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Introduction to the Earth and Space Science Course
By the time students enter high school, they are able to develop a sophisticated understanding of processes that shape the world around them. Earth science is a central part of CA NGSS and this document lays out a rigorous high school laboratory course that addresses the new standards. From the introduction to the High School Earth and Space Sciences (ESS) Standards in the NGSS (topic arrangement version):

Students in high school develop understanding of a wide range of topics in Earth and Space Science (ESS) that build upon science concepts from middle school through more advanced content, practice, and crosscutting themes. There are five ESS standard topics in high school: Space Systems, History of Earth, Earth’s Systems, Weather and Climate, and Human Sustainability. The content of the performance expectations are based on current community-based geoscience literacy efforts such as the Earth Science Literacy Principles (Wysession et al., 2012), and is presented with a greater emphasis on an Earth Systems Science approach. There are strong connections to mathematical practices of analyzing and interpreting data. The performance expectations strongly reflect the many societally relevant aspects of ESS (resources, hazards, environmental impacts) with an emphasis on using engineering and technology concepts to design solutions to challenges facing human society. While the performance expectations shown in high school ESS couple particular practices with specific disciplinary core ideas, instructional decisions should include use of many practices that lead to the performance expectations. (NGSS Lead States 2013)
The following section is meant to be a guide for how to approach the teaching of ESS in high school and is not meant to be an exhaustive list of what can be taught or how it should be taught. 

The emphasis within CA NGSS is on the processes that shape our Earth. These processes are best understood when thinking about the Earth as a “system of systems.” A system includes component parts, interactions between those parts, and exchanges of energy and matter to the world outside the system. Each of the following Earth systems is shaped by its own internal workings and its interactions with the other systems: 
· Atmosphere: our air

· Hydrosphere: all the water (sometimes ice is separated out into the cryosphere)

· Biosphere: all life

· Geosphere: inorganic rocks and minerals

· Anthrosphere: humanity and all of its creations

The CA NGSS has titled this discipline Earth and space sciences to emphasize that while Earth exists as a singular planet, its systems are strongly influenced by interactions with the broader Universe. 

While the disciplinary core ideas (DCIs) explore a range of interactions, the NGSS authors state that interactions between the anthrosphere and the other systems should always be a large part of the discussion:

“The performance expectations strongly reflect the many societally relevant aspects of ESS (resources, hazards, environmental impacts) with an emphasis on using engineering and technology concepts to design solutions to challenges facing human society.” (NGSS Lead States 2013)
Motivation for the sequence of this course

The CA NGSS DCIs for ESS are intentionally organized by scale and sequence: from the beginning of the Universe on towards the present, and from the inside of the Earth to the outside. While this sequence is an excellent framework for organizing the present-day state of knowledge about ESS, it does not fully reflect the process of scientific discovery. Nor is that sequence consistent with the stated emphasis to “design solutions to challenges facing human society (NGSS Lead States 2013).” While topics such as the origin of our universe inspire great curiosity, their solutions have less direct and tangible impact on human lives. A large focus of this course is on energy and climate issues. The course begins with a tangible and relevant example of a phenomenon that illustrates Earth’s interacting systems, the formation and extraction of fossil fuels such as oil and gas. That unit then motivates the study of climate change, the second unit, because it illustrates a direct cause and effect relationship between human activities and the natural climate system. Subsequent units explore other interactions within Earth’s systems and then revisit the issue of how climate change could impact those particular Earth systems. 

Despite this overall emphasis on the interaction between the Earth systems and humans today, the course ends with two units that discuss the Earth’s place in the Universe. These units address fundamental questions related to our origin and emphasize that the human desire to understand is also an essential part of scientific practice. 
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When adapting the CA NGSS to their classroom, Earth science teachers have great opportunities to make the subject matter regionally relevant. Coastal communities may wish to focus on different spheres of interaction than farming communities in the central Valley. Despite these regional differences, a large fraction of California’s students live in densely urban communities where ties to the natural environment are less apparent. When describing possible directions for meeting the Performance Expectations (PE), the framework makes efforts to identify directions that will be most relevant for urban youth and includes a specific unit to explore urban geoscience issues.

Model Course Mapping for Earth and Space Sciences 

A primary goal of this section is to provide an example of how to bundle the PEs into related groups that can form the basis for instruction units. There are eight units in this course, so each would correspond to about one month of classroom instruction in a traditional school calendar year. 

Within this document, an explicit description is provided of how each PE in a unit relates to one another. Ensuring that the scientific concepts smoothly transition from one to the next emphasizes the fact that these topics build on one another. This document cannot provide all the key background information or details about classroom procedures.

Table 1: Summary table for a model course in High School Earth and Space Sciences

	Unit 1:

Oil and Gas
	Performance Expectations Addressed 

	
	HS-ESS2-6, HS-ESS2-7

	
	Highlighted SEP
	Highlighted DCI
	Highlighted CCC

	
	· Developing and using models

· Engaging in an argument from evidence


	ESS2.A Earth Materials and Systems

ESS2.E Biogeology

ESS3.A Natural Resources
	· Energy and Matter: Flows, cycles, and conservation

	
	Summary of DCI

	
	Oil and gas are crucial resources that allow us to harness energy from ancient life, but we also unleash ancient carbon into our atmosphere.

	Unit 2:

Climate
	Performance Expectations Addressed

	
	HS-ESS2-2, HS-ESS2-4, HS-ESS2-6, HS-ESS3-2, HS-ESS3-5, HS-ESS3-6, HS-ETS1-1

	
	Highlighted SEP
	Highlighted DCI
	Highlighted CCC

	
	· Developing and using models

· Analyzing and interpreting data
	ESS2.A Earth Materials and Systems

ESS3.C Human Impacts on Earth Systems

ESS3.D Global Climate Change

ETS1.A Defining and Delimiting Engineering Problems
	· Systems and system models
· Energy and matter: Flows, cycles, and conservation
· Stability and Change
· Cause and effect

	
	Summary of DCI 

	
	Data reveal that carbon in our atmosphere has a big impact on global temperatures and climate. Humans, in turn, have a big impact on carbon in our atmosphere.


	Unit 3:

 Mountains, Valleys, and Coasts
	Performance Expectations Addressed

	
	HS-ESS2-1, HS-ESS2-5, HS-ESS3-1, HS-ESS3-5, HS-ETS1-3

	
	Highlighted SEP
	Highlighted DCI
	Highlighted CCC

	
	· Plan and conduct investigations

· Developing and using models


	ESS2.A Earth Materials and Systems

ESS2.C The Role of Water in Earth’s Surface Processes

ESS3.B Natural Hazards

ESS3.D Global Climate Change

ETS1.B Developing Possible Solutions
	· Stability and change

	
	Summary of DCI

	
	Water shapes and sculpts our landscapes. The process is sometimes thought of as slow and steady, but often occurs as catastrophic events when driving forces exceed resisting forces.

	Unit 4: 

Water and Farming
	Performance Expectations addressed

	
	HS-ESS2-5, HS-ESS3-1, HS-ESS3-3, HS-ESS3-5, HS-ETS1-1, HS-ETS1-4

	
	Highlighted SEP
	Highlighted DCI
	Highlighted CCC

	
	· Planning and carrying out investigations

· Analyzing & interpreting data


	ESS2.C: The Roles of Water in Earth’s Surface Processes
ESS3.A Natural Resources

ESS3.D Global Climate Change 

ETS1.A Defining and Delimiting Engineering Problems

ETS1.C Developing Possible Solutions 
	· Systems and systems models
· Cause and effect
· Stability and change


	
	Summary of DCI

	
	California depends on its precious water resources to sustain its people and its farms.




	Unit 5: 

Causes and effects of Earthquakes
	Performance Expectations Addressed

	
	HS-ESS1-5; HS-ESS2-1; HS-ESS2-3; HS-ESS3-1

	
	Highlighted SEP
	Highlighted DCI
	Highlighted CCC

	
	· Developing and using models

· Constructing explanations


	ESS2.A Earth Materials and Systems

ESS2.B Plate Tectonics and Large-Scale System Interactions
	Cause and Effect

	
	Summary of DCI

	
	Earthquakes and motion at the surface give clues to what goes on deep inside the Earth.

	Unit 6:
Urban geoscience
	Performance Expectations Addressed

	
	HS-ESS3-1; HS-ESS3-4; HS-ETS1-2; HS-ETS1-4

	
	Highlighted SEP
	Highlighted DCI
	Highlighted CCC

	
	· Defining problems (for engineering)

· Obtaining, evaluating, and using information


	ESS3.C Human Impacts on Earth Systems
ETS1.B Developing Possible Solutions
ETS1.C Optimizing Design Solutions
	· Structure and function

· Systems and system models



	
	Summary of DCI

	
	How do Earth’s natural systems influence our cities?
How do cities affect Earth’s natural systems?

The majority of California residents live in urban areas that were shaped by the natural environment. Our continued growth in these areas requires that we also think about how human activity in turn affects the natural environment.


	Unit 7:
Star Stuff

	Performance Expectations Addressed

	
	HS-ESS1-1;HS-ESS1-3 ; HS-ESS1-6

	
	Highlighted SEP
	Highlighted DCI
	Highlighted CCC

	
	· Developing and using models

· Constructing explanations


	ESS1.A The Universe and Its Stars

ESS1.C The History of Planet Earth 
	· Energy and Matter, Patterns

· Cause and effect

	
	Summary of DCI

	
	We are made of star-stuff and we depend on our closest star, the Sun, for all our energy. The light from stars tells us more about what they are and how they shine.

	Unit 8:
Motion in the Universe
	Performance Expectations Addressed

	
	HS-ESS1-2; HS-ESS1-4; HS-ESS1-6

	
	Highlighted SEP
	Highlighted DCI
	Highlighted CCC

	
	· Constructing explanations

· Using mathematics and computational thinking


	ESS1.A The Universe and Its Stars

ESS1.B Earth and the Solar System

ESS1.C The History of Planet Earth
	· Scale, proportion, & quantity

· Structure and function



	
	Summary of DCI

	
	The structure of objects in our Universe and the motions of all bodies within it are driven by the competition between the explosive force of the Big Bang and the attractive force of gravity.


Unit 1: Oil and Gas 
	Unit 1: Oil and Gas 

	Where do oil and gas come from?

What is the impact of driving cars and using other fossil fuels on the Earth system?

	Highlighted Crosscutting Concepts: 

· Energy and matter: Flows, cycles, and conservation

	Highlighted Science & Engineering Practices:

· Developing and using models
· Engaging in an argument from evidence 

	Students who demonstrate understanding can:

HS-ESS2-6. Develop a quantitative model to describe the cycling of carbon among the hydrosphere, atmosphere, geosphere, and biosphere.  [Clarification Statement: The carbon cycle is a property of the Earth system that arises from interactions among the hydrosphere, atmosphere, geosphere, and biosphere. Emphasis is on modeling biogeochemical cycles that include the cycling of carbon through the ocean, atmosphere, soil, and biosphere (including humans), providing the foundation for living organisms.]

HS-ESS2-7. Construct an argument based on evidence about the simultaneous coevolution of Earth’s systems and life on Earth. [Clarification Statement: Emphasis is on the dynamic causes, effects, and feedbacks between the biosphere and Earth’s other systems, whereby geoscience factors control the evolution of life, which in turn continuously alters Earth’s surface. Examples include: how photosynthetic life altered the atmosphere through the production of oxygen, which in turn increased weathering rates and allowed for the evolution of animal life; how microbial life on land increased the formation of soil, which in turn allowed for the evolution of land plants; or how the evolution of corals created reefs that altered patterns of erosion and deposition along coastlines and provided habitats for the evolution of new life forms.] [Assessment Boundary: Assessment does not include a comprehensive understanding of the mechanisms of how the biosphere interacts with all of Earth’s other systems.]

	Significant Connections to California’s Environmental Principles and Concepts

Principle III Natural systems proceed through cycles that humans depend upon, benefit from and can alter.


Background for Teachers and Instructional Suggestions

Without energy, California’s transportation and commerce would come to a screeching halt. More than half of our electricity and almost all of our transportation is currently provided by fossil fuels. California holds about 10% of all the proven oil reserves in the US and is currently the third largest oil producing state in the country. This unit begins to explore where those fuels came from and the effects that extracting and burning them have on our global climate (Mojzsis 2001).
 
Understanding the importance of fossil fuels begins with an understanding of the interactions among life, the atmosphere, and rocks over geologic time (ESS2.A, ESS2.E). When asked what the Earth might have looked like 4.6 billion years ago when it first formed, students’ images might be informed by prior knowledge that may include non-scientific sources that may not be consistent with the scientific understanding that Earth was lifeless. Teachers may need to explicitly discuss students’ existing ideas and their sources before beginning instruction. When Earth first formed, its interior was still very hot and its interior rapidly convected (ties to HS-ESS2-3). This rapid convection caused many volcanoes to form in Earth’s early history. When they erupted, they released large amounts of gas that caused a buildup of CO2 in our early atmosphere. Around 3.4 billion years ago, organisms evolved that could perform photosynthesis, which converts CO2 into oxygen. This marked the beginning of life’s interaction with the global carbon cycle, an example of Earth’s interacting system of systems (biosphere interacts with atmosphere). The CA NGSS call for students to use evidence like the graph below and their understanding of photosynthesis (LS 2.B) to construct an argument that life has been an important influence on other components of the Earth system (HS-ESS2-7). 
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Figure 1. Concentration of CO2 and O2 in Earth’s atmosphere over its history. Dramatic changes happened as plants used CO2 to grow their biomass and released O2 during photosynthesis. Image credit: (CC-BY-NC-SA) by M. d’Alessio, based on data from Holland, 2006.

       The exchange of carbon between the atmosphere and the biosphere is just one of many important interactions between Earth’s systems that involve the movement of carbon (CA EP&C Principle III). In fact, one of the few additions that California made in adopting the Next Generation Science Standards was to add this sentence to the Clarification Statement for Performance Expectation HS-ESS2-6: “The carbon cycle is a property of the Earth system that arises from interactions among the hydrosphere, atmosphere, geosphere, and biosphere.” Students are already familiar with cycles of matter within a system (both crosscutting concepts and a disciplinary core idea from ESS2.A) from the middle school investigation of the water cycle (5-LS2-1, MS-ESS2-4). Scientists track the movement of carbon atoms through the carbon cycle much like they track the movement of water molecules through the water cycle. In both cases, scientists think about the cycle of matter within a closed system because at this point in Earth’s history, very little water or carbon leaves the planet or arrives from space. We simply need to track the movement of the matter that is already here.

In the CA NGSS, students must develop a quantitative model of the carbon cycle (HS-ESS2-6), which needs to include knowledge of:

1. Places where carbon accumulates within the Earth system (called ‘reservoirs’, reminiscent of the storage of water in the water cycle);

2. Processes by which carbon can be exchanged within and between reservoirs (called ‘flows’);

3. The relative importance of these processes and reservoirs based on the amount of carbon they hold or transfer.
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Figure 2. Carbon cycle. Image credit: Figure from http://d3tt741pwxqwm0.cloudfront.net/WGBH/pcep14/pcep14_int_co2cycle/index.html (used by permission from Art Sussman).
Various representations exist for the carbon cycle, including simple pictures like Figure 2. Interactive animations
, hands-on experiments
, and kinesthetic activities build on the static illustrations to help students develop conceptual models of the reservoirs and processes by which carbon is exchanged between these reservoirs. For example, students can conduct a simple investigation that models the flow of CO2 by adding a pH indicator in water. As a plant grows, a candle burns, or a person exhales through a straw into the water, the pH changes as CO2 interacts with the water to form carbonic acid. This same chemical reaction (PS1.B) happens at the global scale with interactions between the atmosphere and the hydrosphere, making Earth’s oceans one of the biggest reservoirs of carbon on the planet (see 
Table 1
 for the relative sizes of different reservoirs). Students should be able to explain how the concentration of CO2 in the atmosphere affects the rate of the chemical reaction in HS-PS1-5 and the final concentration of acid in the ocean is an example of a system in equilibrium as is explored in HS-PS1-6. Because the system is near equilibrium, massive amounts of carbon (~80 Gt) are absorbed into the ocean while massive amounts are also released back to the atmosphere. These opposite flows nearly balance out, but currently the ocean is absorbing about 2.5 Gt/yr more carbon from the atmosphere than it releases back, causing the ocean to become more acidic. An acidic ocean can cause major damage to plankton (that form the base of ocean food webs, LS2.A, LS2.B) and coral reefs (which host a large portion of the ocean’s biodiversity), both of which have broad ramifications for life in the sea (LS3.C). Scientists use complex computer models to calculate the expected changes in ocean chemistry based on different human activities. The CA NGSS call for students to use simple computer representations of models like these to illustrate the relationships between different Earth systems (HS-ESS3-6).  

Table 1. Carbon reservoirs and atmospheric flows

	CARBON RESERVOIRS AND ATMOSPHERE FLOWS

	RESERVOIR
	FORM OF CARBON
	AMOUNT IN RESERVOIR
	FLOW RATE WITH ATMOSPHERE

	Atmosphere
	Mainly carbon dioxide (gas)
	840 Gt
	Greenhouse gases are increasing due to human activities.

	Biomass (biosphere)
	Sugar, protein, etc. (solid, liquid)
	2,500 Gt (mostly in plants and soil)
	About 120 Gt per year into and out of air. Currently absorbing about 2.5 Gt per year.

	Ocean (hydrosphere)
	Mostly dissolved bicarbonate salts
	41,000 Gt


	About 80 Gt per year into and out of air. Currently absorbing about 2.5 Gt per year.

	Sedimentary rocks (geosphere)
	Carbonate minerals (solid)


	60,000,000 Gt


	Negligible annually but important over very long time scales.

	Fossil Fuels (geosphere/

anthrosphere)
	Methane (gas) Petroleum (liquid) Coal (solid)


	10,000 Gt


	About 9 Gt/year into atmosphere, mostly from burning as fuels for energy.

	Units are Gigatons (Gt) of carbon. 1 Gt = 1 billion tons



Table 1
 also reveals that the single largest reservoir of carbon is not in the air or water, but in rocks. How does it get there? When students learn about the chemical composition of life (LS1.C), they are able to explain why carbon is so important for so many of life’s systems (HS-LS1-6). Living and decomposing organisms are therefore a large reservoir of carbon. When those organisms die, the carbon they have stored in their bodies can accumulate in layers that get buried over geologic time. Heat and pressure, caused by burial, speed up chemical reactions that slowly reorganize the carbon and other elements into new, easily combustible molecules that we call fossil fuels, including oil (petroleum) and natural gas (including methane). To ensure that students see the connection between past life and oil formation, students could draw the stages of oil formation to summarize an article presented written or orally (The National Energy Education Development Project 2012, 13, 57). Extracting oil and gas from deep within the Earth and burning it allows us to harness energy that was collected by ancient plants and animals millions of years ago but has been stored as potential chemical energy in materials trapped underground for millions of years. These materials are very valuable for generating electricity, fueling our vehicles, and generally enabling modern society to thrive. Unfortunately, they only form very slowly and under specific conditions and are therefore considered ‘non-renewable’ because we consume them faster than they form. Access to them occurs in specific places on Earth, and California has large deposits of these fossil fuels.

In the process of releasing energy, burning fossil fuels also releases carbon into today’s atmosphere that had been removed from the atmosphere by ancient plants and animals and trapped underground for millions of years. The release of carbon occurs when CO2 forms during combustion, which is one of the reaction types that students should be able to explain in HS-PS1-2. Students’ quantitative models of the carbon cycle must therefore include some measures of this human impact and its relative contribution to the planet’s overall carbon budget. Human activities are, as of 2014, adding about 10 gigatons of carbon per year to the atmosphere, primarily from burning of fossil fuels. This means that our anthrosphere is adding more net carbon to the atmosphere than any of the other Earth systems. Humans annually emit roughly 135 times more carbon than volcanoes, which originally supplied Earth’s early atmosphere with a rich concentration of CO2 (Gerlach 2011). Students will build on this understanding of both the natural cycling of carbon and their own impact on the carbon cycle in the next unit about global climate.

Unit 2: Climate

	Unit 2: Climate

	What regulates weather and climate?

What effects are humans having on the climate?

	Highlighted Crosscutting Concepts: 
· Systems and system models
· Energy and matter: Flows, cycles, and conservation
· Stability and Change
· Cause and effect

	Highlighted Science & Engineering Practices: 
· Developing and using models
· Analyzing and interpreting data

	Students who demonstrate understanding can:

HS-ESS2-2. Analyze geoscience data to make the claim that one change to Earth's surface can create feedbacks that cause changes to other Earth systems. [Clarification Statement: Examples should include climate feedbacks, such as how an increase in greenhouse gases causes a rise in global temperatures that melts glacial ice, which reduces the amount of sunlight reflected from Earth’s surface, increasing surface temperatures and further reducing the amount of ice. Examples could also be taken from other system interactions, such as how the loss of ground vegetation causes an increase in water runoff and soil erosion; how dammed rivers increase groundwater recharge, decrease sediment transport, and increase coastal erosion; or how the loss of wetlands causes a decrease in local humidity that further reduces the wetland extent.] 

HS-ESS2-4. Use a model to describe how variations in the flow of energy into and out of Earth’s systems result in changes in climate. [Clarification Statement: Examples of the causes of climate change differ by timescale, over 1-10 years: large volcanic eruption, ocean circulation; 10-100s of years: changes in human activity, ocean circulation, solar output; 10-100s of thousands of years: changes to Earth's orbit and the orientation of its axis; and 10-100s of millions of years: long-term changes in atmospheric composition.] [Assessment Boundary: Assessment of the results of changes in climate is limited to changes in surface temperatures, precipitation patterns, glacial ice volumes, sea levels, and biosphere distribution.] 

HS-ESS2-6. Develop a quantitative model to describe the cycling of carbon among the hydrosphere, atmosphere, geosphere, and biosphere.  [Clarification Statement: The carbon cycle is a property of the Earth system that arises from interactions among the hydrosphere, atmosphere, geosphere, and biosphere. Emphasis is on modeling biogeochemical cycles that include the cycling of carbon through the ocean, atmosphere, soil, and biosphere (including humans), providing the foundation for living organisms.]

HS-ESS3-2. Evaluate competing design solutions for developing, managing, and utilizing energy and mineral resources based on cost-benefit ratios.*  [Clarification Statement: Emphasis is on the conservation, recycling, and reuse of resources (such as minerals and metals) where possible, and on minimizing impacts where it is not. Examples include developing best practices for agricultural soil use, mining (for coal, tar sands, and oil shales), and pumping (for petroleum and natural gas). Science knowledge indicates what can happen in natural systems—not what should happen.] 

HS-ESS3-5. Analyze geoscience data and the results from global climate models to make an evidence-based forecast of the current rate of global or regional climate change and associated future impacts to Earth systems.

HS-ESS3-6. Use a computational representation to illustrate the relationships among Earth systems and how those relationships are being modified due to human activity.* [Clarification Statement: Examples of Earth systems to be considered are the hydrosphere, atmosphere, cryosphere, geosphere, and/or biosphere. An example of the far-reaching impacts from a human activity is how an increase in atmospheric carbon dioxide results in an increase in photosynthetic biomass on land and an increase in ocean acidification, with resulting impacts on sea organism health and marine populations.] [Assessment Boundary: Assessment does not include running computational representations but is limited to using the published results of scientific computational models.] 

HS-ETS1-1. Analyze a major global challenge to specify qualitative and quantitative criteria and constraints for solutions that account for societal needs and wants.
* This performance expectation integrates traditional science content with engineering through a practice or disciplinary core idea.



	Significant Connections to California’s Environmental Principles and Concepts

Principle III Natural systems proceed through cycles that humans depend upon, benefit from and can alter.

Principle IV The exchange of matter between natural systems and human societies affects the long term functioning of both.


Background for Teachers and Instructional Suggestions

The topic of global climate change offers an excellent opportunity to explore the concept of planet Earth as a system (ESS2.A), and to apply science and engineering practices to a very important and highly visible societal issue. While the details of global climate change can be very complex and technical, the underlying science has been known for a long time and is quite understandable. The main ideas relate to:

· the flows of energy into, within and out of the Earth system;

· Earth’s cycles of matter, especially the carbon cycle; and

· the effects of human activities, especially the combustion of fossil fuels.
The PEs in this unit build on significant work on DCIs related to weather and climate (ESS2.D) in the middle school standards where students learned that ocean and atmospheric currents are the equivalent of Earth’s circulation system, transferring heat from the warm equator towards the cooler poles and bringing the planet closer to thermal balance (MS-ESS3-4). Students have also learned about the role that moving air masses play in determining short term weather (MS-ESS2-5). They have been introduced to climate change and that global average temperatures have risen in the last century and have investigated possible causes (MS-ESS2-6). In this unit, they must delve into a more sophisticated understanding of Earth’s energy balance and its relationship to the global carbon cycle. 

The crosscutting concept of systems is crucial to understanding Earth’s climate. When scientists think about a system, they need to consider the energy and matter that flow into or out of the system, as well as the inner workings of the system. In some systems, it is hard to decide where to draw the boundaries between what is considered ‘inside the system’ and what is considered outside, but Earth’s climate does not present such a challenge if we consider the entire planet as a system. Earth is somewhat isolated out in space, with relatively little matter entering or leaving the planet. Energy, however, flows into and out of the Earth as shown in Figure 3.
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Figure 3. Energy flow in the Earth system, an illustration of a systems model. Image credit: (Figure by A. Sussman)

Students can make a conceptual model of Earth’s energy budget by thinking about it like a family’s budget and bank account where money flows in, is saved, and can flow out. Solar radiation represents the income. Earth’s global average temperature measures the amount of heat stored internally in Earth’s system and so it is like the account balance, and energy radiates out into space much like a family spending money. As long as the income matches the expenses, the account balance remains steady. Cutting back on spending causes the account balance to increase. 

Earth’s energy input comes almost entirely from the Sun. While there is a small amount of radioactive decay within Earth’s interior that generates heat, the flow of solar energy to Earth’s surface is about 4,000 times greater than the flow of energy from Earth’s interior to its surface. Relatively small changes in the solar input can result in an Ice Age or the melting of all of Earth’s ice, much like an unexpected raise at work can quickly grow a family’s savings account balance. That growth in savings is often temporary for people because they modify their lifestyle and start spending faster, causing their account balance to stabilize at a new, slightly higher level. Planets do the same thing.

Most of the sunlight that reaches Earth is absorbed and is transformed to thermal energy. If there were no atmosphere to hold that energy, it would radiate right back out into space as infrared radiation, much like a family without a bank account is likely to spend money as fast as it is earned and keep little in reserve. Gases in the atmosphere, such as CO2, absorb infrared energy heading into space and cause it to remain within the Earth’s system for a longer period of time. Because these gases have the same effect as a greenhouse where heat is trapped inside the system, gases like CO2 are referred to as ‘greenhouse gases.’ Calculations by scientists show that if Earth had no greenhouse gases, its surface temperature would be near 0°F (or -18°C) instead of its current value of much warmer 59°F (15°C). The energy coming into the Earth is still balanced almost exactly by what is leaving the planet but there is a enough heat trapped in the system to allow life to thrive (like a family that still spends exactly as much as it earns so that its bank account neither shrinks nor grows, but it keeps a stable cushion of savings). 

By increasing the amount of greenhouse gases in the atmosphere, human activities are increasing the greenhouse effect and warming Earth’s climate. In a given year, less energy leaves Earth than arrives and the “account balance” is increasing like a pennywise family that is able to build up its savings. On Earth, the overall average temperature is rising due to greenhouse gases.

While having a lot of money in a savings account is good, accumulating extra heat within the Earth system may not be. At the risk of extending the bank account analogy too far, the situation is like a family that wins the lottery and starts fighting amongst themselves deciding how to spend it. The changes to the relationships within the family can be disastrous. Like families, systems have complicated inner workings. While the greenhouse effect seems like a simple cause and effect relationship viewed from outside the system, interactions within Earth’s system of systems can often give rise to more complicated chains of cause and effect referred to as feedbacks. Climate scientists are particularly concerned about feedback effects that could increase the amount and rate of global climate change. One example is that warming is clearly reducing the amount of ice on our planet. Glaciers around the world are shrinking in size and even disappearing. The amount of ice covering the ocean in summer and fall is also shrinking. As the ice melts, the surface beneath it is darker in color and absorbs more incoming sunlight. More absorption causes more heating, and more heating then causes even more absorption of sunlight. This kind of feedback loop amplifies or reinforces the change, and the distinction between ‘cause’ and ‘effect’ begins to blur as each effect causes more change. The clarification statements in CA NGSS and many scientists use the term ‘positive feedback’, but this term should be replaced because it leads to confusion, as many reinforcing feedbacks have very negative outcomes.
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Figure 4. A reinforcing (‘positive’) feedback in Earth's climate system. As the planet warms, more ice will melt, which will expose darker ground surfaces that absorb more sunlight, which will in turn make temperatures rise even more. Image credit: (CC-BY-NC-SA) by M. d’Alessio, based on a draft by A. Sussman

A different kind of feedback loop reduces the amount of change. For example, warmer temperatures cause more water to evaporate which enables more clouds to form. Since clouds reflect sunlight back into space, more clouds cause more incoming solar energy to be reflected before it has a chance to be absorbed by the planet. This causes decreasing global temperatures. More warming could cause more reflection, which would then lead to less warming again. This kind of feedback balances out changes. 
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Figure 5. Counter-balancing (‘negative’) feedback. Global warming may increase the amount of clouds. These clouds could reflect more sunlight, thereby causing temperatures to decrease. Temperatures stabilize as when an air conditioner turns on and off to control the temperature in a climate controlled house. Image credit: (CC-BY-NC-SA) by M. d’Alessio based on a draft by A. Sussman

Scientists discover these complicated interactions between different components of Earth’s systems by looking for trends and patterns in climate data. The CA NGSS have a strong emphasis on data analysis, especially in the sections related to weather and climate:

“An important aspect of Earth and space science involves making inferences about events in Earth’s history based on a data record that is increasingly incomplete that farther you go back in time…. Students can understand the analysis and interpretation of different kinds of geoscience data allow students to construct explanations for the many factors that drive climate change over a wide range of time scales.” (NGSS Lead States 2013)

Some of the strongest evidence about our changing climate comes from ice core records. As snow accumulates over time in glaciers around the globe, it traps both the water that recently fell as precipitation and air bubbles. These air bubbles can act as tiny time capsules that allow scientists to study actual samples of the ancient atmosphere. Since the snow and ice buildup seasonally, the timing of each layer of ice and its trapped air bubbles can be counted like tree rings. Scientists make detailed chemical analyses of the water to reconstruct the global average temperature. Details of how this isotopic analysis provides a proxy for global temperature is beyond the scope of high school performance expectations, but is a fascinating example of physics, chemistry, and earth science working together.
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Figure 6. Temperature and carbon dioxide

The temperature record from the last half million years reveals some dramatic patterns as temperatures go up and down with a periodicity of about 100,000 years, each low temperature an ice age (National Oceanic and Atmospheric Administration 2015). When students examine such data, they should be able to ask questions about which parts of the climate system might have caused these changes. If students compare temperature reconstructions with reconstructions of the amount of energy received from the Sun (which varies as the Earth’s orbit wobbles and the Sun’s energy output changes cyclically over time), they will discover that the data sets have a similar pattern: many warm periods in the ice core data correspond to periods of higher solar energy input. This seems quite reasonable because the Sun’s input should influence our temperature. However, there are also time intervals where the Earth was hot that do not correspond to high solar energy. The pattern in the history of the concentration of CO2 in Earth’s atmosphere and temperatures is very similar; the two are highly correlated. This correlation is a key piece of evidence that CO2 also plays a role in affecting Earth’s temperature. In a classroom, this correlation can motivate a discussion of Earth’s energy budget and the greenhouse effect. 

	Earth and Space Science (4 Course Model) Snapshot: "Dear Editor," evaluating climate change graphs



	Earlier in the year, Ms. Q had her students read about how to evaluate the scientific arguments made in media sources using a checklist called the Science Toolkit from the UC Museum of Paleontology (http://undsci.berkeley.edu/article/sciencetoolkit_01). She now has them read two Internet articles with radically different headlines that each use a graph of global temperature as evidence. Students work in pairs to evaluate the two articles based on the criteria outlined in the Science Toolkit. Walking around the room, Fernando asks her about the sources: "this article is from NASA, but what is the Daily Mail? Who wrote it?" She encourages him to do a quick Internet search about the newspaper's editorial board. A bit later, Cynthia mentions that both articles use graphs, "but they look totally different." 



	Global warming stopped 16 years ago, reveals Met Office report quietly released... and here is the chart to prove it

Long-Term Global Warming Trend Continues
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	Ms. Q then asks the whole class to discuss the graphs and construct an argument about which graph contains stronger evidence. Ali notices that one graph includes a much longer span of time, "and climate is supposed to be a long term thing." Jenni says, "this graph has four lines from scientists all over the world that all show the same ups and downs. That shows science is repeatable, and I like that." To conclude the lesson, students write letters to the editor in response to the Daily Mail article articulating their argument. 



	Connections to the CA NGSS:

Science and engineering practices
Disciplinary core ideas
Cross cutting concepts
Obtaining and evaluating information; Engaging in argument from evidence
ESS3.D Global Climate Change (analyzing geoscience data about the rate of climate change is part of HS-ESS3-5)
Scale (timescales of the graphs)


	Connections to the CA CCSSM: MP. 1, MP. 2, MP. 3

	Connections to CA CCSS for ELA/Literacy: WHST.9-10.4, WHST.9-10.6, WHST.9-10.9, WHST.9-10.10, RST.9-10.1, RST.9-10.7, RST.9-10.9.

	Connection to CA ELD Standards : ELD.PI.9-10.1.Ex, ELD.PI.9-10.2.Ex, ELD.PI.9-10.3.Ex, ELD.PI.9-10.6a-b.Ex, ELD.PI.9-10.11a.Ex, ELD.PII.9-10.1.Ex

	Connections to the CA EP & Cs: 
Principle II (Ecosystems are influenced by human societies)


In the CA NGSS, students combine their general understanding with computational thinking by using simple computer simulations
 to model the flow of energy into and out of the Earth and the role that CO2 and other greenhouse gases play in that process (HS-ESS2-4).  Scientists use simulators of Earth’s climate called global climate models (GCM’s) that are much more detailed and include many other processes and interactions between Earth systems. The assessment boundary of HS-ESS3-6 states that students should not be required to run their own models, though simplified versions of GCM’s exist for educational purposes
. The advantage of these models is that they enable students to turn on and off different parts of the Earth system to see how they affect the climate. For example, students can compare a model of the Earth without the biosphere to a model that includes the biosphere. As CO2 increases in the atmosphere, plant growth flourishes and decreases the impact of global warming. This is an example of a counter-balancing feedback. Comparing a model that allows ice to melt with one in which ice is not allowed to melt reveals the reinforcing feedback shown in Figure 4. Examining the predictions of computer models is another form of analyzing and interpreting data and can help build on students’ mental models of the climate system. Models, as defined in the CA NGSS, represent a system that allows for predicting outcomes, so the output of a computational model can sometimes be more useful at anticipating the future than simply examining historical data. Ultimately, students need to be able to communicate their mental model by describing specific feedbacks in the Earth system using an argument (HS-ESS2-2). In a classroom, different student teams could examine different elements of the Earth system using teacher-provided results of model runs or creating their own with educational GCM’s. They could then compile brief reports to share with their classmates about the effects of these different processes on global climate. 

Another crucial observation about Earth’s climate is that the concentration of CO2 and other greenhouse gases in our atmosphere has been growing steadily since the dawn of the industrial era. Students should be able to make connections to the previous unit and know that the vast majority of this increase comes from humans’ extraction and combustion of fossil fuels. GCMs allow scientists and students to see how the climate is expected to change as greenhouse gases trap more energy in the atmosphere. Because of the linkages between different components of Earth’s systems, the impacts extend to all of Earth’s systems (Figure 7 shows an example of a few of these linkages). In a classroom, different student groups could obtain information from library and internet resources to construct a report on the impact predicted for different parts of the world so that the class as a whole could create a product to share with the rest of their school that summarizes the global impacts (HS-ESS3-6). 

The rest of the units in this course investigate different Earth systems and their interactions. By placing climate change early in the course, teachers can use climate impacts in California as a common thread that highlights the interdependence of Earth’s systems (ESS2.A). This document describes specific climate impacts in each of the subsequent units. 
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Figure 7. One example of how humans affect the climate, which impacts all parts of Earth's systems. Image credit: (Figure by A. Sussman)

Engineering Connection: Evaluating Renewable Energy Options
Ultimately, any discussion of climate change should also begin to explore technological solutions that could reduce emissions of greenhouse gases. In a classroom, students can calculate their own carbon footprint to further understand how they contribute to the human impacts on the global carbon cycle. They can explore renewable energy options and debate the pros and cons of each possible energy source for meeting society’s needs
 (HS-ESS3-2, HS-ETS1-1). They can complete the project by creating another summary product for their school that documents some steps that individuals could take to reduce their impact on the climate system, or recommend broader actions that their school and community could take that will have an even larger impact.  

Unit 3: Mountains, Valleys, and Coasts

	Unit 3: Mountains, Valleys, and Coasts

	How did California’s landscape get to look the way it does today?

What forces shape the Earth’s surface?

How do those processes affect humans?

	Highlighted Crosscutting Concepts:
· Stability and change

	Highlighted Science & Engineering Practices:
· Planning and carrying out investigations
· Developing and using models

	Students who demonstrate understanding can:

HS-ESS2-1. Develop a model to illustrate how Earth’s internal and surface processes operate at different spatial and temporal scales to form continental and ocean-floor features. [Clarification Statement:  Emphasis is on how the appearance of land features (such as mountains, valleys, and plateaus) and sea-floor features (such as trenches, ridges, and seamounts) are a result of both constructive forces (such as volcanism, tectonic uplift, and orogeny) and destructive mechanisms (such as weathering, mass wasting, and coastal erosion).] [Assessment Boundary:  Assessment does not include memorization of the details of the formation of specific geographic features of Earth’s surface.]

HS-ESS2-5. Plan and conduct an investigation of the properties of water and its effects on Earth materials and surface processes. Clarification Statement:  Emphasis is on mechanical and chemical investigations with water and a variety of solid materials to provide the evidence for connections between the hydrologic cycle and system interactions commonly known as the rock cycle. Examples of mechanical investigations include stream transportation and deposition using a stream table, erosion using variations in soil moisture content, or frost wedging by the expansion of water as it freezes. Examples of chemical investigations include chemical weathering and recrystallization (by testing the solubility of different materials) or melt generation (by examining how water lowers the melting temperature of most solids).]

HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural resources, occurrence of natural hazards, and changes in climate have influenced human activity. [Clarification Statement:  Examples of key natural resources include access to fresh water (such as rivers, lakes, and groundwater), regions of fertile soils such as river deltas, and high concentrations of minerals and fossil fuels. Examples of natural hazards can be from interior processes (such as volcanic eruptions and earthquakes), surface processes (such as tsunamis, mass wasting and soil erosion), and severe weather (such as hurricanes, floods, and droughts). Examples of the results of changes in climate that can affect populations or drive mass migrations include changes to sea level, regional patterns of temperature and precipitation, and the types of crops and livestock that can be raised.]   
HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria and trade-offs that account for a range of constraints, including cost, safety, reliability, and aesthetics as well as possible social, cultural, and environmental impacts.

HS-ESS3-4. Evaluate or refine a technological solution that reduces impacts of human activities on natural systems.* [Clarification Statement: Examples of data on the impacts of human activities could include the quantities and types of pollutants released, changes to biomass and species diversity, or areal changes in land surface use (such as for urban development, agriculture and livestock, or surface mining). Examples for limiting future impacts could range from local efforts (such as reducing, reusing, and recycling resources) to large-scale geoengineering design solutions (such as altering global temperatures by making large changes to the atmosphere or ocean).]

HS-ESS3-5. Analyze geoscience data and the results from global climate models to make an evidence-based forecast of the current rate of global or regional climate change and associated future impacts to Earth systems.  [Clarification Statement: Examples of evidence, for both data and climate model outputs, are for climate changes (such as precipitation and temperature) and their associated impacts (such as on sea level, glacial ice volumes, or atmosphere and ocean composition).] [Assessment Boundary:  Assessment is limited to one example of a climate change and its associated impacts.]

HS-ETS1-3. Evaluate a solution to a complex real-world problem based on prioritized criteria and trade-offs that account for a range of constraints, including cost, safety, reliability, and aesthetics, as well as possible social, cultural, and environmental impacts. 
* This performance expectation integrates traditional science content with engineering through a practice or disciplinary core idea.

	Significant Connections to California’s Environmental Principles and Concepts:

Principle V Decisions affecting resources and natural systems are based on a wide range of considerations and decision-making processes.


Background for Teachers and Instructional Suggestions
Earth scientists look out on a landscape and ask questions about the processes that shaped it and the specific sequence of events in the past when those processes occurred. Scientists plan and carry out investigations to answer those questions, but investigations in Earth and space science cannot always take the same experimental form with the testing of hypotheses as they might in analytical chemistry or experimental physics. Many Earth processes take millions of years and cover thousands of miles of area which is too big and too slow to reproduce in a lab. Geologists often refer to the Earth as their ‘natural laboratory’, but they are only permitted to look at the final result of its ancient experiments, or Earth’s present-day landscape. Investigations in Earth science often begin with careful observations of what the Earth looks like today and then try to reproduce similar features in small-scale laboratory experiments or computer simulations.

Students can develop this Earth science mindset when walking around their own schoolyard and making observations about the familiar processes that led to its present-day state
. Since they already have some familiarity with construction equipment and the everyday wear and tear that occurs on their school site, they will be able to recognize evidence of those past events. Most importantly, this process prompts them to realize that they can ask questions about the world around them. Teachers can then introduce some of the natural geologic landscapes and processes that act on Earth. 

Particular emphasis in this unit is placed on the erosive power of water in shaping California’s mountains, valleys, and coasts – the intersection between the hydrosphere and the geosphere (primarily addressed by ESS2.C). This topic is just one piece to understanding the Earth’s landscape, which is expected in CA NGSS (HS-ESS2-1): surface processes on land. Some of these processes wear down surface features (destructive forces) while others build up surface features (constructive forces). For example, as carved away material from one place, it can pile up and collect in other places such as floodplains, deltas, and at the base of landslides.  
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Figure 8. Landscapes are shaped by the balance between constructive and destructive forces driven by processes inside the Earth and on the surface. In the CA NGSS, students are expected to develop a model of how these processes combine to shape the land surface and on the seafloor (HS-ESS2-1). Image credit: (CC-BY-NC-SA) by M. d’Alessio

Today the tallest mountain in the contiguous United States is Mt. Whitney, but at one time the Sierra Nevada Mountains were much taller. Over time, layers of rock several miles thick have eroded away from these mountains. Early geologists conducted investigations by making observations in the foothills of the Sierra Nevada and collected the first convincing evidence of this erosion. They observed ancient lava flows high above valley floors, and they named them “Table Mountain” because the flat top of the lava flow resembled a table (Figure 9). Since, lava flows always seek out the lowest points in a landscape such as river channels, geologists questioned what they were doing on the top of the mountain. The best explanation is that lava once flowed down river channels at the bottom of valleys. Water running off the slopes of the Sierra Nevada Mountains slowly began eroding material away from these foothill locations. The lava was more resistant to erosion than the surrounding rocks, so erosion carried away the surrounding material and left the lava-filled meandering river channels sticking up. Table Mountain is visible while driving along Highway 108 in Tuolumne County and Highway 70 in Butte County. It allows visitors to visualize how much material has been carried away since the lava flows formed just a few million years ago. Where did that sediment go? Much of it was carried down to the Great Valley below, which has accumulated miles of deep sediment, including the top layer of fertile soil that gives the area its agricultural productivity (to be discussed in the next unit on Water and Farming).   
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Figure 9. Table Mountain near Jamestown, CA reveals how much soil and rock has eroded. Joseph Le Conte sketched the drawing on the top for a textbook he wrote in 1882 (LeConte 1892). Le Conte was one of the first faculty at the University of California and a charter member of the Sierra Club. There are several schools in California named after him, including ones in Los Angeles and Berkeley. Image credit: Le Conte sketch is public domain, Photo by Kirk Brown, illustration by Matthew d’Alessio.

In the 1850’s, observations of Table Mountain helped geologists in California like Joseph Le Conte, one of the first faculty members at the University of California, to construct mental models of how landscapes developed by erosion. These mental models need to be put to the test, so Earth scientists began to conduct small experiments of erosion in laboratories. A stream table (a sloped table or plastic bin covered with sand and other earth materials and flooded with water) is a platform for exploration about erosional processes and is an example of both a hands-on investigation and a physical model that can be used to predict possible outcomes. Teachers can use stream tables to help meet some of the PEs of the CA NGSS, including having students ask their own questions, construct their own experiments (HS-ESS2-5), and be given engineering challenges (HS-ESS3-4). Students can recreate the Sierra Nevada Mountains and Great Valley in a stream table and watch as sediment slowly accumulates in deep layers in the Valley. They can even be given a range of materials that they must choose from to see if they can produce the mesa-like features of Table Mountain. 
Engineering Connection: Mitigating Erosion in the Stream Table

Students can conduct an engineering challenge where their goal is to protect a certain house at a given position on the stream table. They can examine the tradeoff between the amount of materials used and the length of time and amount of water for which a protective system keeps the house safe (HS-ETS1-3).
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Figure 10. A counter-balancing feedback in erosion causes it to occur at a slow and steady rate. Image credit: (CC-BY-NC-SA) by M. d’Alessio

While erosion appears to happen slowly and steadily over time, most erosion events are actually quite rapid changes, taking place as catastrophic events like landslides. This example of stability and change builds on ideas about the rates of Earth processes first introduced in second grade (2-ESS1-1) and erosional processes explored in fourth grade (4-ESS2-1). In high school, students put those two ideas together, noticing how balancing feedbacks prevent erosion from staying fast for very long. When erosion is driven by the movement of water, the steepness of the slope has a huge impact on the rate of erosion because water builds up more kinetic energy when accelerating down a steep hill (PS2.A). As the water molecules collide with the soil and rock, they can dislodge individual pieces and carry them away. Steeper slopes erode faster, making them flatten out so that erosion slows down (Figure 10). Ultimately, erosion occurs when the driving forces suddenly exceed the resisting forces. A cliff can fall if either the resisting force is reduced (by undercutting the supporting material at the base of the cliff) or if the driving forces are increased (by higher waves, faster river flows, or additional weight from new construction or a slope saturated with heavy water from irrigation or a rainstorm). When designing new buildings or landscape projects, geotechnical engineers make careful calculations of how their projects affect both the driving forces and resisting forces.

In a classroom, students can observe slow and steady erosion punctuated by rapid landslides, as well as the balancing feedback in a stream table. The slow movement of sediment from the base of a cliff eventually hits a critical point and a massive piece of the cliff suddenly falls. The erosion rate then slows down because the cliff erodes into a flatter hill slope. California’s coastal bluffs repeatedly face this problem, often eroding many feet in a single storm and then remaining stable for decades. Students can relate this process to real coastal erosion by using online collections of historical photos as found in Google Earth and the California Coastal Record to measure the impact of waves on the coastline (HS-ESS2-5). Figure 11 shows oblique aerial photos of Pacifica, California, but the aerial photos in Google Earth are precise enough that students can measure the amount of coastline erosion as a classroom experiment.

Engineering Connection: Mitigating Coastal Erosion

Coastal erosion is a natural hazard that can be mitigated using engineering solutions. Students can explore analogs to those using stream tables, as well as read about actual measures that are taken in places like Pacifica all along the California coastline. The engineering solutions either involve 1) increasing the strength of the hillside (by adding plants with root systems to stabilize the hillside, building support walls, or covering the cliff with concrete); or 2) reducing the driving forces (through better drainage or by placing rocks or sea walls to reduce the speed of waves when they hit the natural hill slope). Students should compare and evaluate solutions based on prioritized criteria and tradeoffs that account for a range of constraints, including cost, safety, reliability, and aesthetics. (HS-ETS1-3). Sometimes, technologies that reduce the impact of erosion on people can have adverse impacts on ecosystems. Students should consider and evaluate the environmental impacts of their design and refine it to reduce those impacts (HS-ESS3-4).
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Figure 11. Changes over time in coastal bluffs in Pacifica, California. They go for many years without much erosion and then erode more than a dozen feet in a single year.  The yellow triangle shows the migration of the cliff top from year to year at a single position. By 2010, the cliff is located directly beside the apartment building. (California Coastal Records Project 2013)
Using the models they have developed, CA NGSS asks students to make predictions about the future of erosion if California’s climate shifts (HS-ESS3-5). California may face rising sea levels and periods of intense drought followed by intense storms. Rising sea levels with high storm surge means there will be greater driving forces for coastal erosion. Even if California receives less rainfall overall, intense bursts of rainfall could lead to increased erosion overall. The high runoff from intense storms causes faster flow rates in rivers and over the land surface. These also increase the driving forces of erosion.

Unit 4: Water and Farming 

	Unit 4: Water and Farming

	Why do droughts have such a strong impact on California and other parts of the world?

How will changes in climate affect our water resources?

	Highlighted Crosscutting Concepts:
· Systems and systems models
· Cause and effect
· Stability and change

	Highlighted Science & Engineering Practices:
· Planning and carrying out investigations
· Analyzing and interpreting data

	Students who demonstrate understanding can:

HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural resources, occurrence of natural hazards, and changes in climate have influenced human activity. [Clarification Statement:  Examples of key natural resources include access to fresh water (such as rivers, lakes, and groundwater), regions of fertile soils such as river deltas, and high concentrations of minerals and fossil fuels. Examples of natural hazards can be from interior processes (such as volcanic eruptions and earthquakes), surface processes (such as tsunamis, mass wasting and soil erosion), and severe weather (such as hurricanes, floods, and droughts). Examples of the results of changes in climate that can affect populations or drive mass migrations include changes to sea level, regional patterns of temperature and precipitation, and the types of crops and livestock that can be raised.]  
HS-ESS3-3. Create a computational simulation to illustrate the relationships among management of natural resources, the sustainability of human populations, and biodiversity. [Clarification Statement:  Examples of factors that affect the management of natural resources include costs of resource extraction and waste management, per-capita consumption, and the development of new technologies. Examples of factors that affect human sustainability include agricultural efficiency, levels of conservation, and urban planning.] [Assessment Boundary:  Assessment for computational simulations is limited to using provided multi-parameter programs or constructing simplified spreadsheet calculations.] 
HS-ESS3-5. Analyze geoscience data and the results from global climate models to make an evidence-based forecast of the current rate of global or regional climate change and associated future impacts to Earth system. [Clarification Statement: Examples of evidence, for both data and climate model outputs, are for climate changes (such as precipitation and temperature) and their associated impacts (such as on sea level, glacial ice volumes, or atmosphere and ocean composition).] [Assessment Boundary:  Assessment is limited to one example of a climate change and its associated impacts.]
HS-ETS1-1.
Analyze a major global challenge to specify qualitative and quantitative criteria and constraints for solutions that account for societal needs and wants. 
HS-ETS1-4.
Use a computer simulation to model the impact of proposed solutions to a complex real-world problem with numerous criteria and constraints on interactions within and between systems relevant to the problem.
* This performance expectation integrates traditional science content with engineering through a practice or disciplinary core idea.



	Significant Connections to California’s Environmental Principles and Concepts:

Principle I The continuation and health of individual human lives and of human communities and societies depend on the health of the natural systems that provide essential goods and ecosystem services.

Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine ecosystems are influenced by their relationships with human societies. 

Principle IV The exchange of matter between natural systems and human societies affects the long-term functioning of both.
Principle V Decisions affecting resources and natural systems are based on a wide range of considerations and decision-making processes.


Background for Teachers and Instructional Suggestions

California is the largest agricultural producer in the country. Its farming success depends on three main natural resources: its climate, fertile soil, and the availability of massive amounts of water for irrigation. Previous units in this course have discussed the climate system and the source of its fertile soils. This unit focuses on the availability of water and how humans have impacted that availability. 

The unit begins by drawing on the knowledge students gained about the hydrologic cycle in middle school (MS-ESS2-4). They should already know that agriculture is by far the number one user of developed water (>75% of all consumed water) and that the state gets its water from a combination of groundwater pumping (20-40%, depending on the year) (Legislative Analyst’s Office 2010) and surface water from dams and reservoirs. Articles about California’s water supplies along with some hands-on demonstrations of the groundwater storage capacity of different earth materials
 can serve as valuable review of these topics. The high school PEs from the CA NGSS do not add any additional content knowledge tasks related to the internal processes of the hydrosphere. Instead they press students to apply the knowledge from previous grades to situations involving hydrosphere-anthrosphere interactions (CA EP&C Principles I, II, & III). The focus of this unit is to understand how California’s water supply is limited and will be strongly influenced by climate change. California is not alone in this situation, with water supplies being an increasing issue worldwide as populations and agricultural demands grow. 

Climate Projections

Computer models of global climate predict that California is likely to be warmer and drier on average than at present. The State Department of Natural Resources publishes an assessment of projected climate impacts regularly because scientists constantly develop more accurate models. The 2012 report summarizes the projected changes as follows:

· The average annual temperature is projected to rise 2.5-8.5°F by 2100, and the range depends in part on how much greenhouse gas is emitted by humans around the world. 

· Rainfall is projected to drop by as much as 10% below the historical levels, on average. (Moser, Ekstrom, and Franco 2012)
This combination of warmth and dryness will cause big changes to the amount of snow in the mountains. The snowpack is important because California uses more water during the summer but receives the majority of its precipitation in the winter. The state needs a way to store water for the hot summers. It currently depends on nature’s storage system, snow that falls in the Sierra Nevada Mountains. The snow stays frozen until the spring melt, recharging our reservoirs just when we need them. The warmer and drier climate will cause a severe reduction in snow pack (Figure 12), so the state will need to come up with a new strategy for storing water for the hot summer.  
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Figure 12. California should expect less snow in the snowpack in the second half of the 21st century. (United States Geological Survey 2015a)
California happens to lie at a unique position in the globe where even a small change to the average rainfall amount may have a dramatic impact on the rainfall from year to year. Even though California receives less rainfall in an average year than many other states, the range between the wettest years and driest years is much more extreme than just about anywhere else in the country. The reason is because most of the state’s rainfall arrives in relatively few short and intense storms. Despite our overall dryness, California receives some of the largest three-day storms in the country, rivaling the hurricane belt of the southeastern US in rainfall intensity. “Thus, whether just a few large storms arrive or fail to arrive in California can be the difference between a banner year and a drought (Dettinger et al. 2011).” This dependence makes us particularly sensitive to small changes in global climate. 

California seems to receive these intense storms due to a unique atmospheric effect termed “atmospheric rivers.” While it is common to have lots of moisture in the air over the equator and tropics, there is typically less moisture in the air at the mid-latitude region where California lies. When unique conditions set up in the ocean and atmosphere, these atmospheric rivers act like narrow conveyor belts that push air containing excessive amounts of water vapor thousands of miles. Not all of California’s storms are caused by atmospheric rivers, but many of the largest and most intense ones are. Scientists are still trying to figure out the exact conditions that give rise to atmospheric rivers, but small changes in climate are likely to have substantial impact on whether or not they form and direct moisture towards California. As a result, climate change will likely cause some years to be dramatically wetter than the past while other years will be much drier. The average will balance out to a smaller overall change, but our droughts could become even more severe.
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Figure 13. A satellite image of an atmospheric river. (National Oceanic and Atmospheric Administration Earth System Research Laboratory 2015)
Computer simulations serve as bookends to this unit where students explore issues in aquifer management
 (HS-ESS3-3). When they engage in the activity at the beginning of the unit, they can explore parameters and will discover some of the issues and choices that affect water supplies. By the end of the unit, they should have a more specific understanding of the processes involved in water availability, storage, and use. As a culminating assessment, students can conduct a role-playing negotiation where they determine how much groundwater different communities are able to extract
 (HS-ESS3-1). Such scenarios are increasingly realistic as the growing urban population in California’s Central Valley begins to compete with its continuing demands for agriculture and protecting aquatic ecosystems. Students can explore some of these issues of water supply and demand in the Education and the Environment Initiative curriculum produced by the California Environmental Protection Agency.
.

Because agriculture is so dependent on water, it makes sense to explore the impact of climate change on different crops (HS-ESS3-5). Students select one of California’s signature agricultural products (such as grapes, almonds, oranges, dairy, avocados, etc.) and research the optimal growing conditions, including the temperature and moisture requirements for such crops. They will investigate where each crop is grown in California and why it is grown there. They can then refer to results from climate change models that show how different regions will be affected by climate change. Will this increase or decrease productivity? Published simulations for specific crops are already available
, so students could compare their own assessment to these scientific models. By running their own climate simulations using published educational climate models, students can explore a range of different emissions scenarios to try to figure out if there is an acceptable threshold at which the crop will still achieve high productivity (HS-ETS1-4).

Engineering Connection: Water filtration

California is home to state-of-the art water treatment plants and rigorously enforced regulations, but much of the rest of the world struggles to find clean and safe water. Students could investigate water treatment and purification systems in their community, or be given engineering challenges to design water purification systems
. These systems have a lot in common with the natural groundwater system, which is an excellent filtration system. This is why digging groundwater wells can dramatically decrease health risks from waterborne pathogens in third world countries (HS-ETS1-1).  This-framework calls on students to perform a similar design process in fifth grade, but students can return to the problem in high school with a broader understanding of the properties of water.
Unit 5: Causes and Effects of Earthquakes

	Unit 5: Causes and Effects of Earthquakes

	What causes earthquakes? 

	Highlighted Crosscutting Concepts:
· Cause and Effect

	Highlighted Science & Engineering Practices:
· Developing and using models
· Constructing explanations

	Students who demonstrate understanding can:

HS-ESS1-5. Evaluate evidence of the past and current movements of continental and oceanic crust and the theory of plate tectonics to explain the ages of crustal rocks. [Clarification Statement:  Emphasis is on the ability of plate tectonics to explain the ages of crustal rocks. Examples include evidence of the ages oceanic crust increasing with distance from mid-ocean ridges (a result of plate spreading) and the ages of North American continental crust increasing with distance away from a central ancient core (a result of past plate interactions).] 
HS-ESS2-1. Develop a model to illustrate how Earth’s internal and surface processes operate at different spatial and temporal scales to form continental and ocean-floor features. [Clarification Statement:  Emphasis is on how the appearance of land features (such as mountains, valleys, and plateaus) and sea-floor features (such as trenches, ridges, and seamounts) are a result of both constructive forces (such as volcanism, tectonic uplift, and orogeny) and destructive mechanisms (such as weathering, mass wasting, and coastal erosion).] [Assessment Boundary:  Assessment does not include memorization of the details of the formation of specific geographic features of Earth’s surface.]

HS-ESS2-3. Develop a model based on evidence of Earth’s interior to describe the cycling of matter by thermal convection. [Clarification Statement: Emphasis is on both a one-dimensional model of Earth, with radial layers determined by density, and a three-dimensional model, which is controlled by mantle convection and the resulting plate tectonics. Examples of evidence include maps of Earth’s three-dimensional structure obtained from seismic waves, records of the rate of change of Earth’s magnetic field (as constraints on convection in the outer core), and identification of the composition of Earth’s layers from high-pressure laboratory experiments.]
HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural resources, occurrence of natural hazards, and changes in climate have influenced human activity. [Clarification Statement:  Examples of key natural resources include access to fresh water (such as rivers, lakes, and groundwater), regions of fertile soils such as river deltas, and high concentrations of minerals and fossil fuels. Examples of natural hazards can be from interior processes (such as volcanic eruptions and earthquakes), surface processes (such as tsunamis, mass wasting and soil erosion), and severe weather (such as hurricanes, floods, and droughts). Examples of the results of changes in climate that can affect populations or drive mass migrations include changes to sea level, regional patterns of temperature and precipitation, and the types of crops and livestock that can be raised.]


Background for Teachers and Instructional Suggestions

California is famous for its earthquakes, but not because it has the most earthquakes or even the largest ones (Alaska holds both those titles among US states). It is probably most famous because its earthquakes impact more people than any other state. The deadliest earthquake in US history was the 1906 earthquake in San Francisco (an estimated 3,000 people died), but many earthquake scientists argue that the 1906 earthquake was also the most scientifically valuable earthquake ever (United States Geological Survey 2012). The CA NGSS push students to appreciate and be able to articulate the role of natural hazards in human history (ESS3.B), an example of geosphere-anthrosphere interactions. A historical overview of earthquakes in California helps illustrate those interactions and also motivates a deeper investigation of processes within the geosphere that cause earthquakes. 

This unit begins with students exploring the evidence of how earthquakes affect people through a case study of a historical earthquake in California (HS-ESS3-1). Major earthquakes in northern California (1989 Loma Prieta) and southern California (1994 Northridge) make excellent case studies, as do smaller more local recent earthquakes. Internet image databases allow students to find images of a locally relevant earthquake
. Students can conduct independent research about this earthquake and compile a comprehensive list of hazards that earthquakes pose. Figure 14 shows an example of different ways these hazards can be classified. From the perspective of cause and effect, earthquakes have only two impacts that are caused directly by the earth movement: ground shaking and offset land along fault ruptures.  The rest of the disasters that occur during earthquakes are an effect of those events, so events like fires and building collapses are often referred to as indirect effects. Like many natural hazards, the events in the geosphere trigger a range of problems for the lives and property of humans (anthrosphere). In California, engineering designs have substantially reduced these indirect impacts. For example, the 1994 Northridge earthquake in southern California was about the same magnitude as an earthquake in 2003 in Bam, Iran. The impacts within the geosphere were similar, but the impact to the anthrosphere differed dramatically. Even though they both occurred in the center of cities in the early morning hours, fewer than 70 people died in California while more than 25,000 are estimated to have died in Iran because of widespread collapse of homes. The difference is primarily due to laws adopted by California communities called building codes. These codes require that builders use innovative building designs that are strong enough to stand up to earthquakes. They are updated regularly and enforced rigorously in California communities. Many countries around the world have adopted similar building codes, but in poorer nations they are not enforced because many of the measures require additional cost or expertise. Natural hazards usually impact poorer communities the most, and this remains true in California as much as the rest of the world. 
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Figure 14. Most earthquake impacts are indirectly caused by shaking and fault rupture. Image credit: (CC-BY-NC-SA) by M. d’Alessio with images from USGS and Creative Commons.

Any discussion of earthquakes inevitably leads to the question of whether or not we can predict them; that requires knowing their root cause.  The understanding of how the Earth’s internal processes cause earthquakes made some of its most important advances right here in California. A case study of the 1906 earthquake illustrates earthquake effects and ties to California history. As part of an effort to create accurate navigational charts, surveyors had mapped many parts of California in the mid 1800’s. When the 1906 earthquake occurred, it was clear that the land had moved and there was great interest in the scientific community to see if there was a systematic pattern. Measurements taken shortly after the earthquake in 1906-07 showed that the Earth had moved up to 10 meters in some spots, and that locations west of the San Andreas fault all moved northwest while locations east of the fault moved the opposite direction. What was more dramatic was that surveys repeated several years later revealed that the Earth was still moving following a similar systematic pattern even years after the earthquake. 

Earth’s systematic movements before, during, and after earthquakes are key pieces of evidence that establish the relationship between earthquake and broader plate motions. In middle school, students already used continent shapes, fossils and seafloor structures to provide evidence of past plate motions (MS-ESS2-3). In high school, students add a very modern piece of evidence from GPS measurements throughout the world. These measurements work using the same system as navigation systems in cars and cell phones, but are significantly more precise. Students examine real-time maps of motion around California and the globe recorded by these devices
. 
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Figure 15. GPS velocities recorded at stations around the world reveal present-day plate motions. Arrow size relates to the speed of each point. Image credit: (CC-BY-NC-SA) by M. d’Alessio

These velocity maps reveal that large sections of the Earth all move together in the same direction at the same time (what we call plates). Places where the velocities of two adjacent stations are radically different are areas where dramatic things can happen (plate boundaries). Students can identify plate boundaries on velocity maps and then relate them to the locations of earthquakes, volcanoes, mountains, and the shape of the ocean floor using either Google Earth or traditional paper maps
. Students can use the relative motions shown by the velocity arrows along with these other surface features to discover that some plates move away from one another while others crash together or slide horizontally past one another (discovering the types of plate boundaries). Plate motions are one of the key constructive processes that build landscapes up (Figure 8), which extends the destructive processes explored in Unit 3. Using hands-on activities involving sandboxes (Feldman, Cooke, and Ellsworth 2010) or paper models (Alpha and Lahr 1990), students visualize the deformation that occurs near the surface at these boundaries (HS-ESS2-1). Students use Google Earth to find real-world examples of topographic features such as linear mountain ranges or fault scarps. Students should be able to use the GPS velocity maps to identify those areas and use this information to explain the patterns of seafloor age (HS-ESS1-5).  Seafloor age reveals locations where new magma rises up where plates spread apart to solidify into new seafloor, and how old seafloor dives back down when it crashes into another plate.
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Figure 16. Map of seafloor age. (National Oceanic and Atmospheric Administration, National Centers for Environmental Information 2015)
But why do plates move? One major clue comes from a key pattern in rock ages: the continents are much older than the oceans; the oldest continental rocks are more than 4 billion years old, but no seafloor is older than 280 million years. We know that the Earth has had oceans for longer than that, because pieces of ancient ocean floor can be found on land (Mehta 2007). So what is the difference between the continents and the ocean? One key observation is that continental rocks tend to be much lower density than oceanic rocks. This difference is important because we know of an important density-driven process that happens within the Earth: convection. Earth’s interior is expected to be hot (from heat-generating radioactive elements in the interior) while its surface is adjacent to the cold emptiness of space. From physical science (HS-PS3-4), we know that heat will be transferred from the hot interior outward. Convection is an extremely efficient heat transport mechanism that occurs when hot material rises upward because it is less dense and colder material sink because it is more dense. The oceanic crust is cold and dense and sinks downwards at convergent plate boundaries as hot magma, which is less dense, rises up at divergent plate boundaries. Plate motions are the surface expression of convection happening deep within the Earth.  Students can create a model of convective heat transport (HS-ESS2-3) with a simple lava lamp or any of the various published demos involving ice, warm water, and drops of food coloring. These models do not capture the full complexity of convection in the Earth and its relationship to plate tectonics, but they are excellent visualizations of convection.

In northern California near Mt. Lassen and Mt. Shasta, it may be more appropriate to replace this unit with a unit on volcano hazards. While those areas also face significant earthquake hazard, their place identity with these dramatic peaks make volcanoes a more relevant topic. Teachers could develop a unit helping students achieve the same PEs based around volcanoes instead of earthquakes.

Unit 6: Urban Geoscience 

	Unit 6: Urban Geoscience

	How do Earth’s natural systems influence our cities?

How do cities affect Earth’s natural systems?

	Highlighted Crosscutting Concepts:
· Structure and function
· Systems and system models

	Highlighted Science & Engineering Practices:
· Defining problems (for engineering)
· Obtaining, evaluating, and communicating information.

	Students who demonstrate understanding can:

HS-ESS3-1. Construct an explanation based on evidence for how the availability of natural resources, occurrence of natural hazards, and changes in climate have influenced human activity. [Clarification Statement:  Examples of key natural resources include access to fresh water (such as rivers, lakes, and groundwater), regions of fertile soils such as river deltas, and high concentrations of minerals and fossil fuels. Examples of natural hazards can be from interior processes (such as volcanic eruptions and earthquakes), surface processes (such as tsunamis, mass wasting and soil erosion), and severe weather (such as hurricanes, floods, and droughts). Examples of the results of changes in climate that can affect populations or drive mass migrations include changes to sea level, regional patterns of temperature and precipitation, and the types of crops and livestock that can be raised.]   
HS-ESS3-4. Evaluate or refine a technological solution that reduces impacts of human activities on natural systems.* [Clarification Statement:  Examples of data on the impacts of human activities could include the quantities and types of pollutants released, changes to biomass and species diversity, or areal changes in land surface use (such as for urban development, agriculture and livestock, or surface mining). Examples for limiting future impacts could range from local efforts (such as reducing, reusing, and recycling resources) to large-scale geoengineering design solutions (such as altering global temperatures by making large changes to the atmosphere or ocean).]
HS-ETS1-2. Design a solution to a complex real-world problem by breaking it down into smaller, more manageable problems that can be solved through engineering. 
HS-ETS1-4. Use a computer simulation to model the impact of proposed solutions to a complex real-world problem with numerous criteria and constraints on interactions within and between systems relevant to the problem.
* This performance expectation integrates traditional science content with engineering through a practice or disciplinary core idea.



	Significant Connections to California’s Environmental Principles and Concepts:

Principle I The continuation and health of individual human lives and of human communities and societies depend on the health of the natural systems that provide essential goods and ecosystem services.

Principle II The long-term functioning and health of terrestrial, freshwater, coastal and marine ecosystems are influenced by their relationships with human societies. 

Principle V Decisions affecting resources and natural systems are based on a wide range of considerations and decision-making processes.


Background for Teachers and Instructional Suggestions
To culminate the study of Earth’s systems and how humans interact with them, this unit describes a range of possible project ideas that make the geologic history of a region relevant even in areas where the closest thing to a rock is a small patch of dirt among a sea of pavement. Equally important is an exploration of some of the ways that humans shape the landscape when they build their cities. These impacts are perfect opportunities for using engineering and technology to reduce negative impacts while making cities even more livable places. A teacher can guide students towards topics that are most appropriate for their local area. 

Since the beginning of civilization, the locations of human settlements have been shaped by the natural landscape. Cities tend to be located near water sources, are placed on hilltops for visibility and protection from invaders, or are built with access to a particular natural resource such as a mine or fertile soil for farming. The location of cities is, in essence, an example of the crosscutting concept of structure and function. San Francisco was built along the San Francisco Bay because of its protection from waves. The bay exists because of movement along faults on opposite sides of the bay allow it to drop down. Sacramento sits at the intersection between two major rivers, including the place where gold was first discovered in California. Both the water and the gold washed down from the Sierra Nevada Mountains, formed by the ancient collision between two plates. Los Angeles was founded around the Los Angeles River, which once flowed year round before European settlers diverted all its water for irrigation. The beautiful views and pleasant outdoor opportunities such as hiking and biking that make California an attractive place to live are all a direct and positive consequence of the geologic history of the local area. Students can investigate the early history of their city and see how it relates to the topography and other natural features. 

The geologic history of an area determines the stability of the ground beneath a city’s buildings. San Francisco is founded on ancient sand dunes, a particularly unstable material in earthquake country. But many other cities share a similar fate because most of them were built near rivers. From Unit 3 on Mountains, Valleys, and Coastlines, students know that rivers break apart rock from upstream mountains and deposit it in flatter valley areas downstream. During rainy seasons, rivers naturally flood, adding a new layer of loose sediment to the ground before the existing sediment has a chance to solidify. Those loose deposits make unstable foundations, and the closer a building is to a river, the more likely it is to be built on loose sandy soil. During earthquake shaking, wet, sandy soil begins to flow like a liquid (a process called liquefaction) and no longer can support buildings perched on top of it. Because of this risk, the state publishes maps showing areas with known liquefaction hazard (California Department of Conservation 2007). Students can use these maps to identify areas around their school that are at risk for liquefaction.

The same state hazard maps that show liquefaction hazard also show landslide hazard zones. Landslides are an example of rapid erosion and are worse in areas where mountains are steep. California’s coastal region, that houses the majority of its population, is rich with these steep slopes because it is near a plate boundary where plate motions uplift mountains, making them steeper and steeper faster than erosion and landslides can flatten them out (see Figure 10). A wide range of engineering solutions exist for protecting homes built in landslide hazard zones. For schools in neighborhoods where there is abundant landslide risk, students could explore some of these solutions.
High School Vignette

Keeping it cool: Engineering solutions to urban heat islands

By discovering that certain urban areas are so much hotter than their surroundings, students apply and refine their existing model about Earth’s energy balance. They articulate the mechanisms by which human activities can alter the local climate system and ultimately design measures to reduce that impact. 
Length and position in course – This vignette describes 2-3 weeks of instruction and could serve as the first lesson in a unit on urban geoscience. It describes how different land uses involve changes to surface materials. Activities related to the water cycle will naturally follow from this vignette because these same changes to the surface also have a dramatic impact on the hydrosphere.

Prior knowledge – This unit could be used to either support and extend students’ existing models of Earth’s energy balance (as introduced in unit 2 of this course), or to provide students initial exposure to the factors that affect a system’s temperature (that could later be extended to the global scale of Earth’s climate).

Students will need basic skills in navigating digital maps (such as Google Earth). They will need to interpret the aerial and satellite imagery, which is a unique skill (i.e., can they distinguish a small home from a commercial building in a satellite image?). While this vignette provides opportunities to develop those skills, they are not specifically addressed in this lesson outline. 

Teacher background – Urban heat islands are a well-known phenomenon where materials of the built environment absorb and retains energy more readily than surrounding natural landscapes. Urban areas that use these materials surrounded by more rural landscapes with more natural materials are like islands of warm temperatures. There are three main ways that urban land use alters the local energy balance: 1) Natural materials tend to reflect light more than artificial materials; 2) Natural landscapes retain water but most urban surfaces are designed to drain water very efficiently. Since water has such a high heat capacity, natural landscapes that retain it heat up slower than built ones. That water can also evaporate, which takes thermal energy with it and leaves the surface cooler; and 3) Human activities generate excess heat locally. Heating and cooling buildings, combusting fuels in vehicles, using electrical appliances, and industrial processes are all examples that generate heat.

Urban settings – The urban geoscience unit is focused on issues facing the local community, and this vignette introduces a range of local data available freely on the Internet. Despite the use of the word ‘urban’, heat island effects occur most places that humans modify landscapes. Small towns, farm houses, and even different species of crops have different thermal properties and affect local temperatures. As such, this unit should have broad application in most California communities, urban and rural.

5E Learning – This sequence is based on an iterative 5E model
 where each activity has a role in the 5Es, but each activity also needs to include each of the 5Es along the way. The 5Es parallel the science and engineering practices (SEPs) of NGSS in many ways, but apply them in the perspective of lesson design. While SEPs should be shared explicitly with students, the 5Es are not necessarily relevant to them.
	Day 1: Built and natural environments
Students explore the differences between the natural and built environment and begin to consider the interactions between them and the Sun.
	Days 2-3: Neighborhood temperature from satellite
Students use satellite images displayed in Google Earth to investigate temperature differences in their neighborhood. 
	Days 4-5: X-factor temperature investigation on the schoolyard

Students use digital thermometers to investigate different factors that affect the local temperature in their school.

	Day 6: Historical land-use changes from online aerial photos
Students analyze land use changes in their neighborhood over the last several decades using online historical air photos.
	Days 7-9: Urban design engineering challenge

Students design and evaluate a city plan based on principles that will reduce the urban heat island effect.
	Day 10: Systems within systems
Students consider implications for other Earth systems (most notably, the water cycle and relationships to global climate change).


Day 1 – Interactions between the built and natural environment (Engage)
Dr. D has written a short skit that activates students’ prior everyday experiences involving temperature variations at different locations in their own community. She assigns different students roles in the skit and they act out their parts, pretending to be hanging out after school and discussing the hot weather. In the skit, Andrea suggests that they all go to the beach, but Raul doesn’t like to leave his car in the hot parking lot and his feet always get burnt on the hot sand. Sara knows this one bench at the local park that always seems much cooler than everywhere else. The skit finishes with the students agreeing that wherever they go, they need to leave the hot concrete steps of the school. Dr. D tells students that the next two weeks, they will understand many details about the processes that affect temperatures in their community. 

With these ideas in mind, Dr. D has an activity she hopes will motivate students to think about their community as a system with interacting components. She places students in their standard groups of four and gives each student a different card with a picture of an object from their community on it. She asks students to identify their object as either natural (like a plant, a rock, or an animal) or an object from the built environment (like a building, a parking lot, or a fountain). She has students brainstorm about how the four different objects in their group might interact. Casey is the class clown and comes up with a crazy story to relate the fire engine, grass, apartment building, and butterfly in his group: a butterfly sitting on the grass narrowly escapes a lawnmower and flies up to land on the apartment balcony, distracting the resident from her cooking, which leads to a disastrous fire that needs to be put out using the fire hydrant. Dr. D loves the story and invites Casey to relate the story to the whole class. She uses the opportunity to emphasize that some interactions are simple and plausible and some are not. She asks students to tape their cards to poster board and decide on plausible interactions between the objects that they think are most important to the functioning of the community. After a few minutes, she has each group pair up with a group that received a different set of objects. Students from one group communicate their models to the other group and then switch cards. Students need to extend their model by adding the new objects. Dr. D then adds the final and most important object. She hands each group a card showing the Sun and asks students to draw interactions between their object and the Sun. The Sun is at the heart of Earth’s energy balance and has an effect on every object in our community. She asks them to consider if there are differences between the way the natural objects and the built objects interact with the Sun.
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Example student work showing relationships between objects. 

Image credits: (CC-BY-NC-SA) by M. d’Alessio with Creative Commons images:

Duck: (CC-BY) by Jonathan Jordan, https://www.flickr.com/photos/jjordan64816/7011834351/
Fountain (CC-BY-SA) by Eric Kilby, https://www.flickr.com/photos/ekilby/10683053983/
Sidewalk (CC-BY) by radcliffe dacanay, https://www.flickr.com/photos/kworth30/3073137295/
Tree (Public Domain) by JGKlein, http://commons.wikimedia.org/wiki/File:West_Valley_Regional_Branch_Library,_Reseda,_CA.JPG
Sun:  (Public Domain) https://openclipart.org/detail/168038/sun
Days 2-3 – Neighborhood temperature from satellite (Explore)
Earth scientists depend heavily on images collected by satellites to study what is happening on Earth. Today, Dr. D’s class will analyze two different types of satellite pictures, one that students are already familiar with and one that they are not. She begins by engaging students with an internet video clip of a building inspector demonstrating applications of thermal infrared camera. The inspector holds up a mug with cold water and one with hot coffee and shows how the camera distinguishes between the two.  Dr. D uses this to motivate a brief introduction to the physics of black body radiation. She knows that the students will be using this idea again in the study of stars, so she gives a brief lecture about how objects at different temperature objects emit energy at different wavelengths. She explains that some satellites have cameras that record the temperature of the land surface by the radiation it emits in infrared. The students will compare these thermal maps with the standard aerial photographs available in Google Earth, looking for patterns in the relationship between the temperature and the type of landscape and land use (different types of natural and built environments).
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Satellite images in infrared reveal that different land uses cause dramatically different temperatures in urban areas. 

 (NASA 2015; Scott 2006)

Before walking over to the computer lab, Dr. D uses her classroom computer to demonstrate how students will obtain the data and how it can be viewed in Google Earth. She demonstrates map navigation and explains the color scale on the thermal map. She emphasizes that there is a big range of temperatures and tests students’ basic ability to identify the relative temperature of different regions from the color by asking a few clicker questions that the students answer using a smartphone app. She also shows students the data entry form on the course website where all student observations will be collected and analyzed together.

Once they walk over to the computer lab, she helps students log into the computers and download the satellite data file she preloaded on her website under today’s agenda and open up the data collection online form. She encourages students to explore freely in Google Earth for about 3 minutes after everyone is logged in, knowing this is an exciting tool. She eventually calls the students to attention and instructs them to begin their data collection.  They work diligently, exploring different locations on the map and recording their map location, temperature, and land use category. The class period ends and Dr. D ensures that students have all hit submit on their data collection form.

When students arrive the next day, the whole class’ submissions are combined in an online spreadsheet so that everyone can analyze the large data set. The students all found that the airport runway was among the hottest places on the entire map, and that most of the large shopping centers were very hot as well. “That makes sense because you can feel the heat when you walk across the parking lot,” offered Micah. Many people found that parks in the city were cooler than average, but there were a few discrepancies. Since each student submitted the latitude and longitude of their observation, Dr. D zooms in on one of these outliers. The location is much hotter than average, but it is clear that this location is a parking lot and not a park, so the submitter made an error. Casey admits that the submission was his and apologizes to the class, saying “It was big like a park…” The students were surprised to see that many of the schools in the city were hotter than average, but not all of them. The students were skeptical of the data and insisted that Dr. D zoom in to check the observations, and were satisfied after the data quality was confirmed for the first few submissions. They asked questions about what made one school different from another. 

After the whole class discussion, Dr. D has students individually create a one paragraph summary communicating the overall class findings, with an emphasis on the patterns in the data. She then randomly selects one student from each team to share his or her paragraph with the others. The team members offer improvements, additions, and edits, which are implemented in real-time. At the end of class, Dr. D collects the one edited team submission and gives each team a group grade for the final product. She confirms that students left class with the general understanding that many natural landscapes are cooler than average while the built environment is often warmer than average. Students have also come up with an appreciation that there are complexities and exceptions to this general pattern.

Days 4-5 ​– X-factor temperature investigation on the schoolyard (Explain) 
Dr. D starts off class with aerial pictures of two schools from their city and she asks the students to predict which one will be warmer. She intentionally selected two schools that appear similar in the photos but that have fairly different temperature profiles in the satellite temperature data so that she motivates students to think about the full range of possibilities that could explain the difference. “The grass looks greener in one, do you think that makes a difference?” “Maybe, but look at the parking lots. One is on the south side of the school and the other is smaller and is on the north side of the school.” Students are asking great questions that will motivate further investigation. The students ask Dr. D for the answer and she replies that she honestly doesn’t know. The students have offered up great ideas, many of which are very plausible, but in real science there is no answer key. They have already made some interesting claims about possible influences on the school’s temperature, but today they will need to gather evidence to see if they can support those claims. Each group must plan and carry out an investigation into a single factor that could affect temperature (the “X-factor”). Each group gets one digital stick thermometer that reads temperatures with a precision of 0.1 degrees (They cost about $25 each and the chemistry teacher at Dr. D’s school lets her borrow a class set). Students all agree on a general protocol that thermometers should always be shaded with a book, that they should be held at arm’s distance away about one meter off the ground, and that they should not record the temperature until the thermometer has stabilized to within 0.1 degrees for at least 30 seconds. Beyond that, individual students must decide their own procedure that will ensure sufficient data to show a repeatable signal.

Some of the projects the students decided include measuring temperature as a function of:

· distance away from a building

· distance from the center of a grassy field out towards the edges

· distance from an air conditioning unit attached to the classroom

· position along the track for the 100 m dash

· different sides of the building, as measured a fixed distance away

· type of ground surface material, as measured at several locations close to one another

· elevation, as measured out the windows of different floors of the building.  

· air speed, as measured while riding a bicycle at different speeds

Dr. D knows that some of these factors should not affect the temperature.

After collecting their data, students present their experiment, their findings, and propose an explanation for the data. Unlike a typical controlled laboratory experiment, students cannot completely isolate a single variable. As they present their project reports, they must account for any unexpected variations and construct an argument that either their X-factor is the most important determiner of temperature, that their X-factor turned out to be unimportant, or that an unintended variable interfered with the ability to conclude either way. Quite often, students discover a factor that they did not anticipate that becomes more important than their original idea. 

After the project presentations, Dr. D has students summarize all the findings in a two column table: factors that cause temperature to be warmer and those that cause temperatures to be cooler. She then gives a short lecture defining the framework for a model of energy balances in systems, including the energy input, output, and storage within the system. She refers back to a few examples from students’ X-factor analysis during her lecture, but now she asks students to sort all the items in their original table into three new rows corresponding to factors that affect the amount of energy coming into a spot (e.g., shade from trees decreases the input), the energy output (e.g., shiny surfaces reflect light back out), or the energy retained (e.g., water has a high heat capacity and so a large amount of energy can be absorbed without causing the temperature to change much). Students apply this model to writing a scientific explanation about why built environments seem to be hotter than natural ones.

Day 6 – Historical land-use changes from online aerial photos (Elaborate)
Cities are not static. Dr. D engages students by asking them if anything in the city has changed since when they were younger. She asks them to think about ways in which those changes might affect the temperature of the city. Students use online archives of aerial photographs to document some of these land use changes. Google Earth has archives going back one or two decades
, and other Web sites include photos going back more than 50 years
.  Students communicate their information with a simple timeline where they note changes in land use and indicate whether or not they think that these changes will lead to an increase or decrease in temperature, as well as whether this change is a result of changing the inputs, outputs, or energy retention properties of the system. Students love getting a historical sense of the way their city has grown. Amara asks, “Didn’t they know that they were heating up the city when they replaced that marshy area with the shopping mall?”
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Comparison of aerial images around a local high school. 

Image Credit: (CC-BY-NC-SA) by M. d’Alessio with public domain images downloaded from United States Geological Survey 2015b
Days 7-9 – Urban design engineering challenge (Evaluate)
Dr. D begins the day by showing two different designs by two different people for the same space. She asks the students to think about the process the designers went through to create the plans. What did they consider? She reviews the engineering design process and explains that it can be applied to a wide range of different types of problems, including some that they may not have even thought of as ‘engineering’ before. She presents them with a challenge where the city has recognized the urban heat island problem and is considering solutions. A developer wants to rebuild a large city block and the city council wants to evaluate a range of options. Students play the role of green urban planners presenting their proposal to a city council design review board. They discuss the constraints (i.e., what materials are available, how many people need to live on the block, the shape and size of the available land, etc.) and the criteria for measuring success (local temperature). They draw up a site plan, visualization sketches, and a bill of materials. As part of their argument to the city council, they must identify the specific components of the design that make it an attractive choice for reducing urban heat island effects. Audience members evaluate the plan and help iteratively improve the design by offering specific suggestions for reducing urban heating even further. 
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Two competing designs for a city block produced by professional design companies. 

(Corporation of the District of Vancouver, http://www.dnv.org/article.asp?a=5956 ; Cedeon Design 2015)
Day 10 – Systems within systems (Elaborate/Extend)
Dr. D uses this day to explicitly relate the urban heating issue directly to issues of global climate change. She engages students by asking them to describe how their behavior changes on really hot days. She then provides students with the results of simulations that indicate that the number of extreme heat days in their city will likely go up significantly as a result of global warming (Cal-Adapt 2015), and that this change will be more pronounced in urban areas because of the urban heat island effect. This data analysis activity can support HS-ESS3-5.
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Snapshot of global climate forecast of extreme heat days available for all of California on the Cal-Adapt website. (Cal-Adapt 2015)
The urban heat island effect is very similar to what is going on at a global scale. To help students see this connection, Dr. D has them compare the models of the energy balance of the Earth as a whole and the energy balance of a city in a table. So far, students have primarily focused on the interactions between the anthrosphere and the geosphere, but now Dr. D asks students to draw a concept map relating urban heat island effects to other earth systems. Their maps include references to the biosphere (that causes cooling by evapotranspiration but is also stressed by increased evaporation from elevated urban temperatures), the atmosphere (increased temperatures cause increased evaporation), and the hydrosphere (artificial surface materials absorb sunlight and also cause water to run off instead of infiltrate into the ground). The connections to the hydrosphere offer an excellent transition into the next topic of study, urban hydrology and water resources. 
	Performance Expectations


	HS-ESS2-4 (Model of energy flow in climate)

HS-ESS3-4 (Evaluate a technology that mitigates human impacts on natural systems)

HS-ESS3-1 (Explanation of how changes in climate influence human activity)

HS-ESS3-5 (Use climate model results to forecast human impacts of climate change)

	Science and engineering practices
	Disciplinary core ideas
	Crosscutting concepts

	Asking questions and defining problems
Planning and carrying out investigations

Analyzing and interpreting data 

Developing and using models

Constructing explanations and designing solutions 

Engaging in argument from evidence
	ESS3.D Global Climate Change

ESS3.C: Human Impacts on Earth Systems 
	Systems and system models

Energy and matter: Flows, cycles, and conservation

	Connections to the CA CCSSM: MP.1, MP.2, MP.3, MP.4, MP.7, S-ID 3, S-ID 5, S-ID 9, S-IC 6

	Connections to CA CCSS for ELA/Literacy: W.9-10.1a-f, W.9-10.6, SL.9-10.1a-d, RST.9-10.1, RST.9-10.3, RST.9-10.7, RST.9-10.9, WHST.9-10.1a-e, WHST.9-10.6, WHST.9-10.7, WHST 9-10.9

	Connection to CA ELD Standards: ELD.9-10.P1.1.Ex–Br, ELD.9-10.P1.3.Ex–Br, ELD.9-10.P1.6.Ex–Br, ELD.9-10.P1.10.Ex–Br

	Connections to the CA EP & Cs: 

Principle I (Humans depend on natural systems)


Principle II (Ecosystems are influenced by human societies)


Principle V (Decisions are based on a wide range of considerations)


Vignette Debrief
Science and engineering practices. After students perform two investigations of temperature variations at a range of scales, they ask questions about what is causing the dramatic heat island effects. They analyze their data to help figure out the relationship between different components in the system they study. They use these relationships to develop a model of the system.  They use the data from their investigations along with the reasoning of their model to construct an explanation about what causes urban heat islands. In the engineering design challenge, they employ engineering practice by defining the parameters of the problem and designing solutions. They then create a compelling argument that their design is an effective way to mitigate human impacts on the local temperature regime. At the end of the unit, students briefly explore the results of computational simulations that forecast how urban heat islands will have an even greater impact in the future.

Disciplinary core ideas. Urban heat islands are a tangible example of human impacts on Earth systems (ESS3.C) and a microcosm of the entire energy balance in the global climate system (ESS2.D). Students begin to characterize variations in earth materials and the impact of these variations (ESS2.A), acknowledging that the built environment is a key part of Earth’s systems.  

Crosscutting concepts. This vignette represents a chance for students to apply the crosscutting concept of systems and system models to represent the flow of energy and the interactions between energy and matter. Students look for patterns in temperature data to test for cause and effect relationships between land use and heat islands. The model that they develop is valid at a range of scales from a single city block to a whole city or the entire planet. 

California’s Environmental Principles and Concepts. Urban heat islands affect the welfare of humans in their everyday lives, and students discover that many of the best solutions to the problem involve the successful integration of natural ecosystems within the urban core (Principle I). At the same time, the effect of urban heat islands extends to the natural systems within and beyond the urban core. For example, excess heat from urban areas can drive evaporation that stresses ecosystems (Principle II).  These relationships are stressed during the final day of the vignette. During the engineering design challenge, students face a realistic situation where they must support the needs of the people living in an urban city block while also trying to reduce urban heat island effects. They must consider a range of considerations in creating their design (Principle V).

Resources for the Vignette
· Several of the activities described in this vignette were adapted from other sources and are cited within. Please refer to them for more detail.

· The introductory lesson on the built environment and the historical aerial photo analysis are two lessons in a much broader series of activities by Arizona State University’s Ecology Explorers. They offer additional activities that could extend ideas in Day 10 of this vignette to investigate impacts on human heat illness, an investigation into evapotranspiration, and more. https://ecologyexplorers.asu.edu/overview/urban-heat-island/ 

· The X-factor urban temperature analysis is a published activity: http://pdxscholar.library.pdx.edu/cgi/viewcontent.cgi?article=1010&context=esm_fac 
· Temperature data from Day 2 come from the ASTER GED 100 m data set, which can be downloaded at http://earthexplorer.usgs.gov. At this point, viewing images downloaded at that site requires some specialized tools, but a service by Google called “Earth Engine” provides convenient and user-friendly access to the ASTER GED surface temperature data (https://earthengine.google.org/). There are plans to create a simple educational interface for the entire state of California specifically for this activity.

Cities are systems with interacting components that meet a wide range of human needs. Like the broader Earth system, a city is also an example of a system of systems: transportation, utilities, commerce, education, and other sectors of society are all systems of their own that interact with one another. Game-based learning opportunities allow students to explore some of these complexities and the impact that city policies can have on the long-term sustainability of the natural environment
. These computer simulations allow students to explore complex real-world problems with numerous constraints and criteria (HS-ETS1-4). 

Engineering Connection: Reducing Urban Runoff


One of the biggest changes an urban landscape makes upon the world is covering soil with impermeable concrete and structures. These changes disrupt the natural hydrologic cycle, preventing water from soaking in and becoming groundwater and instead sending it into river channels where it can lead to flooding or increased erosion. As water runs along the surface in the built environment, it carries away contaminants into these waterways leading to water quality problems. Students can apply their knowledge of earth materials to explore solutions to the urban runoff problem by designing systems to catch and filter runoff before it enters waterways
 (HS-ESS3-4; HS-ETS1-2).  Harmful pollutants are just one of the many ways that urban areas have significant impact on plant and animal life in a region (anthrosphere-biosphere interactions, LS4.D; CA EP&C Principle II). 

Unit 7: Star Stuff
	Unit 7: Star Stuff

	How do we know what are stars made out of?

What fuels our Sun? And will it ever run out of that fuel?

Do other stars work the same way as our Sun?

	Highlighted Crosscutting Concepts:
· Energy and Matter: Flows, cycles and conservation

· Patterns
· Cause and effect: Mechanism and explanation

	Highlighted Science and Engineering Practices:
· Developing and using models
· Constructing explanations

	Students who demonstrate understanding can:

HS-ESS1-1. Develop a model based on evidence to illustrate the life span of the Sun and the role of nuclear fusion in the sun’s core to release energy in the form of radiation. [Clarification Statement: Emphasis is on the energy transfer mechanisms that allow energy from nuclear fusion in the sun’s core to reach Earth. Examples of evidence for the model include observations of the masses and lifetimes of other stars, as well as the ways that the sun’s radiation varies due to sudden solar flares (“space weather”), the 11- year sunspot cycle, and non-cyclic variations over centuries.] [Assessment Boundary: Assessment does not include details of the atomic and sub-atomic processes involved with the sun’s nuclear fusion.]

HS-ESS1-3. Communicate scientific ideas about the way stars, over their life cycle, produce elements. [Clarification Statement: Emphasis is on the way nucleosynthesis, and therefore the different elements created, varies as a function of the mass of a star and the stage of its lifetime.] [Assessment Boundary: Details of the many different nucleosynthesis pathways for stars of differing masses are not assessed.]

HS-ESS1-6. Apply scientific reasoning and evidence from ancient Earth materials, meteorites, and other planetary surfaces to construct an account of Earth’s formation and early history. (repeated in unit 8) [Clarification Statement: Emphasis is on using available evidence within the solar system to reconstruct the early history of Earth, which formed along with the rest of the solar system 4.6 billion years ago. Examples of evidence include the absolute ages of ancient materials (obtained by radiometric dating of meteorites, moon rocks, and Earth’s oldest minerals), the sizes and compositions of solar system objects, and the impact cratering record of planetary surfaces.]


Background for Teachers and Instructional Suggestions
Once students have a firm grasp of what goes on here on Earth, the CA NGSS asks us to ponder how Earth fits into the broader Universe.  The previous units were ultimately focused on the practical ways in which Earth’s systems affect humanity today (always building towards ESS3.A, B, C, and D). However, science does not always need to be practical. The very first page of Chapter 1 of the NRC Framework, entitled, "A new conceptual framework", states, "understanding science and the extraordinary insights it has produced can be meaningful and relevant on a personal level, opening new worlds to explore and offering lifelong opportunities for enriching people’s lives" (National Research Council 2012, 7). This human dimension of science is codified in the science and engineering practices of the CA NGSS, which identify asking questions and curiosity as a fundamental part of doing science. For this reason, Units 7 and 8 focus in on big picture questions about our origins and place in the Universe (ESS1.A). To transition into these units, teachers might want to emphasize the different purpose of the science in the previous units from these final units.

The title of unit 7 derives from the following quote by Carl Sagan:

“Some part of our being knows this is where we came from. We long to return. And we can. Because the cosmos is also within us. We're made of star-stuff.”  

This rather philosophical statement may resonate well with students, as distant objects in the Universe are made familiar to them and they become able to understand that the Universe can indeed be explored and studied. 

The Colors of Stars

While it may seem to make sense to begin discussion of Earth’s place in the Universe at the ultimate beginning, the Big Bang, an inquiry approach to teaching requires that students understand more about stars before they can recognize evidence for the Big Bang. Instead, teachers can start this unit the same way humans have for millennia – looking up in the sky and wondering what is in the heavens. In a classroom, students can zoom in and out to explore the “maps” of the stars and galaxies in space (such as the Sloan Digital Sky Survey 2015a) to engender interest in what is out there, and to get a basic sense that the Universe is a varied place, with dense and less dense regions of stars and gas distributed throughout it. Students discuss and share their favorite astronomical pictures and communicate to others about what they see. 
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Figure 17. Color spectrum of our Sun. The rainbow image and the height of the graph depict the same information. The rainbow image is created by splitting the light from a telescope with a prism. The values of the graph are measurements of the relative intensity of each color. The graph dips lower where the rainbow image is dimmer. Image credit: (CC-BY-NC-SA) by M. d'Alessio.

Looking carefully, students notice different stars have slightly different colors. Those differences reveal a huge amount about what stars are and the way they work. When viewing the rainbow of light from our Sun through a prism, some colors appear brighter than others (Figure 17). What causes these variations? Are they the result of errors in the equipment, something peculiar about our Sun, or a common feature of stars? Like all good science, this general observation with the naked eye can be refined with detailed measurement of specific quantities such as the intensity of light at each wavelength. Students can collect color spectra from many different stars using an online tool (Sloan Digital Sky Survey 2015b) and compare them, noticing several important patterns. These patterns give clues about the cause of different phenomena.
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Figure 18. Comparison between the color spectra of six different stars. Image credit: (CC-BY-NC-SA) by M. d’Alessio with data from Sloan Digital Sky Survey 2015b
Students notice that many stars have bands of low intensity at the exact same wavelength (Figure 18). Understanding this observation requires additional background in physical science.  The NRC Framework lays out strong connections between the DCIs in this unit and physical science:

The history of the universe, and of the structures and objects within it, can be deciphered using observations of their present condition together with knowledge of physics and chemistry. (National Research Council 2012, 173, emphasis added)

The concept of absorption lines in spectra from stars unites the study of matter and the study of waves. Students must build upon their understanding of matter that is too small to see (5-PS1-1) by looking at the specific make-up of atoms (HS-PS1-8). They must understand that atoms are made of nuclei of protons and neutrons that the number of protons helps determine the physical properties of the diverse materials that make up the Universe, and that atoms have electrons that can move closer or further away from the nucleus. Understanding the evidence about light spectra requires building on the idea that light is part of the broader electromagnetic spectrum (PS4.B: HS-PS4-1). The dark bands common in star spectra occur because atoms of different elements absorb specific colors of light. Students have studied energy conversion as early as 4th grade and throughout the grade spans (PS3.B: 4-PS3-4, MS-PS3-3, 4, 5, HS-PS3-3), and now they must consider a very sophisticated example of individual atoms working as tiny energy conversion devices. Atoms absorb some of the light energy that hits them (or other energy from the electromagnetic spectrum), which pushes electrons to higher energy levels than their normal “ground state,” temporarily storing the energy as a potential energy (Figure 19). The atom quickly converts the energy back to light energy to return to its ground state, but that energy may be emitted in a completely different direction than the original energy or may be at a different wavelength. Each element on the periodic table has unique electron orbitals, so different elements absorb light energy at very specific colors (wavelengths). Students can therefore use the absorption bands as ‘fingerprints’ to identify the types and relative quantity of elements in a given star. Figure 18 shows that common star spectra include fingerprints of a number of elements, and more detailed analysis allows scientists to determine the full range of elements and even their relative abundance to construct the complete chemical composition of a star’s atmosphere. 
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Figure 19. Absorption spectra work because individual atoms can temporarily convert light energy into potential energy. Image credit: (CC-BY-NC-SA) by M. d’Alessio with public domain images from Wikipedia and NASA.
The absorption of specific wavelengths of electromagnetic waves occurs in stars, but also all around on Earth, including greenhouse gases in Earth’s atmosphere. Elements like CO2 and water vapor absorb infrared energy heading away from the planet and re-emit it back towards Earth so that energy that would have otherwise have left the system is retained. This process is fundamental to Earth’s energy balance as discussed in unit 2 (HS-ESS2-4).

Evidence for Fusion

For ages, scientists have pondered what has caused the Sun to shine. In 1854, William Thomson (who later became so well known as a scientist that he was knighted and now is known as Lord Kelvin) published a paper calculating that the Sun would run out of fuel completely in just 8,000 years if it were made entirely of gunpowder (the most energy-dense self-contained fuel he could think of at the time) (Thomson 1854). Even at the time, geologists had evidence that the Earth needed to be considerably older than that, so controversy ensued over what causes the Sun to shine. 

Lord Kelvin correctly determined that no chemical reaction would yield enough energy to power the Sun, but he incorrectly concluded that the Sun must be getting a constant replenishment of energy from meteors that collide with it. He died in 1907, more than a decade before scientists discovered a fuel that could release previously inconceivable amounts of energy, nuclear fusion (PS1.C). Under most conditions, when two atoms collide they bounce off one another because of the repulsive forces between their nuclei. If the atoms are moving fast enough, collisions can bring their nuclei together enough they fuse, releasing more than a million times more energy per unit of mass than any chemical reaction. 

Students can repeat Lord Kelvin’s calculation about how long the Sun can last if it continues to emit energy at its current rate, but this time using information he didn’t have about the composition of the Sun from spectral lines (not gunpowder, but 75% hydrogen) and the energy release of hydrogen fusion (instead of chemical reactions). This approximate calculation of the scale of energy release shows that the Sun’s lifetime will be on the order of several billion years, which is consistent with what we know from radiometric dating about the age of our Solar System.

A model of fusion in stars over their lifecycle

The key to fusion is getting atoms up to a high enough temperature that they move fast enough to fuse together, typically millions of degrees. Such temperatures do not occur naturally anywhere on Earth – they only happen in the interiors of stars where temperatures and pressures are so high due to gravity and the kinetic energy of infalling matter. But even at the center of a star, conditions can change that cause fusion to start and stop. As a result, we say that stars are born and die. 

Stellar birth and activating fusion

A star begins its life as a cold cloud of dust and gas. Gravity attracts the individual dust and gas particles and they fall towards one another, decreasing the gravitational potential energy of the system. Since energy must be conserved in the system, the particles gain kinetic energy (much like a ball falling downward speeds up as it gets lower). The temperature of an object is a measure of the average kinetic energy of its molecules, so we say that the star warms up as it contracts. At some point, the particles may be moving fast enough that they undergo nuclear fusion when they collide. Within the same cloud of dust and gas, many objects can form simultaneously. The objects that accumulate enough mass to start fusion are called stars and the ones that don’t are called planets. Stars and planets are made of the exact same material and accumulate by the exact same gravitational processes. 

Mid-life as a star: a balance

Once fusion begins, the energy it releases causes particles to push one another apart and the star begins to expand again. This is the opposite situation as the original star formation and involves an increase in gravitational potential energy that must be balanced by the particles slowing down (much like a ball thrown upward slows down as it gets higher). At slower speeds, fusion is less likely to occur and the star stops expanding. This counter-balancing feedback between the explosive force of fusion and the attraction due to gravity keeps stars stable during most of their lifespan. It is called their main sequence. 
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Figure 20. Counter-balancing feedbacks in stars. The explosive force of fusion balances the attractive force of gravity keeping stars stable during most of their lives. Image credit: (CC-BY-NC-SA) by M. d’Alessio

Growing older

Even the core of a young star is not typically hot enough to fuse anything except hydrogen. Larger stars burn it more quickly because they are a higher temperature, and all stars eventually fuse all the hydrogen in their core into helium, so fusion stops (marking the end of the period called the main sequence). Without fusion pushing the star outward, the counter-balancing feedback shown in Figure 20 becomes unbalanced, and then gravity acts alone to contract the star. 

Contraction causes temperature increases in both the core and the surrounding envelope. If the star has enough mass, it may heat enough for helium atoms to begin fusing together. If that helium gets used up, the same processes will create, in sequence, large elements up to the size of iron. Only stars that start off their lives with a large enough mass are able to generate elements larger than helium during their lifetimes. Contraction of the star’s envelope triggers hydrogen to begin fusing there. The outer envelope is less dense, so gravity does not act as effectively to hold the star together and fusion in the envelope causes the star to expand to a massive size, which is why some stars are called “giants” and “supergiants.”

Our Sun is currently in its main sequence, so it has not yet been a giant and still only fuses hydrogen in its core. So how does it get all the elements bigger than helium that show up in its spectra? Where did they come from?

The end of stars

Our Sun is not massive enough to start helium fusion. Once hydrogen fusion stops in the Sun’s core, hydrogen fusion in its envelope will cause it to grow to be a giant star. Eventually its envelope will expand away and leave behind a core made primarily of carbon and oxygen. That core will still be incredibly hot and it will continue to glow for a long time even without fusion. Some of the stars we see in the night sky are actually the hot, dying cores of stars that have finished fusion. 

Larger stars continue fusing atoms until they end up entirely with iron in their cores and spontaneous fusion stops. The core is already very dense and gravity can cause the entire core to collapse within a few seconds. This rapid core collapse leads to such high temperatures and pressures that there is finally enough extra energy to fuse elements larger than iron. Practically all of the atoms in the Universe larger than iron formed during the cataclysmic collapse of these large stars. The collapsing core rebounds in a dramatic explosion called a supernova, ejecting all of its material out into space where it can eventually coalesce into new stars. The carbon in our bodies came from carbon made in a star that exploded and was ejected into a region of space where our solar system was born. As Carl Sagan has said, “We are made of star stuff.” 
Students combine their model of fusion (HS-PS1-8) with the counter-balancing feedbacks in Figure 20 to construct a model of how fusion relates to a star’s lifecycle (HS-ESS1-1). They apply this model to a product that communicates how material got from the random hydrogen atoms inside a young star to the complex range of elements inside their own bodies (HS-ESS1-3). They create a diagram, storyboard, movie, or other product that illustrates this step-by-step sequence. At each stage of their diagram, they should be able to answer the question, “What is the evidence that this particular stage happens?” 
	Earth and Space Science (4 Course Model) Snapshot: Asking questions about patterns in stars

	Students review a table of a number of properties of the 100 nearest stars and the 100 brightest stars using a spreadsheet. To analyze the data, they construct graphs of different properties looking for patterns. They find that many of the factors are uncorrelated (“It looks like bright stars can be located both near and far from us.”), but they should see a definite pattern between brightness and temperature—hotter stars are brighter and colder stars are dimmer. They may begin with a linear scale, but with such a large range in the brightness of stars (less than 1% as bright up to 100 times brighter than the Sun), they discover will need to adjust to a logarithmic scale.
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Anaya: Not all the bright stars are hot, though. Are those outliers?

Cole: And not all the dim stars are cold.

Ms. M.: Why do you think that is? Should we graph more data?

Jordan: Maybe those dim ones are farther away.

Diego: I don’t think so. We graphed distance versus brightness and there wasn’t any trend. But I’ll look specifically at the data for those stars to make sure.

Jordan: Well maybe they’re smaller then. If they’re small, maybe they wouldn’t be very bright even if they were hot. 

Anaya: And maybe those cold ones would be bright if they were really big.

Students ask questions that lead them to further investigation. The example student dialog is idealized, but effective talk moves can help structure conversations so that students move towards this ideal (as outlined in the chapter on Instructional Strategies). 

This pattern in the data was discovered by Ejnar Hertzsprung and Henry Russell around 1910 and is commonly referred to as a Hertzsprung-Russell (H-R) Diagram. It appears in several different forms including color or “spectral type” instead of temperature. Like the coals in a fire, cooler stars are red and hotter stars are orange, yellow, or even blue. (Several online simulations are available to allow students to explore this relationship between temperature and color.) Students can add this relationship to their model of the Sun’s energy emissions (HS-ESS1-1) because it helps explain the overall broad range of colors emitted by the Sun in Figure 17. It relates to the star’s lifecycle because most of the stars fall along the central diagonal line in the H-R diagram, which is referred to as the main sequence. As they move through their life cycle and stop fusing elements in their core, stars plot in different sections of the H-R diagram than they did during their main sequence.

	Connections to the CA NGSS:

Science and engineering practices
Disciplinary core ideas
Cross cutting concepts
Asking questions

Analyzing and Interpreting Data
ESS3.D Global Climate Change (analyzing geoscience data about the rate of climate change is part of HS-ESS3-5)
Patterns


	Connections to the CA CCSSM: MP.1, MP.2, MP.3, MP.7, S-ID 3, S-ID 9, S-IC 6

	Connections to CA CCSS for ELA/Literacy: W.9-10.6, SL.9-10.1a-d, RST.9-10.1, RST.9-10.7, RST.9-10.9, WHST.9-10.7

	Connection to CA ELD Standards :  ELD.9-10.P1.1.Ex–Br, ELD.9-10.P1.3.Ex–Br, ELD.9-10.P1.10.Ex–Br

	Connections to the CA EP & Cs: none


Getting energy to Earth

As early as 5th grade in the CA NGSS, students generate a model showing that most of the energy that we see on Earth originated in the Sun (5-PS3-1). In unit 2, students expand that model to a complete energy balance within the Earth system. Now students will expand their system model to trace the flow of energy back to fusion in the Sun’s hot core (HS-ESS1-1). Students will draw on their understanding of physical science where they conduct experiments to observe a number of processes that transfer thermal energy from hot components to cold components of a system (HS-PS3-4) such as radiation and convection. They developed a model of convection at Earth’s surface in middle school (MS-ESS2-6) and in Earth’s interior in unit 3, now they can apply it to the interior of the Sun. Convection occurs in a large section of the outer envelope, moving heat from the interior out to the visible surface (Figure 21).  Evidence for this convection can be seen in high resolution optical images of the sun’s surface that look like a bubbling cauldron. This convection plays a role in the eruption of solar flares and other variations in solar intensity, which have been recorded for centuries (NASA 2003). Some of these variations are periodic (the Sun’s magnetic field flips about every 11 years, causing changes in the amount of radiation of about 0.1%) while slightly larger variations are less well understand but can make a big difference in Earth’s climate over much longer timescales (from decades to millions of years). The existence of these variations is evidence for convection, which constantly bubbles up new high temperature material that emits more energy than the material the cooler and denser material that sinks down. Even though no fusion occurs on the visible surface, it still shines via a process known as thermal radiation (or “black body” radiation). Most of this radiation travels directly towards earth, but a small fraction of it is absorbed, creating the absorption spectra of Figure 17.
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Figure 21. Energy transfer by radiation and convection moves energy from the Sun's core to Earth. There are a number of steps along the way. Image credit: (CC-BY-NC-SA) by M. d’Alessio

Unit 8: Motion in the Universe
	Unit 8: Motion in the Universe

	What are the predictable patterns of movement in our solar system and beyond?

What can those motions tell us about the origin of the Universe and our planet?

	Highlighted Crosscutting Concepts:
· Scale, proportion, and quantity
· Structure and function

	Highlighted Science and Engineering Practices
· Constructing explanations
· Using mathematics and computational thinking

	Students who demonstrate understanding can:

HS-ESS1-2. Construct an explanation of the Big Bang theory based on astronomical evidence of light spectra, motion of distant galaxies, and composition of matter in the universe. [Clarification Statement: Emphasis is on the astronomical evidence of the red shift of light from galaxies as an indication that the universe is currently expanding, the cosmic microwave background as the remnant radiation from the Big Bang, and the observed composition of ordinary matter of the universe, primarily found in stars and interstellar gases (from the spectra of electromagnetic radiation from stars), which matches that predicted by the Big Bang theory (3/4 hydrogen and 1/4 helium).]
HS-ESS1-4. Use mathematical or computational representations to predict the motion of orbiting objects in the solar system. [Clarification Statement: Emphasis is on Newtonian gravitational laws governing orbital motions, which apply to human-made satellites as well as planets and moons.] [Assessment Boundary: Mathematical representations for the gravitational attraction of bodies and Kepler’s Laws of orbital motions should not deal with more than two bodies, nor involve calculus.]
HS-ESS1-6. Apply scientific reasoning and evidence from ancient Earth materials, meteorites, and other planetary surfaces to construct an account of Earth’s formation and early history. [Clarification Statement: Emphasis is on using available evidence within the solar system to reconstruct the early history of Earth, which formed along with the rest of the solar system 4.6 billion years ago. Examples of evidence include the absolute ages of ancient materials (obtained by radiometric dating of meteorites, moon rocks, and Earth’s oldest minerals), the sizes and compositions of solar system objects, and the impact cratering record of planetary surfaces.] (repeated in unit 7)


Background for Teachers and Instructional Suggestions
From the NGSS storyline:

High school students can examine the processes governing the formation, evolution, and workings of the solar system and universe. Some concepts studied are fundamental to science, such as understanding how the matter of our world formed during the Big Bang and within the cores of stars. Others concepts are practical, such as understanding how short-term changes in the behavior of our sun directly affect humans. Engineering and technology play a large role here in obtaining and analyzing the data that support the theories of the formation of the solar system and universe. (NGSS Lead States 2013)
In earlier grades, students observed and described patterns of motion in the sky (1-ESS1-1, 5-ESS1-2). In this unit, students will explore motion at a range of scales that help explain where Earth’s materials came from, how they came together, and how they were modified since then. 

Students will apply their skill at analyzing spectra to stars beyond the Sun.  They are given examples of stellar spectra and asked to match the multiple absorption lines to a set of correctly spaced and identified lines determined in a laboratory. They find that they must shift the star spectrum as a whole to higher or lower frequency in order to match the lines from the laboratory. Understanding the significance of this observation requires understanding of the Doppler effect, a topic that builds on physical science DCIs related to waves but is not required to meet other CA NGSS PEs. When stars move towards or away from a viewer, the wavelength of their light shifts (Figure 23). We can therefore use the Doppler shifts to map out the movements of stars towards or away from us. For example we find that galaxies rotate, so even if overall the galaxy is moving away from us, stars on one side of it may be less Doppler shifted than stars on the other side. When students examine different stars in different parts of the sky, they will make the discovery that almost all galaxies shifted towards longer wavelengths, revealing that they are all moving away from us. Since longer wavelengths are closer to the red end of the visible spectrum, this effect is referred to as a ‘redshift.’

Students are now ready to read or watch a historical account of Edwin Hubble’s surprising discovery that the Universe is expanding
. Hubble noticed a pattern in the redshifts: the farther away a galaxy is from Earth, the faster it moves away from us. In fact, some very distant galaxies appear from their redshift to be receding from us at greater than the speed of light, which is impossible (if they were moving that fast, their light would never reach us and we wouldn’t be able to see them). He made a model that could explain this pattern in which stars are not really moving in space, but rather the space between the stars is getting bigger (much like raisins expanding in a lump of dough). This model replaces the Doppler shift with a different explanations where the wavelengths got stretched by the stretching of space itself! Students can perform their own investigation of redshifts using simulated telescope data from online laboratory exercises
. That investigation requires an understanding of how distances are measured in the Universe, which builds on the argument students constructed in 5th grade that the apparent brightness of stars in the sky depends on their distance from Earth (5-ESS1-1). Students can work independently or in small groups to obtain information about one of the methods for determining distance in the Universe and then combine their findings with other students to develop a report, a poster, or a presentation that describes the scale of the universe and how it is measured.

Students now have evidence that the Universe is expanding, which invites them to ask questions such as, “What is causing this expansion?” and “What would the Universe look like if we could ‘rewind’ this expansion to look back in time?” The inevitable answer is that everything that we can see as far as we can look out into the Universe was all once contained in a tiny region smaller than the size of an atomic nucleus! This region was so hot and dense at this time that it effectively exploded in what we call the Big Bang. We can see evidence of this explosion in the matter and energy that exists in the Universe today. Calculations by scientists reveal that the massive explosion would produce elements in specific proportions, and we can look for that fingerprint by using spectral lines to determine the relative abundance of different elements in stars like our Sun (graph in the middle in Figure 22). While Sun’s relatively small proportion of heavier elements were formed in distant supernovas, its overall composition is similar to most other stars and matches the fingerprint predicted by the Big Bang with roughly three quarters hydrogen and one quarter helium. A hot, dense early Universe would also have emitted radiation, which should still be traveling towards us. In 1963, a group of scientists detected a constant stream of microwave radiation coming in every direction. They were worried it was something wrong with their equipment, but it became apparent that the signal they were detecting was also consistent with models of emissions of the hot early Universe. We now call that energy the Cosmic Microwave Background Radiation and can use it to get a picture of what the Universe looked like shortly after the initial Big Bang (image on the right in Figure 22). Like so many scientific discoveries, engineering and technology have had a profound impact on scientists’ ability to make measurements. Cosmic Microwave Background would not have been measurable in the days of Hubble because the technology did not exist to observe it.
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Figure 22. Evidence of the Big Bang comes from the redshift versus distance of stellar spectra (left), the relative abundance of elements in the Sun determined from absorption spectra (middle) and the Cosmic Microwave Background Radiation that reveals minute differences in temperature in the early Universe (right). Image credit: LEFT (CC-BY-NC-SA by M. d’Alessio with data from Jha, Riess, and Kirshner 2007; MIDDLE (CC-BY-NC-SA) by M. d'Alessio with data from Lodders (2003); RIGHT NASA 2008 
Predicting motions
In unit 7, students develop a model for the birth of the Sun from a cloud of dust and gas. That model also predicts that planets and other bodies in the solar system all formed the same way from the same initial materials. At the heart of this model is the force of gravity causing particles to coalesce into larger and larger objects. This ‘nebular theory’ provides a framework to explain many of the major features in the solar system such as the compositional difference between the rocky inner planets, the gaseous outer planets, and the asteroid belt where planetesimals and smaller bodies continue to circulate today. A consequence of the gravity-driven movement in the early solar system is that random variations cause all of the bodies in a region to start rotating the same direction as they accumulate more mass. Motion in our solar system shows evidence for this effect, as most objects rotate and revolve in a common direction, rather than randomly. Observations of those consistent motions, including the period of each planet’s orbit, can be the driving observation behind the discussion of the use of Kepler’s laws to predict those motions (HS-ESS1-4). 
Snapshot: Science and Engineering Practices and the History of Gravity

The CA NGSS learning progression mirrors the historical development of our understanding of gravity and orbital motion. In 1576, Danish scientist Tycho Brahe set up the world’s most sophisticated astronomical observatory of its time. He methodically investigated and recorded the motion of celestial objects across the sky. Just before he died, Brahe took on Johannes Kepler as a student who analyzed the data to develop a simple descriptive model. Even though his model did a superb job of predicting the motion of objects in the sky, it was incomplete because it couldn’t explain the fundamental forces driving the motions. In late 1600’s, Isaac Newton extended Kepler’s model by describing the nature of gravitational forces. From his fundamental equations of gravity, Newton was able to derive Kepler’s geometric laws and match the observations of Brahe. Despite the fact that Newton’s work was revolutionary, he became so well-known because his book, Principia Mathematica, did such a good job of communicating information. In the CA NGSS, elementary students mirror the work of Brahe, recognizing patterns in the sky (1-ESS1-1, 5-ESS1-2). In middle school, students mirror the work of Kepler by making simple models that describe how galaxies and the solar system are shaped (MS-ESS1-2). In high school, students add mathematical thinking to their descriptive model (using Kepler’s laws, HS-ESS1-4) and then finally extend their model to a full explanation with the equations of the force of gravity from Newton’s model (HS-PS2-4). 
Even though students quantitatively describe the force of gravity in physical science (HS-PS2-4), deriving Kepler’s Laws for elliptical orbits directly from the gravitational force is beyond the mathematical scope of many students. Instead, focus should be on interpreting the evidence of the orbital period of different bodies in our solar system, including planets and comets. These laws form an excellent illustration of the crosscutting concept of scale, proportion, and quantity. By comparing the distance of objects away from the Sun and the time it takes them to complete one orbit, students recognize a pattern. Table 2 shows that the ratio determined by Kepler (orbital period squared divided by orbital distance cubed) is nearly constant for objects in our solar system. Students can calculate this ratio for Earth and other planets and then make measurements of the orbital path of comets to try to estimate how often they will return. The ratio is only true for objects orbiting the same body (illustrated by the dramatically different ratio for the Moon in Table 2), but students can use measurements of the Moon to predict the height of satellites in geosynchronous orbit (they have an orbital period of exactly one day, which allows them to always be in the same position in the sky. Satellite TV receives signals from these satellites), or the orbital period of the International Space Station from its height above Earth. Students can also use the more complete form of Kepler’s laws to calculate the mass of distant stars using only the orbital period of newly discovered planets that orbit them.
Table 2. Objects far away from the Sun take longer to orbit it, but ratios using Kepler’s Laws are nearly the same for all bodies in our solar system. 
	Planet
	Period

(yr)
	Average Distance
(AU)
	Kepler’s ratio: T2/R3 (yr2/AU3)

	Mercury
	0.241
	0.39
	0.98

	Venus
	0.615
	0.72
	1.01

	Earth
	1
	1
	1.00

	Mars
	1.88
	1.52
	1.01

	Jupiter
	11.8
	5.2
	0.99

	Saturn
	29.5
	9.54
	1.00

	Uranus
	84
	19.18
	1.00

	Neptune
	165
	30.06
	1.00

	Pluto
	248
	39.44
	1.00

	Halley’s comet
	75.3
	17.8
	1.00

	Comet Hale Bopp
	2,521
	186
	0.99

	Moon (relative to Earth)*
	0.0766
	0.00257
	345667*


* Kepler’s ratio only works for objects orbiting around the same body. Since Moon orbits Earth, its ratio should be much different.
Engineering Connection: Satellite orbits

When a company spends millions of dollars to launch a communications satellite or the government launches a new weather satellite, they employ computer models of orbital motion to make sure these investments will stay in orbit. These models are based on the exact equations introduced in the CA NGSS high school courses. In fact, students can gain a deeper understanding of the orbital relationships and develop computational thinking skills by interacting directly with computer models of simple two-body systems. Even with minimal computer programming background, students could learn to interpret an existing computer program of a two-body gravitational system. They could start by being challenged to identify an error in the implementation of the gravity equations in sample code given to them. Next, students modify the code to correctly reflect the mass of the Earth and a small artificial communications satellite orbiting around it. They can vary different parameters in the code such as the distance from Earth or initial speed and see how those parameters affect the path of the satellite. At what initial launch speeds will the satellite stay in orbit versus spiral back into Earth’s atmosphere? 
While Kepler’s laws present a simple view of orbital shapes and periods, the NRC Framework pushes teachers to emphasize the importance of changes in orbits, as these changes have large impacts on Earth’s internal systems:

Orbits may change due to the gravitational effects from, or collisions with, other objects in the solar system. Cyclical changes in the shape of Earth’s orbit around the sun, together with changes in the orientation of the planet’s axis of rotation, both occurring over tens to hundreds of thousands of years, have altered the intensity and distribution of sunlight falling on Earth. These phenomena cause cycles of ice ages and other gradual climate changes. (NRC Framework, p. 176)

Using realistic computer simulations of Earth’s orbit, students could investigate the effects collisions (such as the impact that led to the creation of the Moon) or explore the variation in the Earth-Sun distance to look for evidence of cyclic patterns. They would discover some of the Milankovitch cycles, which have strong influence on the ice age cycles that were apparent when students studied Earth’s climate. The CA NGSS pushes teachers to connect these ideas so that Earth’s place in the Universe is strongly integrated with our understanding of the complete Earth system.
Concept Map of Earth and space science Disciplinary Core Ideas

In meeting the PEs of selected for this unit, instructors must introduce some DCIs as well as build on the DCIs introduced in middle school. Figure 23 shows a concept map with the relationships between DCIs introduced during middle school and high school levels. This concept map is not a conceptual flow with a specific order or sequence, nor is it a comprehensive illustration of all ideas that should be taught in the courses. It may, however, be helpful in identifying how DCIs build from middle school to high school and relate to one another. This map is explicitly placed at the end of the unit so that readers view them with a full appreciation of how these DCIs must be explored using the other two dimensions of NGSS as outlined in the course above. The concept map is limited only to DCIs, so even if students had a full appreciation of what is in these maps they also need practice in doing science and engineering (SEPs) and identifying big picture relationships to other disciplines (CCCs).
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Figure 23. Concept map of Earth science DCIs. Image Credit: (CC-BY-NC-SA) by Matthew d’Alessio
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� Electrocity, � HYPERLINK "http://electrocity.co.nz/" �http://electrocity.co.nz/� ; SimCityEDU, � HYPERLINK "http://www.simcityedu.org/" �http://www.simcityedu.org/�. 


� � HYPERLINK "http://www.eie.org/engineering-everywhere/curriculum-units/dont-runoff" �http://www.eie.org/engineering-everywhere/curriculum-units/dont-runoff�


� Sloan Digital Sky Survey, The Expanding Universe, � HYPERLINK "http://skyserver.sdss.org/dr1/en/astro/universe/universe.asp" �http://skyserver.sdss.org/dr1/en/astro/universe/universe.asp� 


� Two older examples include Project CLEA, � HYPERLINK "http://www3.gettysburg.edu/~marschal/clea/hublab.html" �http://www3.gettysburg.edu/~marschal/clea/hublab.html� or University of Washington Astronomy Department, � HYPERLINK "http://www.astro.washington.edu/courses/labs/clearinghouse/labs/HubbleLaw/hubbletitle.html" �http://www.astro.washington.edu/courses/labs/clearinghouse/labs/HubbleLaw/hubbletitle.html�. More modern resources could be developed. 
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