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Outline of Presentation

ÅExplanation of the greenhouse effect on Earth using simple models
ÅApplying the simple models to all of the terrestrial planets
ÅMeasurements of climate related properties and comparison with 

complex Earth System Models(ESM)
ÅProjections of these models to 2100 and beyond
ÅNecessary changes to meet climate goals



The Greenhouse Effect
Å The earth absorbs visible and ultraviolet light from the Sun. The Earth re-radiates infrared light up to the atmosphere and the 

atmosphere absorbs some of this radiation and re-ǊŀŘƛŀǘŜǎ ƛǘ ōŀŎƪ ǘƻ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜ
Å The earth re-absorbs this energy with the result that it  loses less heat than if there were no atmosphere

Black Body at 14C
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surface 
287 K

Visible and uv solar radiation arriving at the 
ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜ

Infrared radiation from the earth at the top of the 
atmosphere

Black Body at 5280 K



Historical Correlation Between 
Greenhouse Gases and Temperature



/ŀƭŎǳƭŀǘƛƴƎ 9ŀǊǘƘΩǎ ¢ŜƳǇŜǊŀǘǳǊŜ !ǎǎǳƳƛƴƎ bƻ !ǘƳƻǎǇƘŜǊŜ

Å The Stefan-Boltzmann law, S= ̀¢щ Σis the sum of all of the power emitted by a black body at temperature T where ˋ is the 
Stefan-Boltzmann constant and ƛǎ ǘƘŜ ƛƴǘŜƎǊŀƭ ƻŦ tƭŀƴŎƪΩǎ ōƭŀŎƪ ōƻŘȅ ŎǳǊǾŜ ƻǾŜǊ ǘƘŜ ŜƴǘƛǊŜ ǊŀƴƎŜ ƻŦ ŦǊŜǉǳŜƴŎƛŜǎόм)

Å Emitted solar radiation Se= ̀TsщΣ where ̀ =5.67x10**-8, T=5778K, is the surface temperature of the Sun  and 
Se=6.32x10** 7W/m² 

Å Radiation arriving at the earth is Se ǘƛƳŜǎ ǘƘŜ {ǳƴΩǎ ǎǳǊŦŀŎŜ ŀǊŜŀΣ ŘƛǾƛŘŜŘ ōȅ ǘƘŜ ŀǊŜŀ ƻŦ ǘƘŜ {ǳƴΩǎ ǎǇƘŜǊŜ ŀǘ ŘƛǎǘŀƴŎŜ ƻŦ ŜŀǊǘƘ 
Sar= T̀sщ *(4* *̄Rs²)/(4*̄ *D²), where Rsƛǎ ǘƘŜ ǎǳƴΩǎ ǊŀŘƛǳǎΣ ŀƴŘ D is the distance from the sun

Å The ŜŀǊǘƘΩǎ ŀōǎƻǊǇǘƛƻƴ ŀǊŜŀ ƛǎ ƛǘǎ ǎƘŀŘƻǿ ŘƛǎŎ ŀǊŜŀ ŀǎ ǎƘƻǿƴ ƛƴ ǘƘŜ ŘƛŀƎǊŀƳ ōǳǘ ƛǘǎ ŜƳƛǎǎƛƻƴ ŀǊŜŀ ƛǎ ǘƘŜ ŜƴǘƛǊŜ ǎǇƘŜǊƛŎŀƭ ǎǳǊŦŀŎŜ
area

Sun radius=6.96X10**9m, Sun distance=1.496x10**12m
Sun temperature=5778K, earth albedo=0.306

Radiation leaving the Sun
per unit area of sun 

Se=̀ Tsunщ
=5.67x10-8  (5778)4

=6.32x107W/m²

Radiation arriving at the 
TOA of the Earth

Sar= Se4̄Rs²/4 R̄se²
Sar=1368 W/m²

Radiation that could 
be absorbed
S =Sar( R̄e²)/(4̄ Re²)
S=342W/m²



/ŀƭŎǳƭŀǘƛƴƎ 9ŀǊǘƘΩǎ ¢ŜƳǇŜǊŀǘǳǊŜ !ǎǎǳƳƛƴƎ bƻ !ǘƳƻǎǇƘŜǊŜ
Å The power density being absorbed by 
ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ƛǎ όм-A)*S where A 
ƛǎ ǘƘŜ 9ŀǊǘƘΩǎ ŀƭōŜŘƻΣ egits reflectance

Å If the earth is in thermal equilibrium it 
will emit all of the energy it is 
receiving form the sun

Å Thus the power density of emitted 
radiation assuming no atmosphere is 
G= T̀eщ ǿƘŜǊŜ Teis the temperature 
at the earth surface 

Å This works out to be Te=254.4K which 
is about  -18C and it is not likely that 
life could exist in this environment

Å Thus, the earth absorbs the solar short 
wave radiation in the visible and uv
and re-emits at a much lower 
temperature in the long wave  infrared

S =Sar( R̄e²)/(4 R̄e²)
S=342W/m²

With A =0.306
(1-A) S=237W/m²

G=237W/m²

Te=(G/̀ )1/4=254 K =-18C =-0.4F

Te

Pe=(1-A) S= 237W/m²
Without an atmosphere Earth 
would not be inhabitable



/ŀƭŎǳƭŀǘƛƴƎ 9ŀǊǘƘΩǎ ¢ŜƳǇŜǊŀǘǳǊŜ ǿƛǘƘ ŀ tŜǊŦŜŎǘƭȅ !ōǎƻǊōƛƴƎ !ǘƳƻǎǇƘŜǊŜ

ÅAssume that the earth has an atmosphere 
that absorbs all of the longwave IR 
radiation that the earth emits and back 
radiates all of it with half going into space 
ŀƴŘ ƘŀƭŦ ǘƻ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜ ŀƴŘ ǘƘŜ 
earth absorbed all of this

ÅThen the total absorbed power (1-
A)S+H=474W/m² which is 237.33W/m² 
from the Sun in shortwave(egvisible and 
some uv) radiation and 237.33W/m² in 
longwave IR radiation from the 
atmosphere

S=342W/m²

(1-A) S=237W/m²

G=474W/m²

H=G/2=237W/m²

Te=(G/̀ )1/4=302.5K =29.5C=85.1F

Pe=(1-A) S+G/2=
474.65W/m²

Å ¢ƘŜ ŜŀǊǘƘΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ǿƻǊƪǎ ƻǳǘ ǘƻ ōŜ нфΦр/ Ǿǎ -18C with no atmosphere and this is the 
ŜǎǎŜƴŎŜ ƻŦ ǘƘŜ άƎǊŜŜƴƘƻǳǎŜ ŜŦŦŜŎǘέ

Å LŦ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜ ƻƴƭȅ ŀōǎƻǊōǎ тт҈ ƻŦ ǘƘŜ 9ŀǊǘƘΩǎ ǊŀŘƛŀǘƛƻƴ ǘƘŜ 9ŀǊǘƘΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ƛǎ мо/ 
or 55.4F which is about the actual average



Does the Greenhouse Effect Violate the 
2nd Law of Thermodynamics

ÅA simplified version of the 2nd law says a colder body cannot warm a warmer body and the 
atmosphere is colder than the Earth(1)

ÅHowever, the Sun warms the Earth and the Earth is the source of the heat that heats the 
atmosphere so the net heat is flowing from the earth

Å¢ƘŜ ŀǘƳƻǎǇƘŜǊŜ ŀŎǘǎ ƭƛƪŜ ǘƘŜ 9ŀǊǘƘΩǎ άōƭŀƴƪŜǘέ ŎŀǳǎƛƴƎ ǎƻƳŜ ƻŦ ǘƘŜ ƘŜŀǘ ǘƻ ōŜ ǊŜǘŀƛƴŜŘ ŘǳŜ ǘƻ 
the back radiation from the atmosphere

ÅThis is analogous to a person using a blanket in a cold room to loose less heat

ÅIf the Earth was not producing heat, the atmosphere would have no effect just as a blanket on 
a cold stove does not cause the stove to get warmer

ÅHeat must be produced by the Earth or the stove for there to be an effect

ÅSimiliarly, a person coming in to a house at 72F from outdoors at 20F feels warmer even 
though the house at 72F is cooler than the person at 98.6F because less heat is lost

In summary, the Greenhouse Effect is critical to life on Earth and at 
the same time a too large Greenhouse effect leads to Global Warming



The Measured Greenhouse Effect

ÅAs an answer to the skepticism about the greenhouse effect, 
actual measurements have been made 

ÅThe upper graph is the measured back long wave radiation 
ŦǊƻƳ ǘƘŜ ŀǘƳƻǎǇƘŜǊŜ ǊŜŀŎƘƛƴƎ ǘƘŜ ŜŀǊǘƘΩǎ ǎǳǊŦŀŎŜόмύΣόнύ

ÅThe absorption of this back radiation from the atmosphere 
accounts for the observed Greenhouse effect

Å The lower graph are measurements of the change in the 
outgoing spectrum from 1970 to 1996 due to trace gases. (3)

ÅThe measurements were done by the IRIS  NASA satellite and 
by the Japanese IMG satellite

ÅThis difference is a measurement of the increase in the 
Greenhouse effect

ÅWhen analyzed, this results in a 1.0-2.2 C increase in the 
surface temperature(1) which is in the actual range



The Actual Greenhouse Effect
Å The diagram (1)shows the actual results 

of detailed calculations and includes 
many more effects than the simple 
model

Å The first difference is that 67W/m² of 
the solar radiation is absorbed by the 
atmosphere and clouds

Å Thus only 168W/m² reaches the surface 
vs 237W/m² in the simple model

Å Because of the increased absorption in 
the atmosphere and clouds 324W/m² is 
back radiated to the earth vs 148W/m² 
in the simple model

Å The third difference is that in the 
complete model 104W/m² is lost from 
the surface  because of thermal 
radiation from volcanos and evaporative 
processes

Å The net infrared emission from the earth for the complete model G= 388W/m² compared with G=385W/m² in the 
simple model

Å That they are virtually the same is not an accident as the total emission from the earth is what determines the 

ŜŀǊǘƘΩǎ ǘŜƳǇŜǊŀǘǳǊŜ ƻŦ мп/ Ǿƛŀ ǘƘŜ {ǘŜŦŀƴ .ƻƭǘȊƳŀƴƴ ƭŀǿ ǿƘŜǊŜ Te=(G/̀ )1/4=287K or 14C



Planetary Surface Temperatures Provides More                                    
Information About the Greenhouse Effect

ÅThe table gives a summary of the surface 
temperatures both calculated and 
measured (1) for the terrestrial planets

ÅThe top row gives the temperature for the 
planet assuming it does not have an 
atmosphere based on using the black 
body calculation shown earlier for earth 

ÅThe second row gives the measured 
surface temperature and the agreement 
for Mercury and Mars is very good

ÅEarth gives reasonable agreement with 
the one layer model

Å Venus with its dense atmosphere gives poor agreement with the no atmosphere assumption
Å The incident power from the sun for Venus is 2643W/m²
Å The power absorbed at the surface is 132W/m² for an albedo of 0.8
ÅThe one layer model gives a surface temperature of 260K which is much too low and even with 

a zero albedo the result is 390K which is also too low



±ŜƴǳǎΩǎ {ǳǊŦŀŎŜ ¢ŜƳǇŜǊŀǘǳǊŜ

ÅHowever, Venus has such a dense atmosphere that the underlying assumption that the  short 
wavelength solar radiation reaches the surface is a very bad approximation

ÅIn fact a better assumption may be that the solar radiation is fully absorbed at the top of the 
atmosphere

ÅThen using the no atmosphere model ŦƻǊ ǘƘŜ ǘƻǇ ƻŦ ±ŜƴǳǎΩǎ ŀǘƳƻǎǇƘŜǊŜό¢h!ύ tҐT̀topщ gives 
a temperature of 210K using 132W/m² for the solar radiation

ÅThe measured top of the atmosphere from the Magellensatellite is 220K in good agreement 
with the above(1)

ÅThe key question is how the 730K surface temperature can be reconciled and the 
ŎƻƴǾŜƴǘƛƻƴŀƭ ŀƴǎǿŜǊ ŦƻǳƴŘ ǘƘǊƻǳƎƘƻǳǘ ǘƘŜ ƭƛǘŜǊŀǘǳǊŜ ƛǎ ǘƘŀǘ ±Ŝƴǳǎ Ƙŀǎ ŀ άǊǳƴŀǿŀȅέ 
Greenhouse Effect



The Runaway Greenhouse Effect
Å In a situation where the surface of a planet has a large 

source of water a positive feedback effect can occur 
where the surface temperature can increase 
dramatically(1)(2)

Å There is a limit to the power that a water saturated 
atmosphere can emit and is about 330W/m² (3)

Å If a steady state situation demands more heat emission 
than this the surface temperature can rise to over 1000K 
and a runaway situation can exist until all of the water is 
evaporated

Å This almost certainly happened on Venus in its past and 
there is a key clue here

ÅVenus  has a hydrogen/deuterium ratio of 100 compared to 10,000 on earth(4)
ÅThis can be explained if Venus started out with similar water content as earth but lost 99.9% of its 

water due to a runaway greenhouse effect and because of a lack of magnetic field solar wind particles 
disassociated the water into hydrogen, deuterium, and oxygen with the lighter hydrogen atoms 
escaping preferentially

ÅBecause of a lack of water Venus has no plate tectonics and there is no sequestration for CO2 so all of 
it is in the atmosphere making up 96% of the total and resulting in a very dense atmosphere



±ŜƴǳǎΩǎ IƛƎƘ {ǳǊŦŀŎŜ ¢ŜƳǇŜǊŀǘǳǊŜÅThe runaway greenhouse effect may have 
resulted in a very high surface temperatures at 
one time but it does not explain why the surface 
is at 730K today(1,2,3)

Å¢ƘŜ ŀƴǎǿŜǊ ƛǎ ǘƘŀǘ ±ŜƴǳǎΩǎ ŀǘƳƻǎǇƘŜǊŜ ƛǎ ƭŀǊƎŜƭȅ 
a closed system receiving little heat in or out and 
thus is adiabatic  

ÅThe lapse rate (temperature change with 
altitude) for a dry adiabatic system is 7.8K/km(4) 
for CO2

ÅTaking this lapse rate and an atmosphere of 
65km(5)(6) with the temperature there at 220K, 
the surface temperature is 727K which is very 
close to  the measured value of 730K

ÅThis results in a surface pressure of 92 times that 
on earth(2)(3)

If earth had a similar atmosphere it would also have a very high surface 
temperature and pressure, thank goodness for plate tectonics



How Do We Know that the Climate is Warming



Historical Climate Change

Å The land surface temperature since the late 19th century has 
increased by 0.85C and the last three decades have been 
successively warmer than any in the past with the 2000 decade 
being the warmest

Å The warming trend has increased since 1950 with a 0.72C increase 
based on 7 data sets

Å Significant  increases are also  seen for sea surface 
temperature(0.8mm/year) and marine air temperature

Å One of the biggest concerns is the rise in sea level driven by a 
reduction in global glaciation 

Å Both Greenland and Antarctic have contributed 0.25-0.99mm/year 
increase in sea level from 1971 to 2010(1)

Å Land storage of water does not seem to have changed
Å The Arctic sea ice extent has decreased 3.5% to 4.1% per decade 

with a range of 0.45 to 0.51 million km2 loss per decade(2)
Å The total since 1950 the total loss is 4 million km2



Latest Data on Global Temperatures

ÅThe previous temperature profile was seen by some to show 
a roll-off in the 15 years previous to 2013 when the previous 
data was compiled

ÅHowever, when more recent data was added as seen above 
the curve has made a noticeable uptick resuming its rapid 
temperature rise since 1980(1)

2016

2017
2015

2014
2013

ÅLooking at the last 5 years, there has been a 
significant and continuous rise in global 
temperatures(2)

ÅBefore 2013 the temperatures had rolled off 
but now it is seen as a normal fluctuation 
that has been seen many times before



Polar Amplification
Å Climate system feedbacks that  contribute to recent polar 

amplification include the(1)
Å reduction of snow cover and sea ice
Å changes in atmospheric and ocean circulation
Å the presence of anthropogenic soot in the Arctic 

environment, 
Å increases in cloud cover and water vapor

Å Overall, sea ice changes are thought to be the major 
source of  polar amplification

NASA GISS temperature trend 
2000-2009, showing strong arctic 
amplification(1)



Rate of Change in Temperature Across the Globe



Sea Ice and Glacier Changes
Å There has been continued ice mass loss in both the 

arctic and the Antarctic and this has come from 
glaciers and ice sheets

Å This has resulted in 28mm in sea level rise and 
represents 10,000 Gt of ice in the last 20 years

Å The Glaciers in Antarctica are increasing except in the 
Weddle sea

Å However, in Greenland the ice loss went from 34 Gt/yr
in 1992-2001 to 215 Gt/yr in 2002-2012(1)

Å This came from surface melt and runoff and 
accounted for 0.09 to 0.59mm/year sea level increase

Å In the last decade the largest 
contributions to global glacier 
loss were from Alaska, the 
Canadian arctic, and the  
periphery of the Greenland ice 
sheet, and the Andes and Asian 
mountains

Å These accounted for 80% of the 
total ice loss



DƭŀŎƛŜǊ ¢ŜǊƳƛƴǳǎ {ƘǊƛƴƪŀƎŜόǎŎŀƭŜ ƛǎ млллΩǎ ƳŜǘŜǊǎύ



Earth System Climate Models 
ÅThe figure shows the increase in resolution of climate modeling in four 

generations of IPCC reports spanning 1990-2007
ÅThe 4th generation Atmosphere Ocean General Circulation 

models(AOGCM) which were used in the 2007 report include an 
incredible array of complex process including
Å Atmosphere effects of convection, clouds, aerosol and boundary layer effects, radiation
Å Land effects of vegetation & soil type, moisture, snow, temperature feedback 
Å Sea ice effects of different albedos for bare ice, melting ice, snow covered ice, open water

ÅThe 5th generation Earth System Models(ESM)(2) include all of the 4th

generation processes but add feedbacks among physical, chemical and 
biogeochemical processes
Å Climate influences on sources and sinks of CO2 and CH4, egthe carbon and methane cycles
Å Aerosol particles and their interaction with clouds and radiative transfer and the sulfur cyc
Å Interactive time varying stratospheric ozone concentrations and chemistry

1990

1996

2001

2007 Many of the effects of the greenhouse gases and other factors such 
as clouds and aerosols are expressed in terms the change in energy 
density in the atmosphere
This is called Radiative Forcing and is expressed in W/m²



Cloud Radiative Effect
ÅOne of the major issues influencing radiative 

fluxes in the atmosphere are the effect of clouds 
in absorbing or emitting radiation

ÅThe plots on the left are the measured CRE from 
the for (a)shortwave(from the Sun) , (b) longwave 
radiative(from the atmosphere), and (c) the net 
radiative effect 

ÅThe plots on the right show the zonal averages for 
the CRE for two different measurements in black, 
the CMIP5 model mean in red, and individual 
models in gray

ÅThere is also a wide variation between individual 
models seen in the zonal comparison and the CRE 
shows up as the biggest cause of differing climate 
projections from the various models

Å Improvements are being sought in the areas of 
fractional coverage of clouds, their vertical 
distribution, as well as their ice and water content



Aerosol Caused Climate Effects

ÅAtmospheric aerosols come from natural and 
anthropogenic ǎƻǳǊŎŜǎ ǎǳŎƘ ŀǎ ǾƻƭŎŀƴƻΩǎΣ ŀƛǊ 
pollution (SO2), smoke and airplane contrails 

ÅAerosols scatter and absorb light and also serve as 
condensation and ice nucleation sites, on which 
cloud droplets and ice particles can form 

ÅAerosol particles can also affect clouds making them 
brighter so they reflect more light

ÅClimate models account for these indirect effects 
separately as radiation interactions and cloud 
interactions(1) and are quantified as Effective 
Radiative Forcing(ERF)



Carbon Cycle 
Modeling in IPCC5 

Å One of the improvements 
in IPCC5 modeling over 
IPCC4 is inclusion of the 
carbon cycle

Å The graphs(1) show the 
amount of CO2 either 
stored(sinked) in the 
ocean(top) or the 
land(bottom) or 
emitted(sourced) in giga
tons/year

Å The solid line are 
estimates from the Global 
Carbon Project(2)


