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Some Vocabulary

• Temp: Celsius vs Fahrenheit, change of 1°C is 
1.8° F

• Temp: Kelvin vs Celsius, change of 1°C is 1 K             

• Absolute zero: 0 K = -273.15°C = -459.67°F

•  Length:  1 meter = 39 in (or 3 ft, 3 in)



Temperature Anomalies  
Relative to 20th Century Average

2016 warmest year since 1880: 1.69°F (0.94°C) above the 20th century average.



1980 2005 2007

Figure 2. In 1980 the areal extent of the summer Arctic sea ice pack corresponded roughly to the
continental U.S. By 2005 the area shown in red was gone, and by 2007 the additional area in

purple was gone as well.

for the first time in human memory. These stun-
ning losses in the extent of summer Arctic sea ice
represent perhaps the most dramatic, large-scale
indicator of global warming on the surface of the
Earth so far.

The sea ice pack surrounding the continent of
Antarctica is mostly seasonal, meaning it melts
in the summer before returning in the cold, dark
winter. Will the Arctic become mostly ice-free in
summer like the Antarctic? If so, how long will it
take? The answers to such questions are critical
for global climate. The summer Arctic sea ice pack
serves as a major part of Earth’s polar refriger-
ator, cooling it and protecting the Arctic Ocean
from absorbing too much solar heat. One of the
central questions of climate science today is to
understand why the Arctic ice pack has declined
so precipitously and to predict how this complex
system will evolve in the coming years. In order to
see how mathematics can play a role in addressing
such fundamental issues, let’s first discuss how
sea ice forms, explore its material structure, and
then outline its role in global climate and polar
ecosystems.

Formation and structure of sea ice

Sea ice is frozen ocean water, which freezes at
a temperature of about −1.8◦C, or 28.8◦F. Initial-
ly, tiny platelike crystals called frazil form near
the sea surface. Often they aggregate into slick
patches called grease ice. When sea ice forms in
calm conditions, thin sheets of translucent ice
called nilas are seen first, which eventually thick-
en through congelation into gray ice and then
white ice in large, undeformed floes. Currents or
light winds often push the nilas around so that
pieces slide over each other, a process known
as rafting. Rafting nilas is shown in Figure 3 on
top. In turbulent conditions typical of the open
ocean, the “greasy” frazil suspension undergoes
cyclic compression in the wave field, and dur-
ing compression the crystals can freeze together

to form small cakes of slush. They grow larger
by accretion and more solid through continued
freezing between the crystals and form plates with
raised rims known as pancake ice [22]. Patches of
new grease ice are shown on the bottom in Figure
3. Pancake ice is shown in the bottom row of
Figure 8. The pancakes in the lower right of
Figure 8 are “glued” together in the process of
forming larger floes. Sea ice that melts after one
season is called seasonal ice, and sea ice that
survives a summer season is called multiyear ice.

During the austral winter the continent of
Antarctica, sitting atop the South Pole, is ringed
mostly by seasonal ice on the Southern Ocean,
with maximal ice extent in September. The Arctic
is almost the geographical opposite, with an ocean
at the North Pole, surrounded by continents, and
covered with both seasonal and multiyear sea ice,
of maximal extent in March. Sea ice should be
contrasted with icebergs, glaciers, ice sheets, and
ice shelves, which all originate on land. The great
ice sheets covering Antarctica and Greenland are
up to two miles thick and are composed of glacial
ice formed from snow that has been compressed
over thousands or millions of years into ice which
flows under great pressure.

As a material, sea ice is quite different from
glacial ice. When salt water freezes, the result
is a polycrystalline composite of pure ice with
inclusions of liquid brine, air pockets, and solid
salts. As the temperature of sea ice increases, the
porosity or relative volume fraction φ of brine
increases. Brine inclusions on the submillimeter
scale are shown in the upper left panel of Figure 8,
and its centimeter scale polycrystalline structure
is shown in the upper right panel.

Sea ice exhibits a very interesting and impor-
tant critical phenomenon [5]. For brine volume
fractions φ below about 5%, sea ice is effectively
impermeable to fluid flow, while for φ above 5%,
it is increasingly permeable with φ. This critical
brine volume fraction φc ≈ 5% corresponds to a
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• 1980: summer arctic sea ice pack about the size of U.S.

• 2005: area shown in red was gone.

• 2007: the additional area shown in purple was gone.

• 2016 at near record lows

Disappearance of Arctic Sea Ice



A study published in 
Geophysical Research Letters, 
(July 2016) found that 
Greenland lost a  trillion tons of 
ice between the years 2011 and 
2014 alone.

Greenland

If all ice in Greenland 
melted, sea level would 
increase 20 feet 
worldwide. 



Greenland NASA Photos



The Climate System is Complicated . . .



Main Cause of Global Warming 

Greenhouse Effect

Greenhouse gases:
 
• carbon dioxide (CO2) 
• methane (CH4)
• nitrous oxide (N2O) 
• ozone (O3)
• fluorinated gases (F-gases) 
• water vapor (H2O)



Cryosphere!

Global Climate Model !General Circulation Model!

What is a GCM?!
Oceans!

Land!
Surface!

Atmosphere!

General Circulation Model!Global Climate Model!



Fundamental Physical Equations:!
Global Climate Model!





Global and continental evolution of the temperature since 1900, based on measurements (bold line) and ensemble 
simulations with coupled climate models (bands). Only simulations with a complete forcing which includes changes in 
greenhouse gases, aerosols, observed volcanic eruptions and variable solar radiation, show reasonable agreement 
with the observations over the entire 20th century. In case the effect of anthropogenic forcings (greenhouse gases, 
aerosols) on the radiative balance is not taken into account, the global increase in temperature cannot be simulated. 
(Figure from IPCC 2007, Summary for Policymakers, www.ipcc.ch)

IPCC Climate Models

http://www.ipcc.ch






MIT Study finds many species may die out and others may migrate 
significantly as ocean acidification intensifies.
Jennifer Chu | MIT News Office  
July 20, 2015

Earlier Study:

Oceans Facing Carbon Rates Which Spurred Mass Die-Off 250 Million 
Years Ago
University of Edinburgh researchers warn that the carbon emissions that drove a mass 
extinction event some 252 million years ago were released at a rate similar to today



More Than 400 U.S. Cities May Be 'Past 
The Point Of No Return' With Sea 
Level Threats

Huffpost Science 10/13/2015

The study, published Monday in the journal Proceedings of the National Academy of 
Sciences, examines how much rising sea levels will affect cities across the United 
States over time if carbon emissions stay the same or decrease. The most startling 
finding is that 414 towns and cities have already passed their lock-in date, or the 
point at which it's guaranteed that more than half the city's populated land will 
eventually be underwater no matter how much humans decrease carbon emissions; 
it's just a matter of when.

http://www.pnas.org/content/early/2015/10/07/1511186112.full.pdf?sid=c130a888-5ce7-41b9-8f83-b55718b34a12


Antarctica



Climate Change and Hurricane Katrina: What Have We 
Learned? 
Monday, 24 August 2015 00:00
By Kerry Emanuel, The Conversation | Report

1.  

Theory and computer models show that the incidence of the strongest hurricanes – those 
that come closest to achieving their potential intensity – will increase as the climate warms, 
and there is some indication that this is happening.

Kerry Emanuel is professor of Atmospheric Science at Massachusetts Institute of Technology.

Satellite data also show 
that storms are reaching 
their peak at higher 
latitudes, consistent with 
theories and models. 

This may portend reduced 
risk in some of the deep 
tropics but increased risk 
in middle latitudes.

http://www.truth-out.org/author/itemlist/user/51330
https://theconversation.com/climate-change-and-hurricane-katrina-what-have-we-learned-46297
https://theconversation.com/institutions/massachusetts-institute-of-technology
http://www.nature.com/nature/journal/v509/n7500/full/nature13278.html


Global Temperature predictions 
for 2100

Expect 1.5°C to 6°C increase in global average 
temperature (depending on emissions)

How would that affect us?



Ice sheets covered Canada, northern U.S  

New York City a mile under ice   

Sea level: 120 meters (394 feet) lower 

How much colder was the global average temperature than 
now?         (Guess!) 

Last Glacial Maximum 
20,000 years ago



Answer: Global average 
temperature was 3°C to 6°C 
cooler than now.

Last Glacial Maximum
20,000 years ago

A change of only a few degrees has 
world-altering consequences.

So, what would a 3°C to 6°C 
hotter world look like?



In a 3°C warmer world, Brazilian rainforest could burn down, 
turn to desert. Hundreds of millions suffer from drought and 
famine.

In a 4°C warmer world, the hot climates of North Africa will 
likely jump across the Mediterranean and spread into the heart of 
Europe with typical searing summer temperatures of 120°F.  
Central America turns to desert creating climate refugees.

With 5°C of global warming, the world will be almost 
unrecognizable.  Average inland temperatures would be 18°F 
higher.  Southern U.S. likely becomes a desert, along with 
Australia, Southern Europe, Central America. Zones of 
habitability for humans would contract drastically toward the 
poles. Warming of the oceans would decrease oxygen levels and 
lead to mass extinctions of ocean species. Billions of people would 
die.

A 6°C warmer world might lead to the extinction of humanity.

 

3°C  to 6°C Warmer World



Running high-resolution versions of standard climate 
models, the MIT Study found that many major cities in the 
Middle East "could exceed a tipping point for human 
survival, even in shaded and well-ventilated spaces" 

"Our results expose a specific regional hotspot where 
climate change, in the absence of significant mitigation, is 
likely to severely impact human habitability in the future," 
write study co-authors



Hans Joachim Schellnhuber, 

4°C  Warmer World

"the difference between two and four 
degrees is human civilisation"

Director, Potsdam Institute for Climate Impact Research
Professor of Theoretical Physics, University of Potsdam

Co-Chair of the German Advisory Council on Global Change

http://www.climatecodered.org/2014/03/too-hot-to-handle-life-in-four-degree.html


Visible Spectrum 
Low Frequency High Frequency 

R o  y   G    B   i  v 



Electromagnetic Spectrum

Infrared Ultraviolet



Radiation and Matter



Figure 6. White, ice-covered polar regions are important for reflecting much of the incoming solar
radiation during summer, whereas sea water absorbs most of the incident radiation. The

reflectance, or albedo, of the sea ice pack is largely determined by melt ponds on the surface, like
those shown on the right in the Arctic in June 2007. Melt pond evolution itself is largely

determined by the fluid permeability of the sea ice below, as well as by the Sun’s rays.

Figure 7. The rich Antarctic marine ecosystem is supported by photosynthetic algae (d), which
give sea ice a brownish or yellowish color (e). Nutrient replenishment for these microbes is

controlled by fluid flow through the porous brine microstructure. Krill (c) feed on algae, Emperor
penguins (a) feed on krill, and killer whales (b) spy-hop looking for penguins to eat.

(or elementary bounds), were obtained almost one

hundred years ago by Wiener:

(4)
1

φ
σ1
+

1−φ
σ2

≤ σ∗ ≤ φσ1 + (1−φ)σ2.

The bounds are optimal, since laminates parallel

to the field realize the upper bound, as shown in

Figure 10(a), while laminates perpendicular to the
field realize the lower bound.

For the fluid problem, we ask what configu-
ration of the pores maximizes k. Intuitively, the
best arrangement to maximize k is in vertical
pipes of appropriate radii, as shown in Figure
10(b), where in the fluid problem a length scale
not present for electrical conductivity arises. This
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The albedo of snow-covered ice is close to 1 
(larger than 0.8); the albedo of sea water is 
close to zero (less than 0.1).

.

Earth’s Planetary Albedo ≈ 0.3



Heat and Light
The temperature of an object determines the 

frequency of radiation it emits.



Some Vocabulary

• Energy: 1 Joule = 0.74 foot-pounds

• Power: 1 Watt = 1 Joule/second              

• Power from Sun (top of atm) 1370 W/m2

•  Average power Earth surface: 240 W/m2     

(approx 1000 W/m2 at noon)



Light from the Sun 
Photosphere: ~ 6000° K





Radiation Spectrum: Sun vs Earth



Green house gases 
and radiation 

Molecular structure and quantum 
mechanical properties determine which 

frequencies can be absorbed.  Green 
house gases absorb infrared light. 

H2O

CO2



Green House Effect



Can we stay below 2°C of warming?

Yes, but IPCC calculations show that this requires 
global greenhouse emissions to decrease to ZERO 
before the end of the century (RCP 2.6 global 
climate models). 

Is this even possible? 



Yes!  A sustainable global civilization 
is possible.



The technology is 
already here

In 2009 Scientific American published 
an article, by leading researchers at 
Stanford University and UC Davis, 
that explains how 100% of the 
world’s energy needs, for all 
purposes, including transportation, 
could be supplied by wind, solar, 
geothermal, tidal and hydroelectric 
power systems (without nuclear 
power) by as early as 2030.

Their plan calls for 3.8 million large 
wind turbines, 90,000 solar plants, 
and numerous geothermal, tidal and 
rooftop photovoltaic installations 
worldwide.

Sustainable
Future

November 2009   www.Scientifi cAmerican.com 

RETHINKING “HOBBITS”
What They Mean for Human Evolution
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How to get all energy from
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Agriculture
Land use under capitalism is not sustainable. 

What we now call “organic farming” sustained humanity for thousands of years, and 
ecological practices continue in many parts of the world.  Cuba is an important example, 
where large monocultural farms have been replaced by small plots with crop rotation, 
organic composting, crop interplanting, use of bio pesticides and oxen instead of 
tractors. The results have been remarkable.  Urban farms provide more than 70% of all 
the fresh vegetables consumed in cities such as Havana and Villa Clara. 

Petroleum based fertilizers, 
pesticides, and herbicides emit 
greenhouse gases. Runoff of 
fertilizers causes pollution of streams, 
rivers, ponds, lakes and coastal 
waters, often leaving “dead zones” 
depleted of oxygen. 

Industrial agriculture and deforestation are responsible for nearly a quarter of 
all global greenhouse emissions.

We can do this too!



So, what is stopping us?



Capitalism



•Infinite expansion of 
capitalism

•Finite limits of the 
planet

Capitalism’s fundamental 
contradiction with nature



US Energy Information Administration 
2016 Projections



US Energy Information Administration 
2016 Projections



Albert Einstein 

“The economic anarchy of capitalist 
society as it exists today is, in my 
opinion, the real source of the 
evil....Production is carried on for profit, 
not for use.”

“This crippling of individuals I consider the worst evil of capitalism. Our 
whole educational system suffers from this evil. An exaggerated 
competitive attitude is inculcated into the student, who is trained to 
worship acquisitive success as a preparation for his future career.” 

Why Socialism? 
Monthly Review, May 1949



http://gum.co/
climatechange

For more information.... 

http://gum.co/climatechange

