DR Lesson Plan 6: Greenhouse effect

Science standards potentially being met:

IB topic 5.2.2 and 5.2.3: Historical record of atmospheric gases and atmospheric gases and the enhanced greenhouse effect

Earth Sciences 4a: The relative amount of incoming solar energy compared with Earth’s internal energy and the energy used by society

Earth Sciences 4b: The fate of incoming solar radiation in terms of reflection, absorption, and photosynthesis

Earth Sciences 4c: The different atmospheric gases that absorb the Earth's thermal radiation and the mechanism and significance of the greenhouse effect

Learning goals:

1. CO2 and other greenhouse gases trap heat by absorbing infrared (IR) radiation.

2. For the global energy budget, ins must equal outs. If not, something must change. 

3. How many gigatons = 1 ppm (i.e. parts per million).

4. How many ppm CO2 were in the atmosphere before the industrial revolution, and how many there are now. 

5. The greenhouse potential of different GHGs. 

6. The Earth has had no ice sheets, and it has had ice sheets everywhere. 

7. How we know CO2 is rising.

8. Where we get our CO2 numbers from. 

Acceptable evidence of understanding:

1. The ability to answer the fundamental 3 questions (1. Is CO2  a greenhouse gas? 2. Are CO2 concentrations rising? 3. Are humans causing that rise?) correctly and explain how we know this. 

2. Be able to explain what would happen if energy ins don't equal energy outs. 

3. The ability to calculate the atmospheric rise in ppm CO2 caused a given slug of CO2.

4. The ability to put in order of increasing potency the top 4 greenhouse gases (CO2, N2O, CH4, and H2O), and explain why not much attention is paid to water. 

5. The ability to write three feedbacks/ratchets and whether each would drive us towards an icehouse or a greenhouse state. 

Expected student misconceptions:

1. CO2 is not a greenhouse gas.

2. Excess atmospheric CO2 is good for plants.

3. Atmospheric concentrations of greenhouse gases have always been constant.

4. There has always been ice on Antarctica.

5. The climate has always been pretty similar to today. 

6. Climate change isn't real, or isn't serious.

7. We're not responsible for climate change.

Vocabulary:

Source: Adds CO2 to the atmosphere

Sink: Removes CO2 from the atmosphere

Greenhouse gas: A gas that absorbs infrared radiation, then re-radiates it in all directions, with the net effect being an increase in temperature on the surface of the Earth. 

W/m2: Watts per meter squared. Watts are joules per second, so this unit designates the amount of energy (joules) hitting a given 2-D square of the Earth's Surface (m2) each second. 

ppm: Parts per million. A unit of measurement. 

ppmv: Parts per million by volume. A unit of measurement. 

Albedo: The reflectivity of the Earth. Increased albedo means more incident energy is reflected back to space. 

Wavelength: The distance between two successive wave peaks or wave troughs. 

Petagrams (Pg): A unit of mass equal to 1,000,000,000,000,000 (i.e. 1x10^15) grams, and to 1 gigaton. 

Gigaton: One billion tons, equal to 1 petagram. 

Background in the form of slide notes for accompanying power-point presentation: 

Slide 2: Climate v. Weather

It is a common misconception that climate and the weather are the same thing. They are not. 

Slide 3: Controls on Whole-Earth Climate

There are only 5 possible ways to vary the energy into the Earth system. These are those 5. 

Slide 4: Strength of the sun

The sun has actually been getting warmer with time. The Weak Sun Paradox is that at the birth of our solar system, the Sun was ~30% weaker than it is today, yet all the geologic evidence says that early Earth's history was exceedingly warm. How can this be? The answer to this paradox is of course the greenhouse effect. This observation was first made by Carl Sagan in a paper to Science in 1972.

Slide 5: Milankovitch cycles

Astronomers have known for a long time that the Earth's orbit around the sun varies. These variations are very consistent and predictable. As you would expect, if the Earth's position relative to the Sun changes, this changes which parts of the planet receive sunshine when, and how much they receive. These variations are called Milankovitch cycels.  


The Earth has 3 Milankovitch cycles, with different periods of recurrence. Eccentricity is how circular or ovular the Earth's orbit around the Sun is, and has a 100,000 year cycle. Obliquity is the angle between the Earth's axis and the perpendicular to its orbit around the Sun. It has a 41,000 year cycle. The precession of the equinoxes describes the alternation between the northern and southern hemisphere being tilted towards the Sun when we are closest (perihelion) and furthest (aphelion) from the sun in our orbit. These have two cycles of 19,000 and 23,000 years, but for simplicity's sake it is often expressed as 21,000 years. 


The Milankovitch cycles are not so important for how much they change the amount of radiation the Earth gets, but rather to where that insolation is distributed (i.e. is more or less going to the poles, and how does that affect ice sheets?).

Slide 6: Heat from Earth

The Earth is itself hot. Some of this heat is remnant heat of accretion left over from when the Earth was forming and being bombarded with meteorites, but most of it comes from radioactive decay. There are still many naturally occurring radioactive elements in the Earth, and as they decay, they heat up the Earth. Radioactivity accounting for about 80% of the Earth's internal heat. 

Slide 7: Albedo

Albedo is how reflective the Earth's surface is. Snow is much more reflective than water, for example. 

Slide 8: Greenhouse gases

Greenhouse gases don't trap the sun's energy directly. They only trap the sun's energy after it has heated the Earth, and the Earth re-radiates that energy. This re-radiated energy falls in the infrared spectrum. The most important thing on this slide to notice is that albedo is accounted for, and that when you account for it, the amount of incoming solar radiation is equal to the amount of outgoing radiation. If this were not the case, the Earth would either warm or cool until it became the case. (This slide is  From Kiehl and Trenberth, 1997. 


This slide is also a good opportunity to do an active demonstration of how the greenhouse effect works. Call for 3 volunteers: one to be the Sun, one to be the Earth, and one to be a CO2 molecule. CO2 molecules are linear, so have your CO2 volunteer hold their hands out from their bodies, and tell the class that their head is the carbon atom, and the oxygen atoms are represented by their fists. Have the CO2 molecule stand between the Sun and the Earth volunteers. Ask the Sun to shine, and make a sound like they're spitting out sun rays. Then walk towards the Earth making a short-wave motion with your hand, as you walk past the CO2 molecule, tell the class that this shortwave, solar radiation the CO2 molecule is not capable of seeing. Have the CO2 molecule close his/her eyes. When you get to the Earth, have them absorb the shortwave solar radiation, and tell them to spit out a longer wave, less energetic bit of radiation in the infrared spectrum. Make larger, slower wave-like motions with your hands, and walk from the Earth back to the sun. When you reach the CO2 molecule, pound their fist, and tell them to vibrate. They should move their fists in and out from their body, or up and down. These are exactly the vibrational modes by which CO2 absorbs energy, and by which it contributes to the greenhouse effect. 


Then assume the posture of a CO2 molecule yourself, and stand on either side of your volunteer. Have the volunteer pound your fist, then you start vibrating, and they stop. Then you pound the Earth, and the Earth re-absorbs the energy that it originally spit out. Now go to the Sun side of the CO2 volunteer, tell them to vibrate, they pound your fist again, and then you pass that energy out into outer space. About half of all the energy absorbed will go back to outer space, and half will go back to Earth. This is how the greenhouse effect works. 


The Earth's temperature without the greenhouse effect would be -18oC = -0.4oF! The current average is 14oC = 57oF. 

Slide 9: Controls on Whole-Earth Climate

Of the 5 possible variables in Earth's heat budget, the only ones humans could ever hope to affect are the albedo of Earth's surface (we already have by chopping down forests, and paving vast tracts of land), and altering the concentrations of greenhouse gases in the atmosphere (we've done this too). 

Slide 10: Earth's Climate History

The main point of the next few slides is to make students aware that the Earth has been both much warmer and much colder than it is today. The climate today reflects a happy medium, or “Goldilocks” climate which is neither too hot nor too cold. Modern humans have always existed in this Goldilocks state. The next few slides will provide examples of just how different Earth's climate has been. 

Slide 11: Earth History and Evolution

This figure shows that though Earth has experienced both extreme heat and extreme cold, the cold is much rarer than the warm. The current Goldilocks state is therefore a fragile and special thing. (http://www.snowballearth.org/when.html)

Slide 12: Models of Snowball Earth

We know that there have been global glaciations in the past. Evidence of glaciers has been found within 10 degrees of the equator. However, we are not sure whether or not ice existed at the equator as well. This has led people to propose different models for a global glaciation. A Snowball Earth has ice even at the equator. A Slushball Earth has a band of still liquid water at the equator. The tropical oasis model has ice at the equator where there is land, but where there is no land, there is a “tropical oasis” of liquid water. 


This point is important because life needs liquid water to survive. Geologic evidence exists for life both before and after the global glaciation of 600-700 million years ago. How did life survive the global glaciation if the ocean was completely frozen everywhere? It is this logic that supports the slushball and ocean oasis models. 


Another important point here is that the Earth reaches a tipping point at which global glaciation becomes inevitable. Once ice sheets extend below about 30o latitude, the albedo is so high that the Earth can't absorb enough heat to keep them from going the last 30o very quickly. This is a so-called “runaway icehouse”, and it can only be overcome by a massive build-up of greenhouse gases in the atmosphere from the outgassing resulting from volcanoes which continue to be active. However, it apparently takes about a hundred million years for enough CO2 to build up in the atmosphere . . . 

(http://www.snowballearth.org/overview.html)

Slide 13: Hothouse

In contrast to snowball Earth is hothouse Earth. This state has similar tipping points, but obviously in the opposite direction. This slide emphasizes exactly how different it could be (Bice and Norris, 2002). I like to point out that "high latitudes" (second bullet point) include places like Alaska, and even though I live in San Diego, I would be lucky to have 68o water to surf in!

Slide 14: How Hot is a Hothouse?

This slide further emphasizes the point, with cold-blooded crocodiles surviving land now occupied by polar bears and eskimos and trees that look like they belong in the tropics on a island now covered by 3 km of ice. 

Slide 15: Enter Golilocks


On the left of this figure you see the slow increase of oxygen 18 isotopes (18O) relative to oxygen 16 isotopes (16O) in the shells of benthic forminifera for the last 65 million years (Zachos et al., 2001). Foraminifera (lovingly called "forams" by those that study them) are small animals that secrete a shell (called a "test") from the water around them. These tests are a very powerful tool used by paleoclimatologists. 


The actual values reported in the graph are reported as d18O (%o). What does this mean? d18O = [(18O/16O)sample/(18O/16O)standard - 1]*1000. In other words, d18O is the ratio between the isotopes of oxygen 18 and 16 in the sample divided by the same ratio in a standard times 1000. Because it is multiplied by 1000, it is not a percentage (i.e. "per" "cent" = "per" "hundred" in Latin), it is a "per mil", ("per"  "thousand" in Latin) and an extra zero is added to the typical symbol for a percentage (%o). This is done because it is easier to discuss and conceptualize full numbers instead of decimals, and it reflects the very low abundance of 18O (0.205% of all oxygen atoms on Earth) relative to 16O (99.757%) (webelements.com). 


Why do we care about  d18O? We care because the ratio in foram tests is affected by temperature and by ice volume. Just as you can probably throw a 16 lb weight a little bit further than an 18 lb weight, a foram can put a lighter 16O into its test little bit faster than an 18O atom. Since biological systems tend to move faster at higher temperatures, the weight advantage of the 16O over the 18O will become more pronounced than usual, and so the d18O changes, becoming less positive as temperatures increase. Similarly, it is easier to evaporate an 16O than an 18O, and so the clouds that transport water to the poles and deposit it as glaciers tend to be rich in 16O, leaving the ocean relatively rich in 18O the more ice there is.


With that background the important parts of this graph that I point out to classrooms are:

1. The Paleocene/Eocene Thermal Maximum 55 million years ago. This is the warmest period since the dinosaurs went extinct, and there were no ice sheets anywhere.

2. The temperature scale at the bottom that corresponds to seawater temperatures at the bottom of the ocean. For reference, today ocean bottom temperatures range from -2oC to 2oC. It is important to note that this scale is only relevant from 65 to 34 million years ago. At the Paleocene/Eocene Thermal Maximum, bottom temperatures were 10oC warmer than they are today!

3. The rapid decline at ~34 million years ago to start the Oligocene. This was caused by the build-up of the first continental ice sheets on Antarctica. This is the first time that there was of permanent ice anywhere on the planet (except perhaps for very high mountains)! [For the teacher, but not necessarily for students: As mentioned earlier, this ice was rich in the lighter 16O, which is why the temperature scale is only relevant up to 34 million years ago. Since larger ice sheets change the balance between 16O and 18O in the ocean, there are two factors affecting foram d18O (temperature and ice volume), so you can no longer say reflects temperature only. This is why in point 2 I said that the scale is only relevant until 34 million years ago.]

4. Greenland and North America had no ice sheets until only 3 million years ago. The current state of the climate was a long time in the making, is fragile, and is relatively recent. 

Slide 16: The Goldilocks Metronome

Zooming in on the last 5 million years. This figure shows how the last million years were timed by 100,000 year cycles (the eccentricity Milankovitch cycle), the 2 million years before that were timed by the obliquity cycle (41,000 years), and before that was a mix of precession (21,000 years) and some eccentricity (which also has a 400,000 year cycle). These data come from sediment cores, not ice cores. (Lisecki and Raymo, 2005) 

Slide 17: Position relative to sun (Milankovitch Cycles). 

This slide is simply to remind students of the Milankovitch Cycles. 

Slide 18: The Goldilocks Metronome

This figure reports data from analysis of the Vostok ice core in Antarctica (Petit et al., 1999). The temperature is derived from the relationship between deuterium isotopes and temperature, and the CO2 is derived from directly measuring the amount of CO2 present in tiny air bubbles preserved in the ice. 


When presenting, I like to first point out the axes, what they are, and in which direction the present is. The main point to get across is the "rapid" entry into an interglacial (warm period) which still takes ~5,000-8,000 years, and the long slow descent into a glacial period that takes closer to 50,000 years. It is also useful to point out that in the last 400,000 years, the highest concentration CO2 ever got to was 300 ppm, and the lowest it got to was 180 ppm. 

Slide 19: CO2 lead-lag

Climate denialists make hay out of the fact that in the close-up of the chart shown on the previous slide, the rise in temperature precedes the rise in CO2 by about 800 years. However, since climate at this time was being driven by Milankovitch cycles, this is to be expected. Of course temperature would have to rise first! But, once various feedbacks kick in, the CO2 concentration does rise, and its ability to absorb infrared radiation ends up accounting for about ½ of the total temperature increase. (http://www.realclimate.org/index.php/archives/2004/12/co2-in-ice-cores/; http://www.realclimate.org/index.php/archives/2007/04/the-lag-between-temp-and-co2/)

Slide 20: Goodbye Goldilocks

This slide simplifies and summarizes the processes that lead to runaway greenhouse and icehouse conditions that I have already gone over. 

Slide 21: Feedbacks and Ratchets

This slide defines the two terms. It's purpose is to point out that once things start warming, it triggers other processes that causes more warming. Like the albedo reaching a point where a snowball/slushball Earth is inevitable, the sum of the warming effects reaches a point where there is no stopping it. Some of the processes that can lead to a runaway greenhouse effect include: the water vapor feedback (water vapor is the strongest greenhouse gas, and warmer air holds more water), the solubility of CO2 in water (warmer water holds less CO2, so the ocean, which has been a sink up to now, could eventually become a source for CO2), and the potential for vast stores of methane in the continental shelves and in the tundra to be released at once in a “methane burp”. Rapid methane increases have been associated with rapid warming events in the past, such as a 10oC and 11oC increase over Greenland ~11,000 years ago (Petrenko et al., 2008). 


The other part of this is ratchets. These are levers that can only be pushed in one way, and then can not be undone. For example, it takes tens of thousands of years to grow an ice sheet, but much less time to melt that ice. Antarctica is a desert, since it receives less than 10 inches of precipitation a year. Yet, it has ice piled up 5 km thick. How long would it take to re-accumulate 5 km of ice in a desert? This is where our ice cores come from, and those cores go back 800,000 years. Therefore, it must take at least that long. Once we melt the ice sheets, there's no going back. 

Slide 22: Today's Exit?

This slide poses 3 simple questions. If we can answer these three questions, then we can convince ourselves that global warming is real, that it's happening, and that we are responsible. This also implies a moral obligation to act. 

Slide 23: GHGs do trap heat.

GHG = Greenhouse gas. Greenhouse gases work because they trap infrared radiation, the same thing that night vision goggles enable us to see. The man in the picture is John Tyndall, who first discovered that CO2 was a greenhouse gas in 1859 (NASA Earth Observatory , 2011). He did this by sticking some excess CO2 in a tube, shining light through the tube, reading a thermometer in the tube, and comparing this with a tube that had the atmospheric concentration of CO2 in it. The tube with the elevated CO2 had the higher temperature. I like to at this point comment ironically on how this is really difficult, cutting edge science that CO2 is a greenhouse gas. 


Point out that N2O is laughing gas, and is ~ 300x as strong as CO2, that methane is ~23x as strong as CO2, and that water is the strongest of these, but because it has such a short residence time in the atmosphere, we could never hop to control it except by how much of the other greenhouse gases are present. 

Slide 24: GHG concentrations are rising.

This is the Keeling curve (http://scrippsco2.ucsd.edu). Direct CO2 measurements from near the top of Mauna Loa in Hawaii on the windward side. This site was chosen because at the top of a mountain and in the middle of the Pacific Ocean, it will not be affected by local human activities, thus reflecting well-mixed air. The zig-zag in the pattern is due to the fact that there is more land in the northern hemisphere, and thus more plant matter. So, the CO2 drops in the Northern Hemisphere Spring and Summer when plants are photosynthesizing, and increases in the Northern Hemisphere Fall and Winter when leaves fall, and the plant matter is respired and re-released into the atmosphere. 

Slide 25: Are we causing it?

This is a figure from the Carbon Dioxide Information Analysis Center, which has served as the primary climate-change data and information analysis center of the U.S. Department of Energy (DOE) since 1982. It shows where they get their data from for each given time period, and it shows the different sources of CO2 and in what amounts (Carbon Dioxide Information Analysis Center, 2003).

Slide 26: Yeah, we're causing it. 

This slide (Sabine et al., 2004) answers the question asked in the previous slide. We have emitted 2x as much fossil CO2 as is needed to account for the rise in atmospheric CO2 from 280 ppm to 390 ppm. The other half has mostly been absorbed by the ocean, causing ocean acidification. The numbers justifying this claim are in the table on this slide. An explanation of the numbers in that table follows: 


All units are in petagrams carbon (Pg C). One petagram is equal to 1*10^15 grams. A positive number indicates a “source” of anthropogenic CO2 to the carbon cycle, whereas a negative number indicates a “sink”, or a final resting place for newly injected carbon. Adding sources and sinks together should equal zero. 


Note that values in rows (1), (2), (3), and (5) are actual measurements of the natural world, whereas rows (4) and (6) are calculated using the other numbers. It is also important to note that since this study was the first to directly measure the amount of anthropogenic CO2 that has been absorbed by the ocean, this was also the first time that rows (4) and (6) could be calculated, since it is currently not possible to measure them directly.  


Note that there are two columns, one from 1800 to 1994, and one from 1980 to 1999. Reporting two time periods highlights the recent acceleration in fossil fuel burning and the reversal in net forest degradation such that we are actually increasing global forest cover instead of decreasing it. 

(1) Emissions from fossil fuel and cement production: The source for these data is described in slide 25. It reflects the carbon dioxide emitted from all the fossil fuel burning and cement production by humans over the time period indicated in each of the two columns. It is a positive value because it is a “source” of CO2. 

(2) Storage in the atmosphere: This is the amount of fossil fuel and cement emissions that has been added to the atmosphere and stayed there. This was calculated by using a combination of direct measurements from the Keeling lab (after 1958, see slide 24) and by measurements from ice cores before 1958. Both methods are very accurate, as you can tell by the relatively low errors associated with these numbers. The difference in atmospheric ppm of CO2 was then converted into Pg C necessary to arrive at the new ppm. It is negative because it is a “sink”. 

(3) Uptake and storage in the ocean: This is the amount that has been dissolved into the ocean. CO2 dissolved into the ocean forms H2CO3 (carbonic acid), and is directly responsible for ocean acidification. This was calculated using a data set  of 9,618 hydrographic stations collected on 95 scientific cruises. Since CO2 from fossil sources has no radioactive 14C in it (because it is older than 57,000 years) it is distinct from natural carbon sources. Scientists can thus use the well-understood chemistry of carbon in the oceans (see the associated labs on Ocean Acidification for details) and the 14C deficit caused by addition of fossil carbon to calculate how much anthropogenic CO2 has been added to the ocean. This value is negative because it is a “sink” of CO2 from the active system.  

(4) Net terrestrial balance: This number is calculated from the equation 0 = (1) + (2) + (3) + (4). This equation simply adds up all sources and sinks of anthropogenic CO2, which must equal 0. To solve for (4), we subtract (1), (2), and (3) from both sides. This is the most generalized equation that will enable us to account for all the fossil fuels, and in fact Sabine et al., break down component (4) into two parts in points (5) and (6) (discussed below). Note as well that there are four terms corresponding to the 4 main reservoirs of carbon (see the lesson on the Carbon Cycle for details): The ocean, atmosphere, lithosphere, and biosphere. Here, “terrestrial balance” corresponds to “biosphere” since the terrestrial balance is accounted for largely by the felling or growing of forests. 


As you can see, from 1800 to 1994 the land was a source of CO2 (due to land use change; i.e. the replacement of forests with farms and cities) whereas from 1980 to 1999 the land was actually a sink, removing CO2 from the active carbon cycle and sequestering it. This largely reflects the re-forestation of North America, particularly the Northeast, as the paper mills have shut down and the forests that fed them have since been able to re-grow. This re-growth is apparently larger than the modern deforestation of rainforests. 

(5) Emissions from Land Use Change: This number is positive, thus indicating a source of CO2. It is an estimate arrived at by comparing the carbon storage with potential natural vegetation and in present-day land cover. Thus it is not a directly measured value, but modeled using smaller bits of data.  

(6) Terrestrial biosphere sink: This is a calculated value. It simply takes the calculated value from (4) and subtracts the calculated value from (5). 

Slide 27: Why does this class care?

Self-explanatory slide. 
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