
Atmospheric Sciences 321 
Science of  Climate 

Lecture 23:  
Past Climates:  Chapter 8, 9 (2nd ed)  



Community Business 
Current Topic is Chapter 8, Past Climate Change 

�  Homework #8, Chapter 8, Due Wednesday  

�  Five lectures left after today 

�  Questions? 



This is called studying 



Past 3 
Decades 
warmer 
than all 
others in 

instrumental 
record. 



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 is Unequivocal  -IPCC 2007 



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 



Arctic Sea 
Ice 

�  Arctic in 2015 on 
record pace toward 
minimum 



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 
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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. 



Deeper Past:  Iceball Earth 
�  Science indicates the Solar System is about 4.5 

Billion y.o., including Earth. 

�  Early forms of  life present on Earth almost from 
the beginning, solid evidence in rocks for bacteria 
3.0 Billion BP 

�  The Sun 

�  It’s changed its energy output over its 
lifespan 
� Over last billion years, increased 10% 
� Initially 75% as strong as it is now 



What Sets the Climate Over Earth’s History? 
�  Location of  the continents 

�  These have shifted with time 

�  Mountain ranges appear, sometimes high latitude ice 
sheets aren’t possible, etc 



What Sets the Climate Over Earth’s History? 

�  Location of  the continents 
�  These have shifted with time 

�  Mountain ranges appear, sometimes high latitude ice 
sheets aren’t possible, etc 

Exact representation of   
continental drift… à à 



Snowball Earth  occurred several times in the last billion years 
  when ice-albedo feedback spiraled out of  control 



Temperature through Time 

Kasting et al	
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When did this occur? 



Snowball Earth Cycles 
MYA = Million Years Ago 



How can we know that the Earth was ever mostly ice covered? 

Many independent, interlocking and consistent pieces of  evidence. 

Evidence that glaciers were present near the equator at low 
altitudes 
   Find a deposit that can only have been produced by a glacier 

 Use magnetic evidence to show these glacial deposits were 
 within 10 degrees of  the equator 

Carbon-13 spikes in ocean sediments, means photosynthetic life 
was  suppressed, which one would expect if  the surface of  
the ocean  was ice covered 

Banded iron deposits in ocean sediments, requires ocean to be 
anoxic so iron can build up, also to be expected if  photosynthetic 
life is suppressed by ice cover. 

The glacial sediments are capped by thick layers of  carbonate, 
indicating a large amount of  CO2 came out of  the atmosphere 
then, after the ice ball period.  These cap carbonates are also low 
in carbon-13, indicating an enhanced weathering process, and not 
plant burial. 



Rocks in Yukon that were once at the equator at sea level 
and covered by ice. 

Iron Layer 

Carbonate Layer 



An ice-covered Earth would have a very high albedo and an 
extremely  
low temperature 
 
If  the Earth ever became ice covered, how could the ice ever melt? 



Extremely high greenhouse gas concentrations would be required to  
deglaciate 
 
Let’s discuss controls on carbon dioxide over very long timescales 
(this is important not just for the Snowball Earth question) 



Controls on Carbon Dioxide 
Over Time 

�  Release by volcanoes is a relatively efficient way of  
getting CO2 into the atmosphere 
�  Remember this is small as compared to current 

human emissions 
�  Volcanoes are very important over hundred thousand 

year timescales 

�  When we’re considering long timescales, have to 
think about how CO2 is removed as well 



Chemical Weathering 
�  How does CO2 get removed from the atmosphere 

over long times? 
�  Land masses are key in a process called chemical 

weathering 
�  When rain/snow falls on silicate rocks, it reacts and 

takes CO2 out of the atmosphere 

�  Chemical weathering is a negative feedback 
�  When climate is hotter, it’s easier for weathering to 

take CO2 out of  the atmosphere 
�  Likely key for stabilization of  climate over millions of  

years 



Snowball Earth–  
  ice-albedo feedback out of  control 

During Snowball Earth, volcanic activity injected CO2 into the atmosphere 

With the land and oceans covered by ice, there was no chemical 
weathering to remove CO2 from the atmosphere, so it 
accumulated. 



Eventually the greenhouse effect became so strong that the ice 
began to melt, despite its high albedo. 



Once initiated, melting would proceed very rapidly as the albedo dropped.  



Post-Snowball “Hothouse” Climate 

�  Immediately after Snowball Earth thaws, CO2 
concentrations would have been tremendously high 

�  Was likely the hottest period in Earth’s history right 
after the coldest! 
�  Temperatures jumped from -50o C to 50o C in only 

1000 years! 

�  Massive weathering would gradually bring down 
CO2 and temperatures 



Weathering of  Rock 
�  A chemical process 

�  The reactions as follows: 

�  CO2 + H2O => H2CO3  
�  carbon dioxide + water => carbonic acid  

�  Then, 
�  H2CO3 + CaCO3 => Ca(HCO3)2  
�  carbonic acid + calcium carbonate => calcium 

bicarbonate 
�  In solution, calcium bicarbonate flows to ocean in 

streams 



Reformation of  Limestone in Ocean 
�  CO2 + H2O -> H2CO3 (carbonic acid) 

�  H2CO3 + H2O + silicate minerals -> HCO3
- + cations 

(Ca++, Fe++, Na+, etc.) + clays 
�  We made a bicarbonate ion, two of  which are 

attracted to a Calcium ion 

�  Ca++ + 2HCO3
- -> CaCO3 + CO2 + H2O 

�  To form limestone, burying one CO2 in the process. 

�  Net effect, buried one CO2 and made limestone 
�  2CO2 + ? + Ca++-> CaCO3 + CO2 + ? 

�  Note this process does not require life – purely 
geochemical 



Getting the CO2 back 
through a Volcano 

�  Shove the limestone down a subduction zone with 
sand, make metamorphic rock and CO2 again 

�  CaCO3 + SiO2 -> CO2 + CaSiO3 



Ice Ages and Carbon 
Dioxide 

�  The amount of  carbon in the atmosphere is always tiny 
compared to that in ocean and rock 

�  The rate of  outgassing from the Earth is probably pretty 
steady, but could speed up or slow down with plate 
tectonics or volcanism 

�  The rate of  weathering, and the speed of  the biological 
pump (the rate at which life takes CO2 and makes 
sediment) are dependent on the climate, hence a strong 
feedback between the atmospheric CO2 and the climate, 
which appears on time scales of  100’s of  millions of  
years and also on the time scales of  thousands of  years 
during the Pleistocene (most recent) glacial ages. 



Snowball Earth Timeline 

0 ~2000 yrs 

~1 million yrs? 

Cold 
jarring 

Ice albedo 
feedback 
causes ice to 
advance 

Ice “jumps” 
to equator. 
Snowball 
formed! 
Temp <-50C 

Weathering stops, 
CO2 builds up,  
& temp increases 
slowly  

Melting starts, 
ice-albedo 
feedback causes 
rapid melt  
(in ~1k yr) 

1M+1k yrs 

Super greenhouse 
effect, very hot ice-
free planet 

Life survives 



Why did Iceball Earth/Hothouse cycles occur when 
they did? 

�  Continents were bunched together 
on equator 

�  Very high rate of  weathering?  Low 
CO2? 

�  Ice albedo feedback runs away and 
covers Earth 

�  Weathering stops, CO2 builds back 
slowly 

�  CO2 reaches tipping point and ice 
melts 

�  Now have high CO2 very warm 
climate, very high weathering rate, 
CO2 drops, cycle repeats. 



CO2 and Feedback 
�  Discussion Question. 

�  Explain how and why CO2 is a negative feedback on 
time scales of  tens of  millions of  years, but is a 
positive feedback on time scales of  100,000 years 
during the Pleistocene Ice ages.  



Thanks! 


