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Is Earth’s Climate System Warming?
Warming of the Warming of the 
climate system is climate system is 
unequivocal, as is unequivocal, as is 
now evident from now evident from 
observations of observations of 
increases in global increases in global 
average air and average air and 
ocean temperatures, ocean temperatures, 
widespread melting widespread melting 
of snow and ice and of snow and ice and 
rising global average rising global average 
sea level (IPCC sea level (IPCC 
2007)2007)

Uncertainty and ErrorUncertainty and Error
When scientists use the words uncertainty and error it When scientists use the words uncertainty and error it 
does not mean that we dondoes not mean that we don’’t know or we are wrong!t know or we are wrong!
Uncertainty is the quantitative estimation of error Uncertainty is the quantitative estimation of error 
present in datapresent in data

All measurements contain some uncertainty generated All measurements contain some uncertainty generated 
through through systematic errorsystematic error and/or random errorand/or random error

Quantifying uncertainty in data is an important Quantifying uncertainty in data is an important 
component of reporting scientific resultscomponent of reporting scientific results

Uncertainty does not mean that scientists are not Uncertainty does not mean that scientists are not 
certain of their resultscertain of their results

The term specifies the degree to which scientists The term specifies the degree to which scientists 
are confident in their dataare confident in their data

Careful methodology can reduce uncertainty by Careful methodology can reduce uncertainty by 
correcting for systematic error and minimizing random correcting for systematic error and minimizing random 
errorerror

Uncertainty can never be reduced to zero  Uncertainty can never be reduced to zero  
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sea level (IPCC sea level (IPCC 
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EarthEarth’’s Climate System is Warmings Climate System is Warming
19971997--2009 rank among the 14 warmest years in the 2009 rank among the 14 warmest years in the 
instrumental record of global surface temperature instrumental record of global surface temperature 
(since 1850)(since 1850)
2009 was tied for the second warmest year in the 2009 was tied for the second warmest year in the 
modern recordmodern record

Although 2008 was the coolest year of the Although 2008 was the coolest year of the 
decade, due to strong cooling of the tropical decade, due to strong cooling of the tropical 
Pacific Ocean, 2009 saw a return to nearPacific Ocean, 2009 saw a return to near--record record 
global temperatures global temperatures 

January 2000 to December 2009 was the warmest January 2000 to December 2009 was the warmest 
decade on record decade on record 

Temperature increase is widespread over the Temperature increase is widespread over the 
globeglobe
Greater at higher latitudesGreater at higher latitudes
Land have warmed faster than the oceanLand have warmed faster than the ocean
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http://http://www.giss.nasa.govwww.giss.nasa.gov/research//research/

Surface Temperature Update

Global Surface Temperature Change, J. Hansen, R. Ruedy, M. Sato, K. Lo, 2010, NASA Goddard Institute for Space Studies, NY, NY

September, 2010
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NASA Goddard Institute for Space Studies, NY, NY      http://NASA Goddard Institute for Space Studies, NY, NY      http://data.giss.nasa.gov/gistempdata.giss.nasa.gov/gistemp/ / 

Consequences of WarmingConsequences of Warming
Rising sea level is consistent with warmingRising sea level is consistent with warming

Global sea level rise since 1961 ~1.8 mm/yr and Global sea level rise since 1961 ~1.8 mm/yr and 
since 1993 ~3.1 mm/yrsince 1993 ~3.1 mm/yr

GSL rise due to thermal expansion, melting GSL rise due to thermal expansion, melting 
glaciers and ice caps, and the polar ice glaciers and ice caps, and the polar ice 
sheetssheets

Decreases in snow and ice extent are also Decreases in snow and ice extent are also 
consistent with warming consistent with warming 

Arctic sea ice extent has shrunk by ~2.7% per Arctic sea ice extent has shrunk by ~2.7% per 
decadedecade

Decreases in summer ~7.4% per decade Decreases in summer ~7.4% per decade 
Mountain glaciers and snow cover have Mountain glaciers and snow cover have 
declined in both hemispheresdeclined in both hemispheres
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Global Climate Drivers

Hansen, J., L. Nazarenko, R. Ruedy, M. Sato, J. Willis, A. Del Genio, D. Koch, A. Lacis, K. Lo, S. Menon, T. Novakov, J. Perlwitz, G. Russell, G.A. Schmidt, and N. Tausnev. 
2005. Earth’s energy imbalance: Confirmation and implications. Science 308:1431‒1435.

The SunThe Sun’’s energy s energy 
received at the top of received at the top of 
EarthEarth’’s atmosphere has s atmosphere has 
been measured by been measured by 
satellites since 1978. It satellites since 1978. It 
has followed its natural has followed its natural 
1111--year cycle of small year cycle of small 
ups and downs, but with ups and downs, but with 
no net increase (bottom). no net increase (bottom). 
Over the same period, Over the same period, 
global temperature has global temperature has 
risen markedly (top).risen markedly (top).

ItIt’’s the s the 
SunSun……??

“Our analysis shows that the most likely 
contribution from solar forcing on global warming 
is 7±1 percent for the 20th century and is negligible 
for warming since 1980.”
Benestad, R. E., and G. A. Schmidt (2009), Solar trends and global warming, Journal of 
Geophysical Research, 114, D14101, doi:10.1029/2008JD011639
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What is Causing the What is Causing the 
Warming?Warming?

Changes in atmospheric Changes in atmospheric 
concentrations of greenhouse concentrations of greenhouse 
gases and aerosols, land cover gases and aerosols, land cover 
and solar radiation alter the and solar radiation alter the 
energy balance of the climate energy balance of the climate 
systemsystem
Global greenhouse gas emissions Global greenhouse gas emissions 
due to human activities have due to human activities have 
grown since pregrown since pre--industrial timesindustrial times

Increased 70% between 1970 Increased 70% between 1970 
and 2004and 2004
COCO22 is the most importantis the most important

Emissions grew by ~80% Emissions grew by ~80% 
from 1970 to 2004from 1970 to 2004

Greenhouse Gases
Global atmospheric concentrations of CO2, CH4 and N2O 
have increased markedly as a result of human activities 
since 1750

Exceed pre-industrial concentrations determined from 
ice cores spanning many thousands of years

Increases in CO2 are due to fossil fuel use and to a lesser 
effect land-use change
Very likely (>90% certainty) CH4 increase is due to 
agriculture, fossil fuel use and loss of permafrost

CH4 growth rates have declined since the early 1990s
More efficient gas pipeline is Russia

Recent reports indicate increase CH4 growth rates 
N2O increase is primarily due to agriculture
There is very high confidence that the net effect of human 
activities since 1750 has been one of warming (IPCC 2007)
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Atmospheric CO2 Records
Clearest trend in all 
three records

Steady rise in pCO2
Emission of 
fossil fuel CO2
Deforestation

Weak N-S gradient
Vast majority of 
fossil fuel emission 
from N. hemisphere
N-S mixing time of 
atmosphere 1.5 
years
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http://cdiac.ornl.gov/trends/co2/isohttp://cdiac.ornl.gov/trends/co2/iso--sio/graphics/isosio/graphics/iso--graphics.htmlgraphics.html

δ13C values of atmospheric CO2
TheThe 1313C isotope is stable and heavier than the normal form of C isotope is stable and heavier than the normal form of 
carbon (carbon (1212C), and plants tend to selectively fix C), and plants tend to selectively fix 1212COCO22 during during 
photosynthesisphotosynthesis
This produces following features in This produces following features in δδ1313C values of atmospheric C values of atmospheric 
COCO22::

A seasonal cycle with high A seasonal cycle with high δδ1313C values during the summerC values during the summer
Plants select Plants select 1212COCO22 from the atmospherefrom the atmosphere

A general decrease in A general decrease in δδ1313C values with timeC values with time
Fossil carbon was originally plant material and therefore Fossil carbon was originally plant material and therefore 
enriched in enriched in 1212CC

•• 1212COCO22 is injected into the atmosphere from the is injected into the atmosphere from the 
combustion of fossil fuels combustion of fossil fuels 

Biomass burning also injects Biomass burning also injects 1212COCO22 into the atmosphereinto the atmosphere
We know well the petroleum production records  We know well the petroleum production records  

Additionally, about 95% of fossilAdditionally, about 95% of fossil--fuel carbon emissions are fuel carbon emissions are 
from the Northern Hemispherefrom the Northern Hemisphere

Therefore the Therefore the δδ1313C values of atmospheric COC values of atmospheric CO22 are on are on 
average slightly higher in the Southern Hemisphereaverage slightly higher in the Southern Hemisphere
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δ13C of Atmospheric CO2 from Ice Cores and Mauna
Loa Atmospheric Measurements (1959-present)
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Impact on Oceanic δ13CDIC is Clear; Since
1800 Surface δ13C has decreased by >1.0‰

Calcareous Sponge record; extension rate is ~ 200 μm/yr 
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Fossil Fuel CO2 Emissions

Friedlingstein et al. 2010, Nature Geoscience; Gregg Marland, Thomas Boden-CDIAC 2010
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2009:   
Emissions:8.4±0.5 PgC
Growth rate: -1.3%
1990 level: +37%

2000-2008
Growth rate: +3.2%

2010 (projected):
Growth rate: >3%

Some scientific conclusions have been so thoroughly Some scientific conclusions have been so thoroughly 
examined and tested, and supported by so many examined and tested, and supported by so many 
independent observations and results, that their independent observations and results, that their 

likelihood of being found wrong is vanishingly small. Such likelihood of being found wrong is vanishingly small. Such 
conclusions are then regarded as conclusions are then regarded as settled factssettled facts. This is . This is 

the case for the conclusions that the case for the conclusions that the Earth system is the Earth system is 
warming and that much of this warming is very likely due warming and that much of this warming is very likely due 

to human activitiesto human activities..

Note: a scientist would say Note: a scientist would say ““The sun will very likely rise tomorrow.The sun will very likely rise tomorrow.””

U.S. National Academy of U.S. National Academy of 
Science and EngineeringScience and Engineering

May 29, 2010May 29, 2010

Advancing the Science of Climate Change Advancing the Science of Climate Change –– National Academies: http://National Academies: http://americasclimatechoices.orgamericasclimatechoices.org//
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Scientists agree
In a survey of 3146 climate scientists, In a survey of 3146 climate scientists, 
over 95 percent agreed that over 95 percent agreed that ““human human 
activity is a significant contributing factor activity is a significant contributing factor 
in changing mean global temperatures.in changing mean global temperatures.””

Doran, P.T., and Zimmerman, M.K., 2009, Examining the scientific consensus on climate change, EOS, v.90, no.3. 

Unger, N., T.C. Bond, J.S. Wang, D.M. Koch, S. Menon, D.T. Shindell, and S. Bauer, 2010: Attribution of climate forcing to economic sectors. 
Proc. Natl. Acad. Sci., in press, doi:10.1073/pnas.0906548107. 

Cars, buses, and trucks release pollutants and greenhouse gases that promote 
warming, while emitting few aerosols that counteract it.
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What activities cause the most warming?
Cars, buses, and trucks Cars, buses, and trucks release pollutants and greenhouse gases that release pollutants and greenhouse gases that 
promote warming, while emitting few aerosols that counteract it.promote warming, while emitting few aerosols that counteract it.
Burning of Burning of household household biofuelsbiofuels ---- primarily wood and animal dung for primarily wood and animal dung for 
home heating and cooking home heating and cooking ---- contribute the second most warming.contribute the second most warming.
Raising Raising livestocklivestock, particularly methane, particularly methane--producing cattle, contribute the producing cattle, contribute the 
third most.third most.
Industrial sector releases such a high proportion of sulfates anIndustrial sector releases such a high proportion of sulfates and other d other 
cooling aerosols that it actually contributes a significant amoucooling aerosols that it actually contributes a significant amount of nt of 
cooling to the system.cooling to the system.
Biomass burning Biomass burning ---- tropical forest fires, deforestation, savannah and tropical forest fires, deforestation, savannah and 
shrub fires shrub fires ---- emits large amounts of organic carbon particles that emits large amounts of organic carbon particles that 
block solar radiation. block solar radiation. 
By 2050, electric power generation overtakes road transportationBy 2050, electric power generation overtakes road transportation as as 
the biggest promoter of warming. The industrial sector likewise the biggest promoter of warming. The industrial sector likewise jumps jumps 
from the smallest contribution in 2020 to the third largest by 2from the smallest contribution in 2020 to the third largest by 2100. 100. 

Unger, N., T.C. Bond, J.S. Wang, D.M. Koch, S. Menon, D.T. Shindell, and S. Bauer, 2010: Attribution of climate forcing to economic sectors. 
Proc. Natl. Acad. Sci., in press, doi:10.1073/pnas.0906548107. 

Carbon dioxide, Carbon dioxide, 
Water vapor, Water vapor, 

Methane, Methane, 
Nitrous oxideNitrous oxide

The Greenhouse EffectThe Greenhouse Effect
1. Solar 1. Solar 

Radiation Radiation 
Powers the Powers the 

Climate Climate 
SystemSystem
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2. Carbon dioxide, methane, nitrous oxide, 
H2O molecules trap heat in lower atmosphere

Human activities produce excess Human activities produce excess GHGGHG’’ss
180180--280 280 ppmppm -- natural levels for 15 million natural levels for 15 million 
yearsyears
390 390 ppmppm -- todaytoday

Heat has risen in lower atmosphere since we Heat has risen in lower atmosphere since we 
have produced excess have produced excess GHGGHG’’ss
Thus it is logical to test the hypothesis:              Thus it is logical to test the hypothesis:               
““……warming is very likely due to human activitieswarming is very likely due to human activities..””
And having failed to disprove it, despite And having failed to disprove it, despite 
vigorous testing, the hypothesis is still vigorous testing, the hypothesis is still 
validvalid……and is now a powerful theory.and is now a powerful theory.

Last Time Carbon Dioxide Levels Last Time Carbon Dioxide Levels 
Were This High: 15 Million Years AgoWere This High: 15 Million Years Ago

Global temperatures were 5Global temperatures were 5oo to 10to 10o o F F 
higher than they are today, the sea higher than they are today, the sea 
level was about 75 to 120 ft higher than level was about 75 to 120 ft higher than 
today.today.

2010 measured

Carbon dioxide ppm
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2010

Tripati, A.K., Roberts, D.R., Eagle, R.A., 2009, Coupling of CO2 and ice sheet 
stability over major climate transitions of the last 20 million years. Science, Oct. 
8. 

Atmospheric Carbon Dioxide Concentration Across the Mid-Pleistocene 
Transition B.Hönisch, N. G.Hemming, D.Archer, M.Siddall, J.F. McManus
Science 19 June 2009: Vol. 324. no. 5934, pp. 1551 – 1554

15 million years ago

New global CO2 mapping satellite



16

Scientific Debate?Scientific Debate?
Has moved from Has moved from ““Why is warming Why is warming 
happening?happening?””
ToTo…… ““How fast will warming occur?How fast will warming occur?”” andand
““What will warming look like, globally and What will warming look like, globally and 
locally?locally?””

3. The Rate of Warming is Increasing

Warmest 12 months in 130 yrsWarmest 12 months in 130 yrs
2009 2009 –– tied 2tied 2ndnd warmest year on recordwarmest year on record

Trend of about 0.2Trend of about 0.2°°C (0.36C (0.36°°F) per decadeF) per decade
Net increase 0.8Net increase 0.8°°C (1.5C (1.5°°F) since 1880F) since 1880
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4. Computer models only reproduce 4. Computer models only reproduce 
observations when excess observations when excess GHGGHG’’ss are includedare included

IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change 

[Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, United Kingdom and NY, NY, USA, 996p.

The blue band shows how global average temperatures would have cThe blue band shows how global average temperatures would have changed due to hanged due to 
natural forces only, as simulated by climate models. The red bannatural forces only, as simulated by climate models. The red band shows model d shows model 
projections of the effects of human and natural forces combined.projections of the effects of human and natural forces combined. The black line shows The black line shows 
actual observed global average temperatures. As the blue band inactual observed global average temperatures. As the blue band indicates, without dicates, without 
human influences, temperature over the past century would actualhuman influences, temperature over the past century would actually have first warmed ly have first warmed 
and then cooled slightly over recent decades.and then cooled slightly over recent decades.
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IPCC, 2007: Climate Change 2007: The Physical Science Basis. Contribution of Working Group I to the Fourth Assessment Report (AR4) of the Intergovernmental Panel on Climate Change 

[Solomon, S., D. Qin, M. Manning, Z. Chen, M. Marquis, K.B. Averyt, M. Tignor and H.L. Miller (eds.)]. Cambridge University Press, Cambridge, United Kingdom and NY, NY, USA, 996p.

RealClimate.org: Updates to model-data comparisons: http://www.realclimate.org/index.php/archives/2009/12/updates-to-model-data-
comparisons/
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5. There is no evidence for a natural cycle5. There is no evidence for a natural cycle
•• Medieval Warm PeriodMedieval Warm Period

Not globalNot global
Cooler than presentCooler than present

D'ArrigoD'Arrigo, et al., 2006, On , et al., 2006, On 
the longthe long--term context for term context for 
late twentieth century late twentieth century 
warming, Journal of warming, Journal of 
Geophysical Research Geophysical Research ––
Atmospheres, v. 111.D3, Atmospheres, v. 111.D3, 
D03103D03103

Barker, S, et al., 2009, Barker, S, et al., 2009, 
InterhemisphericInterhemispheric Atlantic Atlantic 
seesaw response during the seesaw response during the 
last last deglaciationdeglaciation, v.457 (26 , v.457 (26 
February), February), 
doi:10.1038/nature07770.doi:10.1038/nature07770.

Chapman and Davis, 2010, Chapman and Davis, 2010, 
Climate change past present Climate change past present 
and future, EOS, v.91, n37, and future, EOS, v.91, n37, 
p325.p325.

•• Little Ice AgeLittle Ice Age ThermohalineThermohaline
circulationcirculation
Not globalNot global
Black PlagueBlack Plague

Solar decreaseSolar decrease
Volcanic activityVolcanic activity

6. Climate 
observations are 

robust
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42 percent of city trends are 42 percent of city trends are coolercooler relative to their country relative to their country 
surroundings.surroundings.
All city stations are adjusted to match nearest country record.All city stations are adjusted to match nearest country record.
““In summary, we find no evidence that the continental U.S. In summary, we find no evidence that the continental U.S. 
temperature trends are inflated due to poor station temperature trends are inflated due to poor station sitingsiting..””

M. J. Menne, C. N. Williams, Jr., and M. A. Palecki, 2010, On the reliability of the U.S. Surface Temperature Record, Journal of Geophysical Research – Atmospheres
Parker, D.E., 2006, A demonstration that large-scale warming is not urban, Journal of Climate, v. 19.12, p. 2882-2895.

7. Year to year change is related to ENSO

Global Surface Temperature Change, J. Hansen, R. Ruedy, M. Sato, K. Lo, 2010, NASA Goddard Institute for Space Studies, NY, NY

1963 (Agung), 
1982 (El Chichon) 
1991 (Pinatubo)
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Fossil Fuel CO2 Emissions: Top Emitters

Global Carbon Project  2010; Data: Gregg Marland, Tom Boden-CDIAC 2010 
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Fossil Fuel CO2 Emissions: Profile Examples

Time

Global Carbon Project  2010; Data: Gregg Marland, Tom Boden- CDIAC 2010 
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Top 20 CO2 Emitters & Per Capita Emissions 2009

Global Carbon Project 2010; Data: Gregg Marland, Thomas Boden-CDIAC 2010; Population World Bank 2010
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CO2 Emissions by Fossil Fuel Type

Updated from Le Quéré et al. 2009, Nature Geoscience; Data: Gregg Marland, Thomas Boden-CDIAC 2010 
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Change in CO2 Emissions from Coal (2007 to 2009)

Global Carbon Project 2010; Data: Gregg Marland, Thomas Boden-CDIAC 2010 
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Fossil Fuel Emissions: Actual vs. IPCC Scenarios

Updated from Raupach et al. 2007, PNAS; Data: Gregg Marland, Thomas Boden-CDIAC 
2010; International Monetary Fund 2010 
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Davis & Caldeira 2010, PNAS; See also Peters & Hertwich 2008, Environ, Sci & Tech.

From dominant net exporting countries (blue) to dominant net importing countries (red).

Fluxes of Emissions Embodied in Trade (Mt CO2 y-1)

Year 2004


