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SvanteSvante Arrhenius in 1896 was the first scientist to Arrhenius in 1896 was the first scientist to 
put forward the hypothesis that humanput forward the hypothesis that human --caused caused 

emissions of carbon dioxide could warm the climateemissions of carbon dioxide could warm the climate

It took until the midIt took until the mid --2020thth

century to develop a century to develop a 
convincing response to convincing response to 
the two main criticisms:the two main criticisms:
1.1.To understand that the To understand that the 
ocean was layered and ocean was layered and 
could not rapidly take up could not rapidly take up 
all of the emitted COall of the emitted CO 22..
2.2.To understand how To understand how 
adding COadding CO 22 could could 
intensify the Earthintensify the Earth ’’s s 
greenhouse effect even greenhouse effect even 
though the strongest though the strongest 
absorption bands were absorption bands were 
apparently saturated.apparently saturated.



Upon understanding the limits of ocean uptake of COUpon understanding the limits of ocean uptake of CO 22 and and 
treating treating IRIR radiation in a layered atmosphere, the first report  radiation in a layered atmosphere, the first report  
from the US scientific community was sent to the Pr esidentfrom the US scientific community was sent to the Pr esident

in 1965!!



Six Key Findings Summarize Six Key Findings Summarize 
the Climate Science of Global Warmingthe Climate Science of Global Warming

1.1. Emissions from human activities are Emissions from human activities are 
changing atmospheric compositionchanging atmospheric composition

2.2. Enhancing the natural greenhouse effect will Enhancing the natural greenhouse effect will 
lead to longlead to long --term global warmingterm global warming

3.3. Changes in the climate are already evident, Changes in the climate are already evident, 
and consistent with a human influenceand consistent with a human influence

4.4. Future warming is projected to be substantialFuture warming is projected to be substantial

5.5. The environment and society will both be The environment and society will both be 
impactedimpacted

6.6. Substantially slowing the ongoing change Substantially slowing the ongoing change 
will require substantial early actions, with will require substantial early actions, with 
payoffs coming mainly after several payoffs coming mainly after several 
generationsgenerations



1. Human emissions are significantly increasing the  1. Human emissions are significantly increasing the  
concentrations of COconcentrations of CO 2 2 and other trace gasesand other trace gases

ppm=parts per million (by volume), or number of 
CO2 molecules in a million molecules of air

That the magnitude of the seasonal cycle has increa sed suggests That the magnitude of the seasonal cycle has increa sed suggests that, even with a reduced amount that, even with a reduced amount 
of vegetation, the higher COof vegetation, the higher CO 22 concentration is enhancing the seasonal growth of g lobal vegetaconcentration is enhancing the seasonal growth of g lobal vegeta tiontion

The The 
concentration in concentration in 

2008 reached 2008 reached 
~385 ppm, about ~385 ppm, about 
25% above the 25% above the 

value of 315 ppm value of 315 ppm 
in 1957 when C. in 1957 when C. 
David Keeling David Keeling 

began very began very 
careful careful 

measurements measurements 

Source: NOAA

The rate of rise 
(ppm/yr) is 
increasing

1.3 ppm/yr

1.6 ppm/yr

1.5 ppm/yr

2.0 ppm/yr

2.3 ppm/yr
In 2008



Carbon Dioxide

Nitrous Oxide

Methane

Concentrations of Concentrations of 
three wellthree well--mixed mixed 

greenhouse gases. greenhouse gases. 
Measurements before Measurements before 

about 1960 are about 1960 are 
mostly from bubbles mostly from bubbles 
trapped in glacial icetrapped in glacial ice

•• The atmospheric The atmospheric 
methane methane 
concentration has concentration has 
increased by over increased by over 
150% since 1750. 150% since 1750. 
Anthropogenic Anthropogenic 
(human) emissions (human) emissions 
are now about equal are now about equal 
to natural emissions.to natural emissions.

•• Atmospheric nitrous Atmospheric nitrous 
oxide has increased oxide has increased 
by over 17% since by over 17% since 
1750. Anthropogenic 1750. Anthropogenic 
emissions are now emissions are now 
about half of natural about half of natural 
emissions.emissions.

Longer records of Carbon Dioxide (COLonger records of Carbon Dioxide (CO 22), Methane (CH), Methane (CH 44), and ), and 

Nitrous Oxide (NNitrous Oxide (N 22O) concentrations all show sharp increasesO) concentrations all show sharp increases

Source: IPCC, 2001, 2007



2. The Earth2. The Earth ’’s natural s natural Greenhouse EffectGreenhouse Effect occurs because occurs because 
the atmosphere recycles most of the infrared (heat)  energy the atmosphere recycles most of the infrared (heat)  energy 

that is emitted by the surface, providing energy th at that is emitted by the surface, providing energy th at 
significantly augments incoming solar radiationsignificantly augments incoming solar radiation



That the COThat the CO 22 concentration concentration 
can affect planetary temperatures can affect planetary temperatures 

is clear from many lines of evidenceis clear from many lines of evidence

�� The geological history of the EarthThe geological history of the Earth

�� The comparative surface temperatures and The comparative surface temperatures and 
atmospheric composition of Venus, Mars, atmospheric composition of Venus, Mars, 
and the Earthand the Earth

�� Laboratory experiments on COLaboratory experiments on CO 22 absorptionabsorption

�� Climate model simulations of past changes Climate model simulations of past changes 
in the global average climatein the global average climate --from distant from distant 
past to recent centuriespast to recent centuries

To explain these many lines of evidence, the To explain these many lines of evidence, the climate sensitivityclimate sensitivity , , 
defined as the equilibrium (longdefined as the equilibrium (long --term) increase in global average term) increase in global average 

surface temperature that would result from doubling  the surface temperature that would result from doubling  the 
atmospheric COatmospheric CO 22 concentration, must be ~2 to 4.5concentration, must be ~2 to 4.5 ººC (3 to 8C (3 to 8 ººF)F)



since 1750

Increasing concentrations of Increasing concentrations of radiativelyradiatively active gases and active gases and 
aerosols are affecting the fluxes of visible and in frared aerosols are affecting the fluxes of visible and in frared 

radiation, exerting a radiation, exerting a ““ radiative forcingradiative forcing ”” on climateon climate

Increased by 20% 
over 1995 to 2005

W m-2

Source: IPCC, 2007

Sulfate aerosols exert a 
direct and indirect (via 

clouds) cooling influence 
of about -1.2 Wm -2

Net positive forcing is 
currently about 1.6 Wm -2



Comparative effects of the Comparative effects of the radiative forcingradiative forcing
influence of different factors on climateinfluence of different factors on climate

CO2-eq of 375 ppm
for net human activities

Cooling offset of aerosols 
would be removed within 
weeks of end of emission

CO2-eq of 455 ppm
for long-lived 

greenhouse gases



If we could cut greenhouse gas emissions to zero, If we could cut greenhouse gas emissions to zero, 
the main remaining warming influence would be from COthe main remaining warming influence would be from CO22

Emissions 
decreased to 
zero (2000-

2010)

Results from MAGICC code of Wigley 
and Raper, 2005, updated 2008
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Adding the warming influence of 21Adding the warming influence of 21 stst century emissions, the century emissions, the 
roles of CHroles of CH 44 and tropospheric Oand tropospheric O 33 together are comparably together are comparably 

important to the 21important to the 21 stst century effects of COcentury effects of CO 22 emissionsemissions
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Forcing from 20th century GHG emissions

Forcing from 21st century 
CO2 emissions only

CH4

O3

Halocarbons
N2O

Note that effects of 
black carbon 

emissions are also 
very important



3. Global average changes in surface temperature 3. Global average changes in surface temperature 
are derived by amalgamating changes in surface are derived by amalgamating changes in surface 

temperature from locations around the worldtemperature from locations around the world



On a decadalOn a decadal --average basis, the world has experienced average basis, the world has experienced 
relatively steadily warming over the last few decad esrelatively steadily warming over the last few decad es
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Natural Plus 
Anthropogenic 
(GHGs & Aerosols)

Natural Plus 
Anthropogenic 
(GHGs & Aerosols)

Natural Only 
(Solar  and 
Volcanic)

Natural Only 
(Solar  and 
Volcanic)

NCAR Climate Simulations

When the effects of both natural and human forcingsWhen the effects of both natural and human forcings
are included, the models reasonably represent are included, the models reasonably represent 

climate change over the last 100 years climate change over the last 100 years 

(Black)
(Blue)

(Red)



Comparisons of observations with model simulations Comparisons of observations with model simulations 
including all forcings (pink) and just natural forc ings (blue), including all forcings (pink) and just natural forc ings (blue), 
for 20th century and providing global and regional coveragefor 20th century and providing global and regional coverage

The model results 
appear as a band 
because (1) the 
results are for 

multiple models, and 
(2) the model 

simulations account 
for the natural 

variability of the 
climate, unlike the 

observations which, 
although averaged 

over a decade, 
represent a single 

pass through climatic 
history. Observations 
also include biases 

due to changing 
spatial coverage and 
measurement errors.

IPCC, 2007

Note the disagreement 
over ocean during WW II



Over its series of assessments, Over its series of assessments, 
the IPCC has concluded that the evidence for the IPCC has concluded that the evidence for 

human influences on climate is getting strongerhuman influences on climate is getting stronger

“The balance of 
evidence suggests a 
discernible human 
influence on global 

climate”

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

the last 50 years is 
attributable to human 

activities”

“Warming of the climate 
system is unequivocal….

Most of the observed increase 
in globally-averaged 

temperatures since the mid-
20th century is very likely due 
to the observed increase in 
anthropogenic greenhouse 

gas concentrations.”



Extensive additional evidence confirms that Extensive additional evidence confirms that 
climate change is occurringclimate change is occurring

�� Ground (subsurface) temperaturesGround (subsurface) temperatures , which respond to long, which respond to long--term term 
average conditions at the surface, are risingaverage conditions at the surface, are rising

�� Ocean temperaturesOcean temperatures are rising, at the surface and through the are rising, at the surface and through the 
upper kilometer of ocean depthupper kilometer of ocean depth

�� Sea ice coverSea ice cover is decreasing, particularly in the Arcticis decreasing, particularly in the Arctic

�� Mountain glaciersMountain glaciers and permafrostand permafrost are melting, snow cover are melting, snow cover 
extent is reduced, and the snow line is risingextent is reduced, and the snow line is rising

�� Sea levelSea level is rising due to added meltwater from glaciers and is rising due to added meltwater from glaciers and 
expansion caused by warming expansion caused by warming 

�� Atmospheric water vaporAtmospheric water vapor concentrations are rising (in the lower concentrations are rising (in the lower 
and upper troposphere) and rainfall events are becoming more and upper troposphere) and rainfall events are becoming more 
intenseintense

�� Distributions of a large fraction of plant and anim al speciesDistributions of a large fraction of plant and anim al species
are shifting poleward (except where they run out of habitat)are shifting poleward (except where they run out of habitat)



Arctic sea ice is disappearing at a more rapid rate than 
global climate models have been projecting. We need 

to determine if the acceleration is due to a general 
model shortcoming, under-estimated responsiveness 

to GHG-induced warming, increased deposition of 
soot, or reduced sulfate loading due to reductions in 

SO2 emissions from Russia and Europe 

Arctic sea ice is retreating significantlyArctic sea ice is retreating significantly ——
but why?but why?

Much of sea ice in 
2009 has proven to 
be of poor quality



The Greenland and Antarctic Ice Sheets The Greenland and Antarctic Ice Sheets 
both show loss around the edges, both show loss around the edges, 

somewhat offset by interior thickeningsomewhat offset by interior thickening



Tide gauge and satellite data show that the Tide gauge and satellite data show that the 
rate of sea level rise is increasingrate of sea level rise is increasing

Average rate of sea level rise 
(reported in IPCC 2007):

1961 – 2003: 1.8 mm/yr

1993 – 2003: 3.1 mm/yr
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And the filling of reservoirs may have counter-
balanced an additional 30 mm of rise--or about 0.55 
mm/yr since 1955  (Chao, Wu, & Li, Science, 2008)

Most of the increase in the past has been  due 
to melting of mountain glaciers and thermal 

expansion of sea water. IPCC (2007) projected 
that during the 21st century these terms alone 
would cause global sea level to rise by about 

0.2 to 0.5 m (about 8 to 20 inches). 
Linear extrapolation would give 0.3 m (1 foot)



Contrary to the prevailing Contrary to the prevailing 
view, much of the Greenland view, much of the Greenland 
Ice Sheet in interior areas is Ice Sheet in interior areas is 
grounded grounded belowbelow sea level (the sea level (the 
land has been depressed by land has been depressed by 
the ice), so ocean waters can the ice), so ocean waters can 
carry heat underneath and carry heat underneath and 
help lift the ice sheet.help lift the ice sheet.

In addition, fjords connect the In addition, fjords connect the 
ice sheet to the surrounding ice sheet to the surrounding 
seas along the west and seas along the west and 
northern coasts, enabling northern coasts, enabling 
more rapid movement of the more rapid movement of the 
ice from the interior to the ice from the interior to the 
oceanocean

GreenlandGreenland ’’s s 
underlying topography underlying topography 

suggests the Ice Sheet is suggests the Ice Sheet is 
very vulnerablevery vulnerable

����������	�
���
	�
����������

����


Source: Konrad Steffen, NSIDC data



����������������������������� !!There is significant There is significant 
uncertainty in uncertainty in 

projections of future projections of future 
sea level risesea level rise ——
the the IPCCIPCC AR4AR4

estimate was at the estimate was at the 
lower end due to key lower end due to key 

term being poorly term being poorly 
estimatedestimated

Robert Bindschadler, Robert Bindschadler, 
recently retired from recently retired from 

NASA, said last summer NASA, said last summer 
that  the ice sheet loss that  the ice sheet loss 
term alone would likely term alone would likely 

bebe
1 1 �������� 0.5 meters by 21000.5 meters by 2100



Six Key Findings Summarize Six Key Findings Summarize 
the Climate Science of Global Warmingthe Climate Science of Global Warming

1.1. Emissions from human activities are Emissions from human activities are 
changing atmospheric compositionchanging atmospheric composition

2.2. Enhancing the natural greenhouse effect will Enhancing the natural greenhouse effect will 
lead to longlead to long --term global warmingterm global warming

3.3. Changes in the climate are already evident, Changes in the climate are already evident, 
and consistent with a human influenceand consistent with a human influence

4.4. Future warming is projected to be substantialFuture warming is projected to be substantial

5.5. The environment and society will both be The environment and society will both be 
impactedimpacted

6.6. Substantially slowing the ongoing change Substantially slowing the ongoing change 
will require substantial early actions, with will require substantial early actions, with 
payoffs coming mainly after several payoffs coming mainly after several 
generationsgenerations



Additional information on climate change, impacts, and Additional information on climate change, impacts, and 
policy options is available on the Climate Institut e Web sitepolicy options is available on the Climate Institut e Web site

http://www.climate.org/http://www.climate.org/

Other interesting Web sites include:Other interesting Web sites include:

UN Environment UN Environment ProgrammeProgramme ::

http://http:// www.unep.org/climatechangewww.unep.org/climatechange //

IPCC:IPCC: http://www.ipcc.chhttp://www.ipcc.ch

US National Assessment:US National Assessment:

http://www.usgcrp.gov/usgcrp/nacc/default.htmhttp://www.usgcrp.gov/usgcrp/nacc/default.htm


