ATS150
Climate Science for Poets
Spring 2016
Study Guide for MidTerm Exam

We’ll have the first exam in ATS 150 on Friday March 11, from 1 PM to 1:50, in the regular classroom. The exam will count 1/3 of your grade for the course. You will need to bring a pencil or pen to the exam, but you won’t need a “blue book.”

I’m mainly trying to see that you understand concepts presented in the lectures. I don’t want you to memorize a bunch of stuff from the notes. The exam will be “open notes,” meaning you can use printed copies of the lecture notes, or books, or stuff you’ve written down during the exam.  You may not consult one another, or look stuff up on the internet. The exam will only cover stuff we’ve talked about in class. There will be no calculations or math problems on the exam. All questions on the exam will be chosen from the set of “candidate” questions available on the class website.

The exam covers everything we’ve talked about so far, except for that very first lecture (where I explained that climate change is Simple, Serious, and Solvable).

Here’s a list of stuff to study:

I. Earth System Overview

a. Atmospheric composition

Air is almost entirely O2 and N2, with a little CO2, H2O, Argon, …

b. Origin and development of the atmosphere

Air started out as gases from volcanoes (mostly CO2, H2O)

Water condensed to make oceans

CO2was taken up by plants and buried as fossils over time

O2 was & is released by plants accumulated in the air

O2 gets blasted by UV to make stratospheric ozone (O3)
Ozone protects surface from UV, allowed life on land 

c. Plate tectonics and early climates

Continents move around like rafts on softer rocks underneath

Changes in positions of land and seas changed climate (always)

d. Glaciers and Ice ages

For most of Earth’s history there has been no land or sea ice

For the last couple of million years, Earth has had ice ages

During ice ages, huge ice sheets cover 1/3 of the land

Most recent ice age max was 18,000 years ago

Ice covered N. America from Canada to NYC, Ohio, Nebraska

Most ice melted about 12,000 years ago

Continental ice sheets still cover Greenland and Antarctica

Ice ages come and go because of periodic changes in our orbit

e. Water on Earth (the Hydrosphere)

Nearly all the water on Earth is in the oceans (97%)

Almost all the rest is in continental ice sheets

The oceans are about 4 km deep on average

Deep oceans are very cold everywhere (about 3C = 37 F)

Sea surface temperature near freezing at poles, very warm in tropics … especially huge “warm pool” in western Pacific

Warm water is buoyant … floats on top. Cold water sinks.

Ocean currents carry warm water -> poles, cold -> tropics

Arctic ice cap is floating sea ice (only 1-3 meters thick)

Antarctic ice is on land, thousands of meters thick!

Water vapor in air is almost all near the surface (0 – 3 km)

Most water vapor in the tropics (warm air hold more H2O)

Water evaporates from subtropical oceans, condenses in clouds, falls as rain and snow

f. Atmospheric Circulation

More energy in (sunshine) than out (thermal IR) in tropics 

More energy out (thermal IR) than in (sunshine) at poles

“Job” of air and oceans is moving energy from tropics to poles!

A conveyor belt of warm air rising in tropics and sinking in poles might work, but Earth’s rotation prevents this

Rotating Earth has “Coriolis Force” that pushes winds around

“Trade Winds” blow from east to west at surface in tropics

“Jet streams” blow from west to east outside of tropics

Forests grow where it’s wet, deserts where it’s dry, Grasslands in between, and Tundra where it’s cold

II. Energy and Electromagnetic Radiation

a. Changes in energy make things happen

Energy can be transformed from one kind to another or moved around from place to place, but never created or destroyed

Kinds of energy: radiant (light), kinetic, potential, chemical

All energy on Earth comes from the Sun (nuclear fusion)

Internal energy is molecular motion (temperature)

Energy can be moved around by conduction, convection, or radiation … Earth only exchanges by radiation to/from space

b. Electromagnetic radiation is energy moving through empty space

Radiation is oscillation of energy between electric & magnetic fields, moving at 186,000 miles per second (speed of light)

Wavelength is how far light goes in one cycle (elect-mag-elect)

Short waves carry more energy than long waves

Visible light is just part of the “electromagnetic spectrum”

Blue light has wavelength of 0.4 microns (, 1/1,000,000 m)

Red light has wavelength of about 0.7 
Blue light has more energy than red light

Light with waves shorter than violet is called ultraviolet (UV)

Light with waves longer than red is called infrared (IR)

Shorter (higher energy) than UV is X rays, gamma rays

Longer than IR (less energy) is microwaves, radio and TV

c. Solar radiation has lots of wavelengths in a spectrum

Mostly in visible (44%) and near IR. Peak is in visible (duh!)

Only 7% of solar energy is in UV, but it is dangerous

Earth emits radiation too, in thermal IR (about 10 

Sunlight can be absorbed, reflected, or transmitted

About 51% of incoming sunlight reaches Earth’s surface

Scattering of sunlight by air is strongest at short wavelengths (that’s why sunny sky is blue and sunsets are red)

Sunlight reaching surface can be absorbed or reflected

Percentage of sunlight reflected is called “albedo”

High albedo areas (clouds, snow, sand) cool surface but low albedo areas (forests, oceans, asphalt) warm surface by absorbing
III. Layer Model and the Greenhouse Effect

a. Everything emits radiation. 

Hotter objects emit more, at shorter wavelengths than colder objects

Ideal objects that absorb (and emit) all radiation that hits them are called “blackbodies”

Blackbodies emit radiant energy according to E =  T 4
pronounced "sigma"is just a number = 5.67 x 10-8 W/m2 per K4
E =  T 4 means energy emission is very sensitive to temperature!
b. Given brightness of sun, Earth must emit 342 W/m2 so T = 255 (K 
(-18 (C = 0 (F), but true measured surface temperature is 288 K Difference between equivalent emission temp of 0 (F and measured surface temp of 59 (F is due to thermal emission downward by air!

This is known as the Greenhouse effect
c. Imagine a single layer of “glass” above the surface that is transparent to sunlight but behaves as a blackbody in the infrared

The glass must emit to space at the same T=255 (K as the bare surface in the previous “bare rock” model

The glass also emits downward, at  Tglass 4 so that the surface is warmed by both the Sun and the infrared emission fro the glass. This makes the surface tolerably warm!

Adding more layers of glass makes the surface even warmer because each glass layer is warmed by the layer above it. 
d. Downward thermal IR from atmosphere absorbed at surface is almost twice as much energy as solar radiation absorbed at surface (96 vs 51 units where 100 units is sunshine at top of atmosphere)!

IV. Greenhouse Gases

a. Atoms can absorb photons & have their electrons “jump up” to a higher energy level. When the electron “falls back down” a photon of the same energy (wavelength) is emitted

b. Molecules can also absorb & emit photons by changing energy states, but transitions are weaker (vibration & rotation) so photons are less energetic (longer wavelength IR)

c. 99% of air molecules are diatomic, so hardly any vibration/rotation transitions, almost no interaction with IR photons

d. Thermal absorption and emission by atmosphere is almost entirely due to molecular vibration and bending of CO2 and H2O molecules

e. CO2 has strong transitions due to asymmetric stretching (4.3 m), symmetric stretching (7.2 m), and bending (14.3 m). 
f. H2O is “polar” with a positively-charged (H) end and a negatively-charged (O) end. It can therefore combine flips with other transitions, so it absorbs many different wavelengths of IR photons

g. H2O absorption is most powerful in warm regions because cold air (especially at high altitude) can’t hold much water vapor

h. Very strong CO2 absorption at some wavelengths means that IR photons can only escape the atmosphere from very cold upper troposphere

i. Effect of a unit increase in CO2 conecntration on Earth’s radiation diminishes with concentration because there’s less available to absorb. Every doubling of CO2 reduces outgoing emission by about 4 W m-2, resulting in warming of about 3 (C to re-establish equilibrium

V. Vertical Variations of Temperature and Vertical Mixing

a. The atmosphere loses heat by radiation to space, but it is warmed from below by vertical mixing of heat from the surface

b. The strength of the Greenhouse Effect is directly related to the fact that radiation can only escape from the cold upper atmosphere, so vertical mixing of heat from below acts to cool the planet by bringing heat up to where it can escape by radiation

c. Atmospheric pressure is directly related to temperature and density. Increasing pressure causes increasing temperature & vice versa.
d. Atmospheric pressure is the weight of the overlying air, so pressure (and therefore temperature) decreases rapidly with height

e. At a given pressure (height), density varies inversely with temperature. Warm air is less dense than cold air
f. Air that is warmer (less dense) than its surroundings feels an upward force called buoyancy which makes it accelerate upward (and vice versa)

g. Rising air “trades height for heat” (heat energy for potential energy), and cools at a rate of about 10 (C per km unless heat is added or subtracted. This rate of cooling with height is called the dry lapse rate
h. If the ambient air cools with height faster than the dry lapse rate (10 (C per km), then a lifted parcel will accelerate upward. This is unstable air!

i. If the ambient air cools with height more slowly than the dry lapse rate (10 (C per km), then a lifted parcel will fall back down. This is stable air!

j. Rising humid air cools at the dry lapse rate until it reaches its dewpoint temperature. After that the rising air cools much more slowly (about 4 (C per km) because it is warmed by the latent heat of condensation. 

k. The average observed lapse rate in the real atmosphere is about 6 (C per km, stable for rising dry air but unstable for rising moist air (clouds). 

l. Lifting very moist air causes thunderstorms that mix heat vigorously throughout the troposphere. Thunderstorm clouds stop rising when they hit the tropopause (base of the stratosphere) where ozone formation warms the atmosphere so the clouds are cooler than their surroundings.
m. An atmosphere with more water vapor absorbs more IR radiation (stronger Greenhouse Effect), but also mixes heat more vigorously to high altitudes (weaker Greenhouse Effect). This makes global warming hard to predict.

VI. The Earth’s Energy Budget
a. The surface gets its warmth partly from the Sun, but mostly from the warm air radiating down due to greenhouse gas emissions

b. The atmosphere gets its warmth mostly from the surface (warmed from below!) by upward thermal emission, condensation of water, and direct convective heating

c. Solar radiation absorbed by the surface is strongest in the tropics, weakest at the poles, and also depends on albedo and clouds

d. Outgoing thermal radiation from the Earth is also strongest in the tropics, but it drops off with latitude less steeply than the incoming solar. It also depends strongly on clouds, with way more thermal cooling from (hot surface) clear areas like deserts and way less over cloudy (high cold) areas like the cloud-tops over rainforests

e. The net heating of the Earth by radiation results from the absorbed solar minus the outgoing thermal radiation. There’s a big net surplus in the tropics and big net loss from the poles.

f. Energy is transported by the circulating atmosphere (winds) and oceans (currents) to get rid of the tropical surplus and polar deficits in radiative heating and cooling

g. Earth’s surface warms the atmosphere mostly by radiation, a bit less by evaporation (latent heating), and much less by rising currents of warm air

h. Seasons are not caused by changes in the Earth-Sun distance but rather by the tilt of the Earth’s axis which makes the Sun’s rays strike more directly and for a longer day in summer (lower sun and shorter days in winter)

i. Winter/summer and Day/night cycles in temperature at the surface are delayed (time lagged) compared to changes in sunshine, because it takes time for the surface to warm and cool. This delay is much stronger over oceans than land.

VII. Circulation of the Atmosphere: Wind

a. Wind is “pushed around” by 5 forces (3 real, two imaginary)

i. Real forces: Gravity, pressure differences (gradient), friction

ii. Imaginary forces: Coriolis and centripetal

iii. Heating lifts the air against gravity

iv. Lifted air pushes against adjacent air (pressure gradients)

v. Combination of lifting and pushing produced by geographic variations in heating and cooling causes planetary-scale circulations of the atmosphere (wind) and oceans (currents)

vi. These circulations act to balance Earth’s energy budget, moving heat from hot places (tropical surface) to cold places (upper air and poles)
b. Pressure-gradient force

i. Caused by different amounts of heating/cooling in different places 

ii. Air moves (wind blows) from high pressure to low pressure
c. Coriolis force

i. Not a real force, but the apparent deflection of winds and ocean currents that results from Earth’s spin underneath us

ii. Always pushes 90( to the right of motion in the Northern Hemisphere (to the left in Southern Hemisphere)

iii. Strength of deflection is proportional to speed of motion

d. Geography of air circulation and patterns of winds

i. “Hadley Cell:” rising hot air caused by tropical convergence and rain forces air to blow toward Equator near surface, away from Equator aloft (also causes rainforests!)

ii. “Trade Winds:” Inflowing surface air toward Equatorial convergence is deflected to right in Northern Hemisphere (NE Trades) and to left in Southern Hemisphere (SE Trades)

iii. “Subtropical subsidence:” sinking branch of Hadley Cell near 30( latitude in both hemisphere associated with deserts

iv. “Midlatitude westerlies:” warmed air flowing poleward is deflected eastward (“westerly wind”) in both hemispheres 

e. Polar vortex, jet streams, and winter storms

i. Polar air extremely cold in polar night (because outgoing thermal radiation is unopposed by solar heating)

ii. Thermal contraction of air in polar winter causes very strong pressure gradient forces to try to “fill it in”

iii. “Jet Streams:” Coriolis force deflects air “falling” into polar night to spin very fast in direction of Earth’s spin (toward east, westerly jet stream winds)

iv. Polar vortex/jet stream blocks direct poleward heat flow

v. Waves in jet stream (winter storms, warm/cold fronts) are the main mechanism for mixing polar & subtropical air masses 

VIII. Circulation of the Oceans: 

a. Subtropical Gyres, western and eastern boundary currents

i. “Ekman Transport:” Water is pushed by Coriolis force to right of wind in Northern Hemisphere (left in SH)

ii. Ekman flow moves water toward tropics in midlats (because of westerlies) and poleward out of tropics (because of easterly Trade Winds, causing it to “pile up” in subtropics

iii. Gyres:” Coriolis force causes elevated water in subtropical oceans to rotate clockwise in NH, counterclockwise in SH. The subtropical gyres carry huge amounts of heat poleward!

iv. “Western Boundary Currents:” (part of gyres; e.g. Gulf Stream) Fast-flowing currents on western sides of oceans (east coasts) that carry warm water poleward 

v. “Eastern Boundary Currents:” (part of gyres; e.g. California Current) slow-flowing cold return flow on eastern sides of oceans (west coasts) that carry cold water toward tropics

vi. “Coastal upwelling:” equatorward flow along eastern boundaries (west coasts) causes Ekman flow offshore, so very cold water is forced to surface from depth. Causes cold deserts, low clouds and fog (e.g., Baja, Namibia, Peru)

b. Equatorial Oceans and El Nino

i. No Coriolis force at Equator, so water Trade Winds push warm surface water westward across equatorial oceans

ii. “Equatorial upwelling:” caused by diverging surface water as NE Trades push water NW and SE Trades push water SW 

iii. Warm water “piles up” and becomes very deep. “Warm pool” (Sea-Surface Temp, SST > 30 C) the size of Siberia in Western Pacific and Indian Ocean, hundreds of meters deep! (source of energy for Indian Monsoon and torrential rains)

iv. Cold water forced to rise in Eastern Pacific because warm water pushed away, very productive fishery on desert coast

v. “El Nino:” Occurs when Trade Winds relax, warm water sloshes eastward, caps EQ upwelling in eastern Pacific. Monsoon rains often fail, torrential rains in east (esp Peru). Changes in rainfall heating reduce EW pressure gradient, reinforce weakening of Trade Winds. Weather ensues!

c. Thermohaline (heat-salt) Circulation and Conveyor Belt

i. Hot dry NE Trade Winds blowing off of Sahara evaporate lots of fresh water from subtropical Atlantic, leaving salt behind

ii. Salty North Atlantic water gets very cold near Greenland

iii. Cold salty N. Atlantic water very dense, sinks like a rock! Forms “North Atlantic Deep Water” which slowly fills ocean bottoms

iv. NADW flows south along bottom of Atlantic all the way to Antarctic, then around & round and back up through Pacific and Indian Oceans. Surface water slowly returns in Atlantic.

v. Thermohaline “conveyor belt” takes about 1000 years to cycle

vi. This is the only way the deep ocean ever “sees” the atmosphere

vii. Moves a HUGE amount of heat poleward, releases 1/3 as much heat to North Atlantic region as received from sunlight there!
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