
Atmospheric Sciences 321 
Science of  Climate 

Lecture 22:  
Past Climates:  Chapter 8  



Community Business 
�   Current Topic is Past Climates:  Chapter 8 

�  Homework #7 is due Today  

�  Quiz at 12:10pm today on Chapter 7 

�  Questions? 



Atmosphere on Ocean 
�  The vertical 

velocity in 
Atmosphere, vs 
the potential 
temperature in 
the ocean, along 
the equator, 
annual mean. 
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500 hPa Anomalies 
The extratropical response to ENSO precipitation anomalies 

�  Extratropical 
Wavetrains 

Nov-March

May-Sept

Nov-March

May-Sept

Fig. 8-11  Regression of  monthly 500 hPa height 
anomalies with the Niño-3 index of  SST for November 
to March (top) and May to September (bottom) 
seasons.  Contour interval is 2 meters, the zero 
contour is not shown and positive values are shaded 
red.  Based on NOAA 20th Century Reanalysis and 
NOAA Extended SST data sets from 1871 to 2013. 



ENSO SST SIGNATURE 
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a) ENSO

b) ENSO

Fig. 8-12 The structure 
of  El Niño.  (Top) The 
spatial pattern of  
ENSO; the Regression 
of  monthly SST onto 
the first EOF of  global 
SST from 1880 
through January 2015.  
Contour interval is 
0.1K, positive 
anomalies are red and 
the zero contour is in 
white. (Bottom) The 
time structure of  
ENSO; time series of  
the amplitude of  the 
spatial pattern in units 
of  standard deviations. 



�  Annual Mean 
SST 
distribution 

SST Climatology 

Warm Pool 

Cold Tongue 



Atmosphere on Ocean 
�  The vertical 

velocity in 
Atmosphere, vs 
the potential 
temperature in 
the ocean, along 
the equator, 
annual mean. 
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El Niño and La Niña 



El Niño and La Niña 



El Niño and La Niña 



El Niño and La Niña 



ENSO – El Niño Southern Oscillation 

Normal 

El Niño 



ENSO – El Niño Southern Oscillation 

El Niño 

La Niña 



El Niño 
Impacts 



ENSO 
Warm 
Event 

�  We are 
transitioning 
from La Niña to 
El Niño 

�  El Niño is 
predicted to 
maintain for a 
year or so. 

�  End of  CA 
drought?? 



Current SST Anomalies in Pacific 



Subsurface Heat Anomalies 



OLR and Wind Anomalies 



Forecasts 



Pacific Decadal Oscillation PDO 
Just the low frequency signature of  ENSO 

1880 1900 1920 1940 1960 1980 2000 2020−3

−2

−1

0

1

2

3

4

PD
O 

Am
pli

tud
e

Year

a) PDO

b) PDO

Fig. 8-13 The structure of  
the PDO.  (Top) The 
spatial pattern of  the 
PDO; the Regression of  
monthly SST onto the 
first EOF of  SST north of  
20˚N in the Pacific from 
1880 through January 
2015.  Contour interval is 
0.1K, positive anomalies 
are red and the zero 
contour is in white. 
(Bottom) The time 
structure of  the PDO; 
time series of  the 
amplitude of  the spatial 
pattern in units of  
standard deviations. 



PDO – Pacific Decadal Oscillation in DJF 

SST and 
Surface 
Wind  
Anomalies 
during  
NH Winter 

Recent trend toward cool phase of  PDO 



Atlantic Multidecadal 
Oscillation AMO 
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Fig. 8-14 The structure of  
the AMO.  (Top) The spatial 
pattern of  the AMO; the 
Regression of  monthly SST 
onto the first EOF of  SST 
north of  20˚S in the Atlantic 
Ocean from 1880 through 
January 2015.  Contour 
interval is 0.1K, positive 
anomalies are red and the 
zero contour is in white. 
(Bottom) The time structure 
of  the AMO; time series of  
the amplitude of  the spatial 
pattern in units of  standard 
deviations. 



500 hPa Signal of  PDO and AMO 

a) PDO b) AMO

Fig. 8-15  Regression of  the 500hPa height anomalies from the Twentieth Century 
Reanalysis onto the time series of  the a) PDO and b) AMO time series during the 
November through March season.  Contour interval is 3m, positive contours are 
red.  Thin magenta contours indicate the seasonal mean height field. Polar 
stereographic projection. 



New Topic: Natural Climate Change 

�  Solar Variability 

�  Volcanic Eruptions, Asteroid impacts 

�  Orbital Parameters 



Total Solar Irradiance 
�  The solar constant 1361 Wm-2 at average distance 

of  Earth from Sun.  This is down from estimate in 
1994. 

�  TSI varies with sunspots, more spots higher TSI, 
but only by 0.1% 

�  Spots are darker and colder, but bright spots 
around dark spots slightly over match the dark 
spots, giving a net increase. 

�  Shorter wavelengths vary more than total energy 
flux, thus lots of  sunspots means more high energy 
photons and particles. 



Electrical Substitution 
Radiometer 

(AKA Active Cavity Radiometer) 

�  A reference cavity 
radiometer and a 
measurement one are 
maintained at the same 
temperature. 

�  When one is exposed to 
the sun, you know how 
much energy you have to 
supply via electrical 
resistance heating to 
maintain the temperature, 
and hence the amount of  
energy being lost out the 
space view. 
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Total Solar Irradiance 
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Total Solar Irradiance 

�  The solar constant 1361 Wm-2 at average distance 
of  Earth from Sun.  This is down from estimate in 
1994. 

�  TSI varies with sunspots, more spots higher TSI, 
but only by 0.1% 

Note most recent solar 
maximum is weak,  
if  calibration is correct 



Sunspots & TSI 
�  Sunspots have been observed a long time. 

�  You can use the relationship between sunspots and 
TSI in the previous figure to estimate TSI values 
prior to observations of  it. 

1 Wm-2 



TSI forcing since Preindustrial Times 

�  1 Wm-2 TSI change is about 0.175 Wm-2 Climate Forcing 

�  Compared to 4 Wm-2 for doubling CO2 or about 2.7 
Wm-2 human forcing since 1750. 

�  The effect of solar cycle variations on climate is small, 
unless high energy stuff  does more than expected.  
Shortwave uv does affect ozone production in 
stratosphere. 

ΔForcing = ΔS0
4

1−α p( ) = 1Wm
−2

4
1− 0.3( ) = 0.175Wm−2



√ Volcanic 
Eruptions 

and 
Climate 



Volcanic Eruptions 
�  Volcanoes can spew large amount of  SO2, sulfur 

dioxide gas into the stratosphere 

�  Where it is oxidized a couple times to form sulfuric 
acid H2SO4, which condenses into tiny droplets that 
reflect solar and absorb infrared. 

�  The net effect of  these small droplets is to reflect 
more solar radiation than they trap IR. 

�  Even if  they absorb solar radiation, they do so 
above the water vapor greenhouse and so cool the 
surface. 



Volcanic Eruptions 
�  To be effective at cooling the climate, volcanic 

eruptions must 

�  1.  Be explosive, so they throw a lot of  stuff  into the 
stratosphere. 

�  2.  Contain a lot of  sulfur, so that they form lots of  
sulfuric acid aerosols in the stratosphere. 

�  3.  It’s best for cooling if  they occur in the tropics 
where,  
�  a.  there is lots of  solar radiation to reflect 
�  b.  The aerosols stay longer in the atmosphere, since 

the stratosphere is flushed out in high latitudes in the 
Brewer-Dobson circulation 



Volcanic Aerosols 
�  SO2 is the big item, most other stuff  falls out 



Volcanic Eruptions 

�  History of  eruptions 

�  Quantitative observations only for past two major 
eruptions. 



Radiative Effects 
�  Net Cooling 



Quantitative Assessment 
�  We had a very good observing system for Pinatubo 

in 1991, when we were measuring both the 
aerosols (SAGE) and the Earth’s Energy Balance 
(ERBE). 

�  We can test our models to see if  they produce the 
observed response. 

�  We can test the effect of  feedbacks like water vapor 
feedback, and the model simulation of  them. 



Quantitative Assessment 

�  We had a very good observing system for Pinatubo 
in 1991, when we were measuring both the 
aerosols (SAGE) and the Earth’s Energy Balance 
(ERBE). 

�  We can test our models to see if  they produce the 
observed response. 

�  We can test the effect of  feedbacks like water vapor 
feedback, and the model simulation of  them. 

Soden, et al. 2011, Science 



Model Tests 
�  Observed and predicted Temperature and Humidity 

Response 

�  Model gets Surface response and atmospheric 
vapor response as observed. 



Model Tests 
�  Observed and predicted Temperature and Humidity 

Response 

�  Model gets Surface response and atmospheric 
vapor response as observed. 



Model Validation 
�  Water vapor feedback is important to getting the 

surface response correct 



Model Validation 
�  Water vapor feedback is important to getting the 

surface response correct 



New Topic: Past Climate Change 

�  Instrumental Record 

�  Historical Record 

�  Proxy Record 
�  Ice cores 
�  Tree Rings 
�  Ocean and Lake Sediments 
�  Surface Manifestations, carved rocks, erratic boulders 

�  Three Time Epochs we’ll focus on 
�  Last 100 years  –  Recent human-induced? warming 
�  Last million or so  –  Pleistocene Ice Ages   
�  Last billion or so – Ice Ball Earth 



Instrumental Record 
�  You can make a plausible global mean temperature 

average back to about 1850, by assuming that the 
missing areas are similarly related to the areas with 
data as they are now. 

Land-Surface 
Air Temperature 



Some interesting Changes 
�  The Southern Hemisphere is not warming. 
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Fig. 9-1  Time series of  annual mean temperature anomalies from 1880 to 2014 
for the global, Northern Hemisphere and Southern Hemisphere means.  Data are 
from the Goddard Institute of  Space Studies (GISSTEMP). Reference period is 
1851-1980. 



Temperature Change since 1979 

Temperature Change (˚C) 
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Robinson Projection 



Temperature Change since 1979 

Temperature Change (˚C) 

Trend Since 1979
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Hammer Projection 



Sea Surface Temperature (SST) 
�  SST is an independent measurement, but the 

conclusions are similar, warming since 1901. 



Global Land and Ocean Surface 
Temperature Trend 

�  Warming of  about 0.9˚C since 1900 [0.7 – 1.1] 



Past 3 
Decades 
warmer 
than all 
others in 

instrumental 
record. 



Maps of  
Century 
Warming 

Trend 

�  Three 
analyses of  
available 
data. 

�  Note North 
Atlantic has 
not warmed 
– why? 



Decadal Variability 
�  Note that the trend 

varies a lot 

�  Positive from 
1900-1940 

�  Flat from 
1940-1980 

�  Positive from 
1980-2010 

�  Kinda flat from 
2000-2012 
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MLOST Global Temperature Record − 1 − 12

1901 to 2012 trends  90%  0.081 +−0.013  dof = 24.8
1901 to 1950 trends  90%  0.097 +−0.040  dof = 11.9
1951 to 2012 trends  90%  0.118 +−0.021  dof = 24.6



Decadal Variability 
�  Note that the trend 

varies a lot 

�  Positive from 
1900-1940 

�  Flat from 
1940-1980 

�  Positive from 
1980-2010 

�  Kinda flat from 
2000-2012 1900 1920 1940 1960 1980 2000 2020
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MLOST Global Temperature Record − 4 − 9

1901 to 2012 trends  90%  0.081 +−0.012  dof = 27.2
1901 to 1950 trends  90%  0.101 +−0.037  dof = 12.8
1951 to 2012 trends  90%  0.117 +−0.020  dof = 26.7

NH Summer Half  Year 



Decadal 
Variability 

�  Note that the trend 
varies a lot 

�  Thirty-year trends 
have spatial 
structure that looks 
like it might be 
related to ocean 
circulation. 



Warming in the past Century 

�  Is indicated by multiple independent data sets. 
�  Air Temperature: Land and Marine: warming 

�  SST: warming 
�  Sea Level is increasing 

�  Snow cover on land is declining 
�  Arctic Sea Ice is declining 
�  Ocean Heat Content is increasing (deep ocean temps) 

�  Water vapor in the atmosphere is increasing 
�  Glaciers are melting (Mountains and Greenland) 



Warming in the past Century 

�  Is indicated by multiple independent data sets. 



Arctic Sea Ice Extent 
�  First 7 years 

vs past 7 
years and 
1979-2010 
climatology 

�  Has also 
gotten 
thinner 

Years 1979-1985 

Years 2007-2013 
1979-2010 Average 



Arctic Sea Ice Area 
http://www.youtube.com/watch?v=UVzCOoQY28Y 



Sediment and Ice Cores 
�  You can drill a core out of  ocean sediment, lake 

sediment, soil, or a glacier.  Assume time 
corresponds to depth. 

�  They contain different types of  proxy climate 
indicators. 
�  Leftover biology:  pollen, leaves, shells of  small sea 

animals. 
�  Physical evidence:  ice-rafted pebbles, chemistry of  

sludge, sand, whatever 
�  Isotopic evidence: Abundance various stable and 

radioactive isotopes.  



Isotopic Evidence 
�  Most elements have several stable isotopes, 

differing only by the number of  neutrons and hence 
the weight of  the atom and the molecule of  which it 
is a part. 

�  For example water, H2O, can contain isotopes of  
hydrogen and oxygen.   
�  Hydrogen has  H1 and H2=D=deuterium 

�  Oxygen has O16 (99.762%), O17 and O18. 
�  Carbon has C12 (98.93%), C13 and C14 ( C14 is 

radioactive with a half  life of  5,730 years.  It’s made 
from Nitrogen.). 

�  Nitrogen has N14 (99.636%) and N15   



Isotopic Evidence 
�  Most elements have several stable isotopes, 

differing only by the number of  neutrons and hence 
the weight of  the atom and the molecule of  which it 
is a part. 

�  For example water, H2O, can contain isotopes of  
hydrogen and oxygen.   
�  Hydrogen has  H1 and H2=D=deuterium 

�  Oxygen has O16, O17 and O18. 
�  Carbon has C12, C13 and C14 ( C14 is radioactive with a 

half  life of  5,730 years. 



Mass Fractionation 
�  Most of  the stable isotopes are heavier by one 

neutron than their more common versions 

�  Their abundances vary due to Mass fractionization. 
�  Water containing a heavy isotope will evaporate less 

readily and condense more readily than a lighter 
isotope. 

�  After a bunch of  vapor comes off  the ocean, and 
moves north and starts condensing, the heavier 
isotopes are condensed first, so the colder it gets and 
the more vapor is removed by condensation, the 
lighter the remaining sample will become.  So 
isotopes in snow are a measure of  how cold the air 
was when the water was condensed. 

�  Plants much prefer lighter carbon to heavier carbon, 
so plant material tends to be light in C13 . 

 



Water Mass Fractionization 
�  We measure the anomaly from Standard Mean 

Ocean Water (SMOW) with the following statistic 

�  We might say “delta eighteen Oh” or “Oh 18” 

�  SMOW is thus 0 ‰ 

�  Samples that are depleted in the heavy isotope 
have negative deltas 

δ 18O =

18O
16O
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Water Mass Fractionization Process 

�  SMOW is 0 ‰ 



Ocean Sediment Cores 
�  Can get 5 million years out of  them 



d18O in Ocean 
Sediment 

�  Explain this on a test 



Ocean Sediment O18 record 
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Fig. 9-4  Ocean oxygen isotope record from 
ocean cores for the past 5 million years, 
present to the left and past to the right.  
Large values indicate large volumes of  ice 
on land.  Ordinate is plotted reversed so that 
up means a warm climate with less land ice 
and down means a glacial age.  Insert shows 
the same record for the past 1.5 million 
years 
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Fig. 9-5  Power spectra of  the variance of  the 
oxygen isotope record in Fig. 9-4 for the past 
million years (blue) and for the period from 1 
million years ago to 5 million years ago (red).  
Note how the strong variations in global ice 
volume appear only in the past million years, 
but that the strong variations at 40 thousand 
years appear throughout the record. 



18O in Ocean Carbonate Sediment 

�  It increases with time.   Why? 

�  What controls the heavy isotope in the ocean? 

�  It starts to oscillate toward the present.  Why? 

�  High 18O in ocean sediment means lots of  land ice.  
Why? 



Ice Cores 
�  Give variable time resolution and time depth. 



Deuterium in an Ice Core from Antarctica 

�  Why is the Deuterium less 30,000 years ago? 

�  Why is it more 130,000 years ago? 

�  What does a heavy isotope in a polar ice cap measure? 

�  How much cooling and condensation, since the water 
was evaporated.  Low D = cold above ice sheet. 



Carbon 14 and 13 in CO2 
�  14C is produced by cosmic rays hitting 14Nitrogen, 

or by nuclear explosions in air. 

�  It decays with a half  life of  5730 years 

�  Question:  What is the 14C of  coal or petroleum? 

�  Right, zero! since its been in the ground away from 
the atmosphere for millions of  years. 

�  What is the 13C of  coal or petroleum? 

�  It’s low because plants try to avoid it during 
photosynthesis. 

�  14C and 13C are both decreasing in atmospheric 
CO2.  What do we infer? 



Bubbles in Ice Cores 
�  Contain ancient air with the CO2 and CH4 of  the 

time when the ice was formed. 

Pre-Industrial value ~280ppm 

The Human Contribution 

~400ppm now 



Law Dome Greenland plus Mauna Loa 
instrumental observations since 1959 

�  Blue from ice bubbles in ice dome in Greenland 

�  Red from instrument on Mauna Loa, Hawaii 

40% 
increase 
since 
about 
1900 



Antarctic 
Ice Cores 

�  800 kyr record  
from Antarctica 

�  Top: deuterium  
temperature and  
CO2  

�  Bottom:  Deuterium 
temperature and 
CH4 
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Bubbles in Ice Cores 
�  Contain ancient air with the CO2 and CH4 of  the 

time when the ice was formed. 

Present 
400kyr Before Present (BP) 



Antarctic Ice Core Records 

�  Another View of  Same thing 

Kurt Cuffy 



Land Ice 
�  Last Glacial age 

20 kbp, note sea level 

�  Disappearing Ice 
12 kbp 

�  Present conditions 
0 kbp 

a) 20 kbp

b) 12 kbp

c) present



The Previous Ice Age  (~20kbp) 

�  Sea level was 120meters lower than now.  You could 
walk from Siberia to Alaska.  And people did. 

Land 
Bridge 



The Previous Ice Age  (~20kbp) 

�  Sea level was 120meters lower than now.   

�  Ice Volume in NH 15 times today’s 

�  Ice 2-3 kilometers thick over much of  North 
America.  Much more sea ice. 

�  Global Temperature about 6˚C colder than today 

�  CO2 about 180 ppm compared to 275 ppm in 
preindustrial era, and 400 ppm now. 

�  Windier and dustier than now. 



Most of  Ice gone by 8000bp 
�  Sea level was 120meters lower than now. 



Ice Cores and Ice Ages 
�  Ice ages are simultaneous in both hemispheres. 



Ice Cores 
and Ice Ages 

�  Temperature, 
Dust, CO2 
and CH4. 

�  Cold, dusty, 
low on 
greenhouse 
gases 

�  Warm, wet, 
more 
greenhouse 
gas 



Heinrich Events 
�  Armadas of  ice bergs in the North Atlantic during 

the Ice Ages.  Find continental rock in mud. 



Heinrich Events 
�  Armadas of  icebergs in the North Atlantic during 

the Ice Ages.  Find continental rock in mud. 

�  Falling temperatures, rising ice volumes (in N. 
Atlantic) 

�  Decreased salinity in North Atlantic 

�  Bigger grain sizes in Loess in China (stronger 
winds) 

�  More runoff  from the Amazon River 

Most all of  this is consistent with a binge 
purge cycle of  North American Land ice. 


