Unit 2 Lecture Notes (2 Parts, 75-80 minutes total class time)
Learning goal 
Utilize systems thinking to examine how emissions and feedbacks within the climate system influence global equilibrium temperature.
Part 1. Forcings, feedbacks, and equilibrium (40-45 minute demonstration and discussion):

While collecting homework, begin class by following the In-class steps in the Demonstration Sheet. Be sure to set up and test the demonstration prior to class. 

Show the Unit 2 PowerPoint and use the following slide by slide notes to guide a discussion in your class as you wait for the mason jars to heat. 

Slide 1:  Ask students: what is going on with the mason jars? (Energy from the lamp is absorbed by the mason jars and this causes them to heat up.)

Slide 2: The science-y word to describe this is forcing. A forcing is a like a hammer. It is an external pressure that causes change. The jars are warming because we turned on the light. Make the analogy to the Sun forcing the Earth’s temperature. 

Does the Earth heat up indefinitely from the radiative forcing of the Sun? – No. What happens? It reaches equilibrium. What is equilibrium? What does it mean for a system to have an equilibrium temperature? The animated PowerPoint watched by students defines equilibrium as the point at which the energy in to a system is equal to the energy out of a system. The main point that students should come away with for today's lecture is that a system in equilibrium will not be warming up or cooling down.

Slide 3: What is the primary way that humans are forcing the climate? Emission of CO2 and other GHGs. The planet warms because we put up more GHGs. If you haven’t already, you may want to explain that there are many GHGs. The IPCC found carbon dioxide has by far the largest radiative forcing of all human activities (see Figure in Extra Slide 15). Other GHGs are commonly reported as carbon dioxide equivalents. 

How does the increase in GHGs affect the Earth's equilibrium temperature?
Students may have a variety of answers, and that's great. For setting up the module, make sure to focus in on the fact that we emit carbon pollution that changes the dynamics of the atmosphere and climate system. 

Slides 4: Reference back to the animated PowerPoint that they watched before class:
· Our model is based on an understanding of the principle of equilibrium:
· Sun’s Energy in = Earth’s Energy Out
· [image: ]
· [image: ]Where:
[image: ]
·                                        , Stefan-Boltzmann constant

·  = emissivity, a number between 0 and 1 that represents how readily energy is emitted as thermal radiation through the atmosphere. By absorbing and re-radiating energy, GHGs lower the emissivity of the atmosphere.
· Therefore, this equation says that as we add CO2 to the atmosphere, emissivity () goes down, and therefore global temperature (T) rises in order to maintain equilibrium with the solar energy coming into the Earth system.

Slide 5: The change in emissivity is a “thickening” of the atmosphere by GHGs and is represented by the additional layer on top of the bottom layer. It is a climate forcing because it reduces the energy out of the Earth system. 

Slide 6: Return attention to the jars and ask students: What did you predict about the jars at the start of class? Do you expect the black or white jar to get hotter? If they need prodding ask: On a hot day, do you want to wear a black or white shirt to stay cool? - The black jar gets hotter just like you get hotter on a hot day. Black absorbs more of the lamp’s heat/radiation. White reflects it. 

Slide 7: Science-word to describe this is albedo: White has a high albedo, and black has a low albedo. Albedo is a word used to describe the reflectivity of a material, and it is a number between 0 and 1. 
· Dark things with albedos near zero include (get them to guess some): oceans, forests, asphalt, etc.
· Light things with albedos near 1 include (again, get suggestions): ice/snow, deserts, clouds, etc.

Slide 8: Returning to the demo, ask students: what if, as white paper got hotter, it turned into a darker color? This is a feedback. 

While reminding students that they will be doing it on their own next, draw the feedback loop, be sure to emphasize that the first step in the loop is a temperature rise. This is what distinguishes it from a forcing. A forcing is responsible for the initial temperature rise (the first step in the feedback loop), and a feedback is the climate system’s response to that initial temperature rise. As you reach the end of the loop, you see that a temperature rise results in more temperature rise. Thus, this is a positive feedback.

Draw the analog from the darkening white paper to ice melting. What happens to the albedo of ice as it melts? Help the students to use systems thinking to explain the ice-albedo feedback. After your students have recognized that ice is white and open ocean is dark, you can run through this very quickly. In order to complete the ice-albedo feedback loop, multiple components (or spheres) of the Earth System have to interact (e.g., anthrosphere, atmosphere, cryosphere, hydrosphere). Spend some time discussing this image with your students – 10 minutes is about right. It is not possible to over-emphasize the distinction between climate forcings and climate feedback. Be sure to state it again (and many of your students will still not get it in the activity): A climate feedback is a response to a temperature change that creates an additional temperature change. 

Slide 9: What systems exist in this photo, and how do they interact to give rise to an ice-albedo feedback? These are the questions that the students are asked to answer in the feedbacks activity. If they are struggling to get started, point them to some obvious ones:
· systems: frozen ice and dark water, frozen snow and dark trees.
· man made structures release GHGs, pollutants (that may be dark!), change the albedo of the land surface.
· clouds block some of the sun, reducing the energy absorbed at the surface.

What “uncertainties” might exist that would make quantifying the ice-albedo feedback difficult, and would these uncertainties make for a stronger or weaker feedback? Be sure to clarify a definition of uncertainty here, because this word comes back in the feedbacks activity and again in the webDICE assignment introduced in Unit 3. Uncertainty doesn’t mean that we know nothing! It means that there are a range of answers that are acceptable based on the best available evidence. 
Examples I’d expect students to be able to generate:
· Difficult to know what the albedo of the ground under the ice will be. Will it be light or dark? This will affect the strength of the feedback. If it’s dark, then it’ll be a strong positive feedback. If it’s light, it’ll be a weak positive feedback.
· Difficult to know the exact cloud cover, so hard to know how quickly the ice will melt.
· Difficult to predict exactly when it’ll be warm enough to melt the ice. A warmer spring means an earlier ice melt and a stronger positive feedback (this is a good one to present to your students, because early spring melt is an impact of climate change that they might be aware of). Can add in the discussion of uncertainty here: Uncertainty doesn’t mean that we don’t know anything! Suppose the best guess is that this lake melts sometime between April 15 and May 15, with an average value around May 1. That is a best guess with a range of acceptable values that we can use to estimate the uncertainty in when this feedback will occur. 

Slide 10: Transition to small group activity to reinforce climate feedbacks. 

Part 2. Understanding Feedbacks Using Systems Thinking (30 minute In-class activity) 
[bookmark: _GoBack]This is a think-pair-share activity that encourages deeper understanding of forcings and feedbacks. Questions build from low-level memorization questions to higher level questions that ask the student to apply, analyze, and create their own feedbacks. Either distribute the Feedbacks Activity sheet, along with the Feedbacks Rubric (if you intend to grade their answers) or direct students to view/download them from the Student Materials page that accompanies the module. The activity is best done in groups of 2-3 and would also be suitable as homework assignment if there is not sufficient class time. 

Note that only one of the feedbacks in this activity (part (a)) describes a complete "loop." For the rest of the feedbacks, your students will have to think a little deeper to determine what a feedback loop will look like, and there is not a single "correct" answer. Be prepared to field these types of questions as your students work through the activity. See Feedbacks Activity Solutions worksheet for example answers.

Slide 11: With ~10 minutes remaining in class, bring the class together and return to finalize the mason jars demonstration: The black jar should be noticeably hotter. 
· In response to the forcing of turning on the light, the black and white jars both heat but they don’t heat indefinitely. They eventually reach equilibrium, when energy in = energy out. The equilibrium temperature of the black jar is higher than the equilibrium temperature of the white jar because the white jar has a high albedo.
· Connection to feedbacks: If the white jar were to turn black as it warmed, then the equilibrium temperature of the white jar would be the SAME warmer equilibrium temperature of the black jar! This change in albedo (reflectivity) from high to low is a positive feedback, because the response of the jar to the initial warming (from the forcing of the light), would be to change in a way that results in additional warming due to a change in albedo. 

Slide 12: Main conclusions students should take away from this Unit as building blocks for subsequent units is written on this slide: 
· Equilibrium climate sensitivity is the amount that the world will warm (i.e., a feedback) if we double carbon dioxide concentrations (a climate forcing) and then wait for the world to come back into equilibrium. 
· Climate sensitivity is presented as a range (i.e. has some uncertainty around it) because we don’t know exactly how all of Earth’s feedbacks work together to cause warming, 
· But we have a pretty good idea about what the number is because we do know quite a bit. Give your students the likely values of equilibrium climate sensitivity that they will need for the webDICE Assignment in Unit 3: the most likely value is 3.2C of warming for a doubling of CO2, and likely range is between 1.6C and 4.4C. (Note these are slightly different than IPCC estimates because the webDICE model only allows you to change climate sensitivity in increments of 0.2C.).
If it isn’t your style to present this slide, then you can delete it and say it instead while showing slide 14. But say it directly, and then say it again in Unit 3. You can also point out to students that these take home points are included in the Student Materials section for this Unit. The webDICE assignment in the next unit relies heavily on an understanding of the statement on this slide. 

Extra slides – Optional

Slide 14 shows visually that many feedbacks influence the global temperature. (Note: This slide is also used in the beginning of the Unit 3 powerpoint)

Slide 15: IPCC 2007 figure of human-induced radiative forcing showing carbon dioxide far exceeds others. 
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