

Proceedings of a joint Summit
Casina Pio IV, Vatican City, 15-37 May 2024

@), RESILIENCE e




Climate I N MAST

Resilience ) P AN T
Summit, 2024 AF T el N Three
fe . Pillars

Thrive

Mitigation Adaptation Societal Transformation

Reduce Emissions Manage Impacts Societal Change




Educating one million climate

Designers/Instructors: Apel & Mishra

warriors

- \

V. RAMANATHAN
(Edetor)

IIIIIIIIII

2 & < Digital Book
= o ; % Hybrid Course:
BENDING . 3 & < UC-10 & Stockholm U
THE CURVE N . A%A. | <% COURSERA-4 Courses
- N I » Business Majors % Designed to build shared
i/ ; learning skills
o Z \l‘f | < process distress related to
. © . current world events in a
A . safe space
: @ : < build social support and
¥ e ) community collaboration
Ramanathan, Forman, Editors: Ramanathan, Ball, with collective action

Kammen & UC 50, 2014 Nieman & Friese, 2016




Listen up Kids: Our Climate is Changing
(Self-Published Cartoon Book in Amazon)

Interconnections: Ananya Gupta (17 Yrs)
High school Climate Solutions course for all
of LA County:

https://www.theintersectionsinitiative.org




Wireless sensors linked to climate financing for
globally affordable clean cooking

Tara Ramanathan', Nithya Ramanathan™, Jeevan Mohanty? Ibrahim H. Rehman?, Eric Graham'
and Veerabhadran Ramanathan®

Forced Draft
Biomass Stove




There is time to survive and thrive the climate/weathe

extremes and chart a sustainable pathway.
Hundreds of solutions are available & accessible
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