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High School Science Domains Model Course 1-Chemistry-Bundle 2
Chemical Reactions
This is the second bundle of the High School Domains Model Course 1-Chemistry. Each bundle has connections to the other bundles in the course, as shown in the Course
Flowchart.

Bundle 2 Question: This bundle is assembled to address the question of “Why Do We Use Gasoline For Energy?”

Summary

The bundle organizes performance expectations with a focus of helping students understand how the properties of an element determine the way its atoms will
react with other atoms. Instruction developed from this bundle should always maintain the three-dimensional nature of the standards, but recognize that
instruction is not limited to the practices and concepts directly linked with the bundle performance expectations.

Connections between bundle DCls

Elements have chemical properties (PS1.A as in HS-PS1-2) and the columns of the periodic table orders elements by these patterns (PS1.A as in HS-PS1-2).
This idea connects to the concepts that knowledge of the chemical properties of the elements involved in a reaction can be used to describe and predict chemical
reactions (PS1.B as in HS-PS1-7). The idea that atoms are conserved in these reactions (PS1.B as in HS-PS1-7) connects to the idea of energy through the
concept that a stable molecule has less energy than the same set of atoms separated (PS1.A as in HS-PS1-4). This concept of energy in chemical reactions
(PS1.A as in HS-PS1-4) also connects to the process of photosynthesis, and the idea that photosynthesis and cellular respiration are important components of the
carbon cycle (LS2.B as in HS-LS2-5).

Concepts of the carbon cycle (LS2.B as in HS-LS2-5) connect to the ideas that gradual atmospheric changes were due to plants and other organisms that
captured carbon dioxide and released oxygen (ESS2.D as in HS-ESS2-6), human-generated greenhouse gases (ESS2.D as in HS-ESS3-6), the magnitude of
human impacts on climate (ESS3.D as in HS-ESS3-5), and the complex set of interactions within an ecosystem (LS2.C as in HS-LS2-6).

Bundle Science and Engineering Practices

Instruction leading to this bundle of PEs will help students build toward proficiency in elements of the practices of constructing explanations and designing
solutions, developing and using models, using mathematics and computational thinking, engaging in argument from evidence, and analyzing and interpreting
data. Many other practice elements can be used in instruction.

Bundle Crosscutting Concepts
Instruction leading to this bundle of PEs will help students build toward proficiency in elements of the crosscutting concepts Patterns, Energy and Matter,
Systems and System Models, and Stability and Change. Many other CCC elements can be used in instruction.

All instruction should be three-dimensional.

Performance Expectations HS-PS1-2. Construct and revise an explanation for the outcome of a simple chemical reaction based on the outermost electron
states of atoms, trends in the periodic table, and knowledge of the patterns of chemical properties. [Clarification Statement: Examples of
HS-LS2-5 is partially chemical reactions could include the reaction of sodium and chlorine, of carbon and oxygen, or of carbon and hydrogen.] [Assessment Boundary:

assessable (it is continued in Assessment is limited to chemical reactions involving main group elements and combustion reactions.]

Course 3: Life Sciences) HS-PS1-4. Develop a model to illustrate that the release or absorption of energy from a chemical reaction system depends upon the

changes in total bond energy. [Clarification Statement: Emphasis is on the idea that a chemical reaction is a system that affects the energy change.
Examples of models could include molecular-level drawings and diagrams of reactions, graphs showing the relative energies of reactants and products, and
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representations showing energy is conserved.] [Assessment Boundary: Assessment does not include calculating the total bond energy changes during a
chemical reaction from the bond energies of reactants and products.]

HS-PS1-7. Use mathematical representations to support the claim that atoms, and therefore mass, are conserved during a chemical
reaction. [Clarification Statement: Emphasis is on using mathematical ideas to communicate the proportional relationships between masses of atoms in
the reactants and the products, and the translation of these relationships to the macroscopic scale using the mole as the conversion from the atomic to the
macroscopic scale. Emphasis is on assessing students’ use of mathematical thinking and not on memorization and rote application of problem-solving
techniques.] [Assessment Boundary: Assessment does not include complex chemical reactions.]

HS-LS2-5. Develop a model to illustrate the role of photosynthesis and cellular respiration in the cycling of carbon among the
biosphere, atmosphere, hydrosphere, and geosphere. [Clarification Statement: Examples of models could include simulations and mathematical
models.] [Assessment Boundary: Assessment does not include the specific chemical steps of photosynthesis and respiration.]

HS-ESS2-6. Develop a quantitative model to describe the cycling of carbon among the hydrosphere, atmosphere, geosphere, and
biosphere. [Clarification Statement: 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-ESS3-5. 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-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.]

Example Phenomena

Wood burning in a campfire turns to ashes and smoke is formed.
A metal fence appears to disintegrate as it rusts.

Tillandsia (“air plants™) don’t need to be planted in soil in order to survive.

Additional Practices
Building to the PEs

Asking Questions and Defining Problems

o Students ask questions that arise from examining models or a theory, to clarify and/or seek additional information and
relationships.

Students could ask questions about how gradual atmospheric changes were due to plants and other organisms by examining models to
clarify relationships between the atmosphere and organisms. HS-ESS2-6
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Additional Practices
Building to the PEs
(Continued)

Developing and Using Models

o Develop and/or use multiple types of models to provide mechanistic accounts and/or predict phenomena, and move flexibly
between model types based on merits and limitations.

Students could develop and use multiple types of models to provide mechanistic accounts of chemical processes, their rates, and whether
or not energy is stored or released. HS-PS1-4

Planning and Carrying Out Investigations

e Manipulate variables and collect data about a complex model of a proposed process or system to identify failure points or
improve performance relative to criteria for success or other variables.

Students could manipulate variables [in] a complex model of human impacts on global climate to improve [hypothetical outcomes]
relative to criteria for success. HS-ESS3-5

Analyzing and Interpreting Data

e Consider limitations of data analysis (e.g., measurement error, sample selection) when analyzing and interpreting data.
Students could analyze and interpret data [related to] components of the carbon cycle [and in doing so] consider limitations of data
analysis. HS-LS2-5

Using Mathematics and Computational Thinking:

e Apply ratios, rates, percentages, and unit conversions in the context of complicated measurement problems involving
quantities with derived or compound units (such as mg/mL, kg/m3, acre-feet, etc.).

Students could apply ratios, rates, percentages, and unit conversions in the context of complicated measurement problems [related to]
components of the carbon cycle involving quantities with derived or compound units. HS-LS2-5

Constructing Explanations and Designing Solutions:

e Apply scientific ideas, principles, and/or evidence to provide an explanation of phenomena and solve design problems,
taking into account possible unanticipated effects.

Students could apply scientific ideas, principles, and/or evidence to provide an explanation of phenomena [related to] how the ocean, the
atmosphere, and the biosphere interact. HS-ESS3-6

Engaging in Argument from Evidence:

e Make and defend a claim based on evidence about the natural world or the effectiveness of a design solution that reflects
scientific knowledge and student-generated evidence.

Students could make and defend a claim based on evidence about how the ocean, the atmosphere, and the biosphere interact and are
modified in response to human activities. HS-ESS3-6
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Additional Practices
Building to the PEs
(Continued)

Obtaining, Evaluating, and Communicating Information:

e Communicate scientific and/or technical information or ideas (e.g. about phenomena and/or the process of development and
the design and performance of a proposed process or system) in multiple formats (i.e., orally, graphically, textually,
mathematically).

Students could communicate scientific and/or technical information or ideas about how the ocean, the atmosphere, and the biosphere
interact and are modified in response to human activities in multiple formats (i.e., orally, graphically, textually, mathematically). HS-
ESS3-6

Additional Crosscutting
Concepts Building to the
PEs

Patterns

e Classifications or explanations used at one scale may fail or need revision when information from smaller or larger scales is
introduced; thus requiring improved investigations and experiments.

Students could examine descriptions and predictions of chemical reactions [and consider how] classifications or explanations used
at one scale may fail or need revision when information from smaller or larger scales is introduced. HS-PS1-2

Energy and Matter
e Energy drives the cycling of matter within and between systems.
Students could describe how energy drives the cycling of matter within and between systems [in the] carbon cycle. HS-LS2-5

Systems and Systems Models

e Models (e.g., physical, mathematical, computer models) can be used to simulate systems and interactions—including
energy, matter, and information flows—within and between systems at different scales.

Students could use models (e.g., physical, mathematical, computer models) to simulate [that] carbon is exchanged among the
biosphere, atmosphere, oceans, and geosphere through chemical, physical, geological, and biological processes. HS-LS2-5

Additional Connections to
Nature of Science

e Models, mechanisms, and explanations collectively serve as tools in the development of a scientific theory.
Students could describe how models, [such as the] periodic table, [could] serve as a tool in the development of a scientific theory. HS-
pPS1-2

e Science distinguishes itself from other ways of knowing through use of empirical standards, logical arguments, and skeptical
review.

Students could describe the empirical standards [necessary to understand] chemical processes and their rates , [and how these] empirical
standards [are different from] other ways of knowing. HS-PS1-4
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HS-PS1-2

Students who demonstrate understanding can:

HS-PS1-2.

Construct and revise an explanation for the outcome of a simple chemical reaction

based on the outermost electron states of atoms, trends in the periodic table, and
knowledge of the patterns of chemical properties. [Clarification Statement: Examples of
chemical reactions could include the reaction of sodium and chlorine, of carbon and oxygen,
or of carbon and hydrogen.] [AssessmentBoundary: Assessmentis limited to chemical
reactionsinvolving main group elements and combustion reactions.]

The performance expectationabove was developed using the following elements from A Framework for K-12 Science Education

Science and Engineering Practices

Constructing Explanations and
Designing Solutions

Constructing explanations and designing
solutions in 9-12 builds on K-8
experiences and progressesto
explanations and designs that are
supported by multiple and independent
student-generated sources of evidence
consistent with scientificideas,
principles, and theories.

e  Constructand revise an explanation
based on valid and reliable evidence
obtained froma variety of sources
(including students’ ow n
investigations, models, theories,
simulations, and peer review ) and
the assumption that theories and
law s that describe the natural w orld
operate today as they did in the past
and w illcontinue to do soin the
future.

Disciplinary Core Ideas

PS1.A: Structure and Properties of
Matter
e The periodic table orders

elements horizontally by the
number of protons in the atom's
nucleus and places those w ith
similar chemical properties in
columns. The repeating patterns
of this table reflect patterns of
outer electron states.

PS1.B: Chemical Reactions

e The factthatatoms are
conserved, together with
know ledge of the chemical
properties of the elements
involved, can be used to
describe and predict chemical
reactions.

Crosscutting Concepts

Patterns
e Different patterns may be
observed at each of the scales
at w hich a systemis studied and
can provide evidence for
causality in explanations of
phenomena.

| Observable features of the student performance by the end of the course:

Articulating the explanation of phenomena

a | Students construct an explanation of the outcome of the given reaction, including:

is the same;

i.  The ideathat the total number of atoms of each element in the reactant and products

il.  The numbers and types of bonds (i.e., ionic, covalent) that each atom forms, as
determined by the outermost (valence) electron states and the electronegativity ;

iii.  The outermost (valence) electron state of the atoms that make up both the reactants
and the products of the reaction is based on their position in the periodic table; and

iv. A discussion of how the patterns of attraction allow the prediction of the type of
reaction that occurs (e.g., formation of ionic compounds, combustion of hydrocarbons).

Evidence

a | Students identify and describe* the evidence to construct the explanation, including:

i.  Identification of the products and reactants, including their chemical formulas and the
arrangement of their outermost (valence) electrons;

reaction;

ii. Identification that the number and types of atoms are the same both before and after a

ili. Identification of the numbers and types of bonds (i.e., ionic, covalent) in both the

reactants and the products;
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iv. The patterns of reactivity (e.g., the high reactivity of alkali metals) at the macroscopic
level as determined by using the periodic table; and

V. The outermost (valence) electron configuration and the relative electronegativity of the
atoms that make up both the reactants and the products of the reaction based on their
position in the periodic table.

3 | Reasoning

a | Students describe* their reasoning that connects the evidence, along with the assumption that
theories and laws that describe their natural world operate today as they did in the past and
will continue to do so in the future, to construct an explanation for how the patterns of
outermost electrons and the electronegativity of elements can be used to predict the number
and types of bonds each element forms.

b | In the explanation, students describe* the causal relationship between the observable
macroscopic patterns of reactivity of elements in the periodic table and the patterns of
outermost electrons for each atom and its relative electronegativity.

4 | Revising the explanation

a | Given new evidence or context, students construct a revised or expanded explanation about
the outcome of a chemical reaction and justify the revision.
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HS-PS1-4

Students who demonstrate understanding can:

HS-PS1-4. Develop a model to illustrate that the release or absorption of energy from a chemical
reaction system depends upon the changes in total bond energy. [Clarification
Statement: Emphasisis onthe ideathata chemical reaction is a system thataffects the
energy change. Examples of models could include molecular-level drawings and diagrams of
reactions, graphs showing the relative energies ofreactants and products, and
representations showing energyis conserved.][AssessmentBoundary: Assessmentdoes
not include calculating the total bond energy changes during a chemical reaction from the
bond energies ofreactants and products.]

The performance expectationabove was developed using the following elements from A Framework for K-12 Science Education:

Science and Engineering Practices Disciplinary Core Ideas Crosscutting Concepts

Developingand Using Models PS1.A: Structure and Properties of Energy and Matter
Modeling in 9-12 builds on K-8 and Matter e Changes of energy and matter
progresses to using, synthesizing, and e  Astable molecule has less energy in a systemcan be described
developing models to predictand show than the same set of atoms in terms of energy and matter
relationships among variables betw een separated; one must provide at flow s into, out of, and w ithin
systems and their components in the least this energy in order to take that system.
natural and designed w orlds. the molecule apart.
e Develop a model based on PS1.B: Chemical Reactions
evidence toillustrate the e  Chemical processes, their rates,
relationships betw een systems or and w hetheror not energy is
betw een components of a system. stored or released can be

understood in terms of the
collisions of molecules and the
rearrangements of atoms into new
molecules, w ith consequent
changes in the sum of all bond
energies in the set of molecules
that are matched by changes in
kinetic energy.

| Observable features of the student performance by the end ofthe course:
1 | Components of the model

a | Students use evidence to develop a model in which they identify and describe* the relevant
components, including:
i.  The chemical reaction, the system, and the surroundings under study;
ii.  The bonds that are broken during the course of the reaction;
iii.  The bonds that are formed during the course of the reaction;
iv. The energy transfer between the systems and their components or the system and
surroundings;
V. The transformation of potential energy from the chemical system interactions to kinetic
energy in the surroundings (or vice versa) by molecular collisions; and
i The relative potential energies of the reactants and the products.
2 | Relationships
a | In the model, students include and describe* the relationships between components, including:
i.  The net change of energy within the system is the result of bonds that are broken and
formed during the reaction (Note: This does not include calculating the total bond
energy changes.);
il.  The energy transfer between system and surroundings by molecular collisions;
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iii.  The total energy change of the chemical reaction system is matched by an equal but
opposite change of energy in the surroundings (Note: This does not include calculating
the total bond energy changes.); and

iv. The release or absorption of energy depends on whether the relative potential energies
of the reactants and products decrease or increase.

3 | Connections

a | Students use the developed model to illustrate:

i.  The energy change within the system is accounted for by the change in the bond
energies of the reactants and products. (Note: This does not include calculating the
total bond energy changes.)

ii.  Breaking bonds requires an input of energy from the system or surroundings, and
forming bonds releases energy to the system and the surroundings.

iii.  The energy transfer between systems and surroundings is the difference in energy
between the bond energies of the reactants and the products.

V. The owverall energy of the system and surroundings is unchanged (conserved) during
the reaction.

V. Energy transfer occurs during molecular collisions.

i The relative total potential energies of the reactants and products can be accounted for
by the changes in bond energy.
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HS-PS1-7

Students who demonstrate understanding can:

HS-PS1-7. Use mathematical representations to support the claim that atoms, and therefore
mass, are conserved during a chemical reaction. [Clarification Statement: Emphasis is
on using mathematical ideas to communicate the proportional relationships between masses
of atoms in the reactants and the products, and the translation ofthese relationshipsto the
macroscopic scale using the mole asthe conversion from the atomic to the macroscopic
scale.Emphasis is on assessing students’ use of mathematical thinking and noton
memorization and rote application of problem-solving techniques.] [Assessment Boundary:
Assessmentdoes notinclude complex chemical reactions.]

The performance expectationabove was developed using the following elements from A Framework for K-12 Science Education:

Science and Engineering Practices Disciplinary Core Ideas Crosscutting Concepts

Using Mathematics and Computational PS1.B: Chemical Reactions Energy and Matter

Thinking . - e The factthat atoms are e  The total amount of energy
Mathematical and computational thinking conserved, together with and matter in closed systems
at the 9-12level builds on K-8 and know ledge of the chemical is conserved.

progresses to using algebraic thinking and properties of the elements o e e e eeeeeoao--
analysis, arange of linear and nonlinear involved, can be used to Connections to Nature of
functions including trigonometric functions, describe and predict chemical Science
exponentials and logarithms, and reactions.

computational tools for statistical analysis Scientific Knowledge Assumes
to analyze, represent, and model data. an Order and Consistency in
Simple computational simulations are Natural Systems

created and used based on mathematical
models of basic assumptions.
e Use mathematical representations of
phenomena to support claims.

e  Science assumes the universe
is avastsingle systemin
w hich basic laws are
consistent.

| Observable features of the student performance by the end of the course:
1 [ Representation

a | Students identify and describe* the relevant components in the mathematical representations:
i.  Quantities of reactants and products of a chemical reaction in terms of atoms, moles,

and mass;

ii. Molar mass of all components of the reaction;

iii. Use of balanced chemical equation(s); and

iv. Identification of the claim that atoms, and therefore mass, are conserved during a
chemical reaction.

b | The mathematical representations may include numerical calculations, graphs, or other

pictorial depictions of quantitative information.

¢ | Students identify the claim to be supported: that atoms, and therefore mass, are conserved

during a chemical reaction.

Mathematical modeling

a | Students use the mole to convert between the atomic and macroscopic scale in the analysis.

b | Given a chemical reaction, students use the mathematical representations to

i. Predict the relative number of atoms in the reactants versus the products at the atomic
molecular scale; and

il.  Calculate the mass of any component of a reaction, given any other component.

3 | Analysis

a | Students describe* how the mathematical representations (e.g., stoichiometric calculations to

show that the number of atoms or number of moles is unchanged after a chemical reaction
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where a specific mass of reactantis converted to product) support the claim that atoms, and
therefore mass, are conserved during a chemical reaction.

b | Students describe* how the mass of a substance can be used to determine the number of
atoms, molecules, or ions using moles and mole relationships (e.g., macroscopic to atomic
molecular scale conversion using the number of moles and Avogadro’s number).
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HS-LS2-5

Students who demonstrate understanding can:

HS-LS2-5. Develop a model to illustrate the role of photosynthesis and cellular respiration in the

cycling of carbon among the biosphere, atmosphere, hydrosphere, and
geosphere. [Clarification Statement: Examples of models could include simulations and

mathematical models.][AssessmentBoundary: Assessmentdoes notinclude the specific
chemical steps of photosynthesis and respiration.]

The performance expectationabove was developed using the following elements from A Framework for K-12 Science Education:

Developingand Using Models LS2.B: Cycles of Matter and Energy Systems and System Models
Modeling in 9—-12 builds on K-8 Transfer in Ecosystems e Models (e.g., physical,
experiences and progressesto using, e  Photosynthesis and cellular mathematical, computer
synthesizing, and developing models to respiration are important models) can be used to
predictand show relationships among components of the carbon cycle, in simulate systems and
variables betw een systems and their w hich carbon is exchanged among interactions — including
components in the natural and designed the biosphere, atmosphere, oceans, energy, matter and
w orld(s). and geosphere through chemical, information flows — within
e Develop a model based on evidence physical, geological, and biological and betw een systems at
to illustrate the relationships processes. different scales.
betw een systems or components of PS3.D: Energy in Chemical Processes
a system. e The main way that solar energy is
captured and stored on Earth is
through the complex chemical
process known as photosynthesis.
(secondary)

| Observable features of the student performance by the end ofthe course:
1 | Components of the model

a | Students use evidence to develop a model in which they identify and describe* the relevant
components, including:

ili.  The biosphere, atmosphere, hydrosphere, and geosphere.

2 | Relationships

a | Students describe* relationships between components of their model, including:

i.  The exchange of carbon (through carbon-containing compounds) between organisms
and the environment; and

ii.  The role of storing carbon in organisms (in the form of carbon-containing compounds)
as part of the carbon cycle.

3 | Connections

a | Students describe* the contribution of photosynthesis and cellular respiration to the exchange

of carbon within and among the biosphere, atmosphere, hydrosphere, and geosphere in their

model.

b | Students make a distinction between the model’s simulation and the actual cycling of carbon

via photosynthesis and cellular respiration.
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HS-ESS2-6

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: Emphas
is on modeling biogeochemical cycles thatinclude the cycling of carbon through the ocean,
atmosphere, soil,and biosphere (includinghumans), providing the foundation for living
organisms.]

(2]

IThe performance expectation above wasdeveloped using the following elements from A Framework for K-12 Science Education

systems and their components in the natural
and designed w orld(s).

e  Develop a model based on evidence to

. . ) increased carbon dioxide
illustrate the relationships betw een concentrations and thus affect
systems or betw eencomponents of a climate.

system.

Science and Engineering Practices Disciplinary Core Ideas Crosscutting Concepts

Developingand Using Models ESS2.D: Weather and Climate Energy and Matter
Modeling in 9-12 builds on K-8 experiences | e  Gradual atmospheric changes e  The total amount of
and progressesto using, synthesizing, and w ere due to plants and other energy and matter in
developing models to predictand show organisms that captured carbon closed systems is
relationships among variables betw een dioxide and released oxygen. conserved.

e Changes in the atmosphere due
to human activity have

| Observable features of the student performance by the end of the course:
1 [ Components of the model

a

Students use evidence to develop a model in which they:

I Identify the relative concentrations of carbon present in the hydrosphere, atmosphere,
geosphere and biosphere; and

ii.  Represent carbon cycling from one sphere to another.

2 | Relationships

a

In the model, students represent and describe* the following relationships between
components of the system, including:

i.  The biogeochemical cycles that occur as carbon flows from one sphere to another;

ii.  The relative amount of and the rate at which carbon is transferred between spheres;

iii.  The capture of carbon dioxide by plants; and

iv. The increase in carbon dioxide concentration in the atmosphere due to human activity
and the effect on climate.

3 | Connections

a | Students use the modelto explicitly identify the conservation of matter as carbon cycles
through various components of Earth’s systems.
b | Students identify the limitations of the model in accounting for all of Earth’s carbon.
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HS-ESSS3-5

Students who demonstrate understanding can:

HS-ESS3-5. Analyze geoscience data and the results from global climate models to make an
evidence-based forecast of the currentrate 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 sealevel, glacialicg
volumes, oratmosphere and oceancomposition).] [Assessment Boundary: Assessmentis
limited to one example ofa climate change and its associated impacts.]

The performance expectationabove wasdeveloped using the following elements from A Framework for K-12 Science Education:

Science and Engineering Practices Disciplinary Core Ideas Crosscutting Concepts

Analyzing and Interpreting Data ESS3.D: Global Climate Change Stability and Change
Analyzing datain 9-12 builds on K-8 e  Though the magnitudes of e Change and rates of
experiences and progresses to introducing human impacts are greater than change can be quantified
more detailed statistical analysis, the they have ever been, sotoo are and modeled over very
comparison of data sets for consistency, and human abilities to model, short or very long periods
the use of models to generate and analyze predict, and manage current of time. Some system
data. and future impacts. changes areirreversible.

e Analyze data using computational models
in order to make valid and reliable
scientific claims.

Connectionsto Nature of Science

Scientific Investigations Use a Variety of
Methods
e  Scienceinvestigations use diverse
methods and do not alw ays use the same
set of procedures to obtain data.
e New technologies advance scientific
know ledge.
Scientific Knowledgeis Based on
Em pirical Evidence
e  Science know ledge is based on empirical
evidence.
e  Science arguments are strengthened by
multiple lines of evidence supporting a
single explanation.

1 | Organizing data

a | Students organize data (e.g., with graphs) from global climate models (e.g., computational
simulations) and climate observations over time that relate to the effect of climate change on
the physical parameters or chemical composition of the atmosphere, geosphere, hydrosphere,
or cryosphere.

b | Students describe* what each data set represents.

2 | Identifying relationships
a | Students analyze the data and identify and describe* relationships within the datasets,
including:
i.  Changes over time on multiple scales; and
ii. Relationships between quantities in the given data.
3 | Interpreting data
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a | Students use their analysis of the data to describe* a selected aspect of present or past
climate and the associated physical parameters (e.g., temperature, precipitation, sea level) or
chemical composition (e.g., ocean pH) of the atmosphere, geosphere, hydrosphere or
cryosphere.

b | Students use their analysis of the data to predict the future effect of a selected aspect of

climate change on the physical parameters (e.g., temperature, precipitation, sea level) or

chemical composition (e.g., ocean pH) of the atmosphere, geosphere, hydrosphere or
cryosphere.

¢ | Students describe* whether the predicted effect on the system is reversible or irreversible.

d | Students identify one source of uncertainty in the prediction of the effect in the future of a

selected aspect of climate change.

e | In their interpretation of the data, students:

I. Make a statement regarding how variation or uncertainty in the data (e.g., limitations,
accuracy, any bias in the data resulting from choice of sample, scale, instrumentation,
etc.) may affect the interpretation of the data; and

ii.  Identify the limitations of the models that provided the simulation data and ranges for
their predictions.
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models.]

Students who demonstrate understanding can:

Use a computational representationto 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 ofthe
far-reaching impacts from a humanactivity is how an increase in atmospheric carbon
dioxide results inan increasein photosynthetic biomass on land and anincreasein ocean
acidification, with resulting impacts on sea organism health and marine populations.]
[AssessmentBoundary: Assessmentdoes notinclude running com putational
representations b utis limited to using the published results of scientific com putational

IThe performance expectation above wasdeveloped using the following elements from A Framework for K-12 Science Education

Science and Engineering Practices

Using Mathematics and
Computationa Thinking

Mathematical and computational thinking
in 9—12 builds on K-8 experiences and
progresses to using algebraic thinking
and analysis; arange of linear and
nonlinear functions including
trigonometric functions, exponentials and
logarithms; and computational tools for
statistical analysis to analyze, represent,
and model data. Simple computational
simulations are created and used based
on mathematical models of basic
assumptions.

e Use a computational representation
of phenomena or design solutions to
describe and/or support claims
and/or explanations.

Disciplinary Core Ideas

ESS2.D: Weather and Climate

e  Currentmodels predictthat,
although future regional climate
changes willbe complex and
varied, average global
temperatures w ill continue torise.
The outcomes predicted by global
climate models strongly depend on
the amounts of human-generated
greenhouse gases added to the
atmosphere each year and by the
w aysinw hichthesegases are
absorbed by the ocean and
biosphere. (secondary)

ESS3.D: Global Climate Change

e  Through computer simulations and
other studies, important
discoveries are still being made
about how the ocean, the
atmosphere, and the biosphere
interact and are modified in
response to human activities.

Crosscutting Concepts

Systems and System Models

When investigating or
describing a system, the
boundaries and initial
conditions of the system
need to be defined and
their inputs and outputs
analyzed and described
using models.

1 | Representation

| Observable features of the student performance by the end of the course:

acidification).

a | Students identify and describe* the relevant components of each of the Earth systems
modeled in the given computational representation, including system boundaries, initial
conditions, inputs and outputs, and relationships that determine the interaction (e.g., the
relationship between atmospheric CO. and production of photosynthetic biomass and ocean

2 | Computational modeling

system.

a | Students use the given computational representation of Earth systems to illustrate and
describe* relationships among at least two of Earth’s systems, including how the relevant
components in each individual Earth system can drive changes in another, interacting Earth

3 | Analysis

b [ Students use evidence from the computational representationto describe* how human activity
could affect the relationships between the Earth’s systems under consideration.
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