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ABSTRACT 

 

Global warming is an important scientific issue.  As the result of anthropogenic 

carbon emissions, global warming is already affecting life on this planet and will likely 

have even more significant impacts on economies, species, and human life in future 

decades.
1
  As potential solutions to global warming require economy-wide measures, 

global warming is also a prominent issue discussed in politics and the media.  

While there is not much debate regarding the fundamental science of global 

warming and the greenhouse effect among active, publishing researchers in the field,
2
 

scientific misconceptions abound across broad age ranges and education levels, including 

politicians and journalists. These misconceptions give rise to a great deal of debate over 

issues such as the greenhouse effect that have been viewed as settled by the scientific 

community for decades and sometimes even centuries.
3-17

 

The present science education research was designed with the specific goal of 

investigating the potential for increasing scientific understanding of a fundamental yet 

relatively basic physical phenomenon underlying global warming, namely the greenhouse 

effect.  This research lies within the category of science learning in general, and 

conceptual change research in particular, as this is an area where significant 

misconceptions are documented to exist.
4, 7, 11, 18

  For example, a common misconception 

is that global warming is due to a hole in the ozone layer.
4, 19

  

The Conceptual Change Hypothesis (CCH) holds that misconceptions interfere 

with the learning of correct concepts and that misconceptions are resistant to the 

traditional mode of correct instruction alone.  According to the CCH, special instruction 
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that effectively addresses learner misconceptions should be added.  In the present study, 

this specialized form of instructional intervention will be called Misconceptions 

Instruction.  

The present study examines the relative effects of Traditional Instruction (TI) and 

Misconceptions Instruction (MI) on the learning of fundamental physics concepts related 

to the greenhouse effect.  In the present study, approximately 200 students in intact 

course sections of a first-year Atmospheric Sciences course at Texas Tech University 

were quasi-randomly assigned to one of two instructional treatments: Traditional 

Instruction or Misconceptions Instruction.  Both treatment groups received a pretest, an 

immediate posttest following treatment, and a delayed posttest approximately 14 days 

after the treatment.  Raw scores were calculated, and mean scores for both groups were 

subjected to a repeated-measures ANOVA to determine if participants in each group 

improved over time and if there was a statistically significant difference in their 

assessment performances.  The results of the repeated measures ANOVA reveal no 

improvement over time and no statistically significant difference between groups for 

performance on concept questions and on the assessment as a whole, although there was 

a statistically significant difference between groups for performance on the 

misconception questions only.   

The results carry significant implications for the quantity and type of instruction 

utilized in this study, as well as implications about the nature of the most common 

misconceptions about the greenhouse effect and global warming.  For example, short 

reading passages about the greenhouse effect were found inadequate for bringing about 

conceptual change, in contrast with other studies that had longer exposure times and 
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varied instructional methods.
11, 20

  Also, the nature of the most common misconceptions 

concerning the greenhouse effect was found to be categorical, meaning that students used 

the entirely wrong mental model as opposed to isolated misconceptions about the correct 

mental model, and thus refutational instructional methods were ineffective.  These 

implications are discussed in light of previous findings related to science education 

research in general and to research on misconceptions-based instruction in specific. 

Appendix G:  Global circulation models (GCMs) capture the large-scale trends of 

climate variables, but GCMs operate on a grid size that cannot account for local features 

which modify the climate and thus the global trend in a region.  While the climate is 

warming globally, many effects are felt locally.  Therefore, the GCM output needs to be 

downscaled to provide regional climate scenarios, and one approach for doing this is 

empirical statistical downscaling (ESD). 

There are a few different software packages and methods for performing ESD, 

one of which is SDSM 4.2, which computes the parameters of multiple linear regression 

optimized using ordinary least squares or dual simplex algorithms.  In this study, the 

Statistical Downscaling Model software package (SDSM) was evaluated using data from 

20 different weather stations and three different atmosphere-ocean general circulation 

models (AOGCMs) for two variables in order to determine SDSMs ability to meet 

modern downscaling needs.  It was found that as a software package, SDSM was not 

suitable for projects involving the need to perform many runs of the system.  With regard 

to performance, SDSM was found to perform worse than two of the newer methods 

against which it was compared. 
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CHAPTER 1- INTRODUCTION: PHYSICS EDUCATION RESEARCH 

 

The Importance of General Understanding of Global Warming 

Industrialization of society has led to a significant increase in carbon emissions 

from human activities
21

 and carbon dioxide concentrations in the troposphere
22

.  The 

resulting increase in radiative forcing (defined as the net change in irradiance between the 

troposphere and stratosphere) is the primary cause of the observed increase in global 

average temperature, an increase commonly referred to as global warming.
1
  Future 

projections indicate that human emissions and atmospheric concentrations of greenhouse 

gases are likely to continue to increase over at least the next few decades.
23

  The resulting 

temperature increase is likely to have significant impacts on the global economy, the 

natural environment, and human society.
24

   

Despite the significant body of research clearly indicating the likelihood and 

significance of global warming as well as the causality of human emissions, numerous 

studies show that public knowledge of the science of climate change and concern over its 

potential consequences is not widespread, is fickle, and is divided along social, economic, 

religious, and political lines.
16, 25-36

  While there is not much debate among active, 

publishing researchers in the field,
2
 scientific misconceptions abound across broad age 

ranges and education levels, including politicians and journalists,
16

 giving rise to debate.  

Fortunately, increased scientific understanding leads to increased activism,
37

 which is 

important in a democratic society.  Therefore, due to the likely importance of climate 

change for the future of humanity at both the individual and global scales, it is important 

that citizens be educated on this topic.  With the goal of increased scientific 
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understanding, the physics education research project presented here examines the effects 

of two sets of instructional materials: one traditional (traditional instruction, TI), and one 

based upon the tenets of the conceptual change tradition of science education research 

(misconceptions instruction, MI). 

 

The Conceptual Change Tradition and Tenets 

In the past eighty years of science education research, five major research topics 

have emerged: (1) science learning, (2) culture, gender, and society and science learning, 

(3) science teaching, (4) curriculum and assessment, and (5) science teacher education.
38

  

The present research described in this dissertation concerns the topic of science learning. 

 

Figure 1.1:  There are five major branches of science education research, and the 

conceptual change tradition lies on the branch concerned with science learning. 

 

As a research topic, science learning asks the following questions:   

• How do students learn science?   

• What are the factors that positively or negatively influence the learning of 

science?   
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Within the research topic of science learning, there have evolved three traditions, namely 

the conceptual change tradition, sociocultural tradition, and critical tradition.  Each can 

be distinguished according to its intellectual history, its view of the nature of science, its 

view of science learners and learning, its research goals and methods, and its beliefs 

concerning the ways to improve science learning.
39

  Two distinct models regarding the 

learning of science concepts have been formed: acquisition, as frequently expressed in 

the cognitive and sociocultural traditions, and participation.
40-41

  This study falls within 

the conceptual change tradition using acquisition as the model for conceptual learning. 

The conceptual change tradition is the most widely researched tradition within the 

topic of science learning.  The main hypothesis underlying the conceptual change 

tradition, founded on a rich research history,
42-45

 is that learners possess misconceptions 

which, if not addressed, will interfere with the learning of the correct scientific concepts, 

either through the learner retaining the inconsistent misconception or forming some still 

incorrect hybrid of the correct scientific concept and their own misconception.   

The conceptual change traditions treats learners as intelligent beings who come 

into a classroom with ideas about how the world works based upon their limited set of 

experiences.  For the most part, their ideas are able to explain, at least on a surface level, 

their set of experiences with the world.  Unfortunately, students’ preconceptions can be 

incorrect, because their ideas have not undergone the rigorous testing of the scientific 

method and because their phenomenological experiences are quite limited.  The 

possession of these misconceptions has been demonstrated and catalogued in numerous 

studies across various scientific topics, from force to global warming.
3, 7, 13-14, 46-49

  Some 
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have even argued that these domain-specific alternate conceptions play a larger role in 

science learning than logico-mathematical reasoning skills.
45, 50-51

   

A tenet of the conceptual change tradition is that misconceptions are resistant to 

correct instruction alone.  Simply teaching the correct concepts and expecting students to 

see where these concepts conflict with their incorrect preconceptions has been shown to 

be unrealistic and ineffective.  Rather, what has been shown is that students will either 

retain their misconceptions or create a hybrid of the misconception and the correct 

concept.
52-54

  Either option results in them retaining part of the misconception, and 

therefore not understanding things correctly.   

In light of these tenacious misconceptions, the conceptual change tradition has 

responded by giving special attention to addressing students’ misconceptions in addition 

to giving instruction on the correct concepts.  This attention takes the form of either 

special instruction that specifically addresses the misconceptions or special exercises that 

display the inadequacies in the explanatory power of the misconceptions.   

In summary, the tenets which make up the conceptual change hypothesis (CCH) 

of the conceptual change tradition are the following: 

• Misconceptions interfere with the learning of correct concepts. 

• Misconceptions are resistant to correct instruction alone. 

• Special attention which effectively addresses misconceptions is needed. 

Conceptual change research has shown that these tenets seem to be at play in many areas 

of science instruction, and this is especially true in physics where students arrive with 

many incorrect, preconceived ideas about how the world works. Given the 

misconceptions regarding global warming that have been documented in the literature,
4, 
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11, 18
 it is hypothesized that these tenets may also affect student learning on this specific 

topic. 

 

Four Necessary Conditions for Conceptual Change 

In light of the conceptual change hypothesis and the resistance of misconceptions 

to correct-concept instruction, researchers have studied what is necessary for 

misconceptions to be replaced with correct concepts.  Four conditions necessary for 

major conceptual change have been posed.
55

 

The first condition necessary for major conceptual change is that the learner must 

be dissatisfied with their prior concept due to lack of explanatory power.  In practice, this 

frequently requires an instructor to create the conditions necessary for the prior 

conception to fail, or at a minimum, explain the ways in which the prior conception does 

fail.  This condition is the creation of cognitive dissonance. 

The second, third, and fourth conditions are requirements regarding the new 

concept.  The new correct concept must be intelligible.  In other words, the learner must 

be able to grasp the new concept.  The new concept must be plausible.  In other words, 

the new concept must have the appearance of truth, or seem reasonable or worthy of 

acceptance to the learner.  Finally, the new concept must be fruitful.  It must sufficiently 

explain both what the prior incorrect concept could explain, as well as that which it could 

not.  The new concept must provide the solution to the cognitive dissonance generated 

when the misconception failed during the process in which the learner was made 

dissatisfied with their current understanding (recall the first condition for conceptual 

change). 
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For example, if an instructor were teaching students about a topic, they would 

first need to know either the specific misconceptions of their students, as ascertained 

from some form of pre-instructional assessment, or they would need to know from prior 

research what the most common student misconceptions are for that subject.  Next the 

instructor would provide some activity, perhaps an experimental demonstration or 

exercise, in which students’ prior concepts of how the system worked would fail.  This 

would fulfill the condition of creating cognitive dissonance.  Finally, the instructor would 

need to provide intelligible instruction on the correct concepts that was able to explain the 

demonstration exercise (plausible and fruitful conditions), which debunked the students’ 

misconception and created cognitive dissonance, as well as explaining other related 

phenomena (fruitful condition).  According to research, this approach to instruction 

should effectively teach the correct concepts while uprooting the misconceptions.
55

 

  

Four-Step Research Process in Conceptual Change Research 

Though not a formalized process, a four-step process for the overall progress of 

research in the conceptual change tradition on a given topic has emerged (Appendix A).  

In the four-step process for conceptual change research, the first stage is the conducting 

of qualitative studies designed to catalogue the common misconceptions that students 

hold.  This is necessary so that instructors can know the ideas that their students likely 

hold prior to instruction, and therefore so that instructors can design exercises which 

sufficiently address the first condition necessary for conceptual change. 

Once the common misconceptions have been thoroughly catalogued, the second 

stage is the development of standard assessment tools, usually quantitative, such as 
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concept inventories.
56-58

  These tools are useful to researchers by providing a reliable 

instrument which identifies the presence of common misconceptions within a student, as 

well as the presence of the correct concepts.  Also, once established, the standard 

assessments provide a similar metric against which the effectiveness of different 

instructional treatments can be compared.  Without standard assessment tools, it is 

difficult to compare the effectiveness of different instructional treatments from different 

studies on similar populations of students.   

After the development of standard assessments, the third stage is the performing 

of experiments which test the conceptual change hypothesis on the given scientific topic.  

Once the conceptual change hypothesis is confirmed, the fourth stage can commence in 

which instructional methods are compared against one another to test which is most 

effective at developing the correct scientific concepts within students while uprooting 

prior misconceptions.  This fourth stage intersects the research topic of science 

instruction; nevertheless, it uses the conceptual change model and research as its basis.   

It should be noted that the third stage, in which the conceptual change hypothesis 

is tested, contains elements of the fourth stage due to the impossibility of testing the 

conceptual change hypothesis without employing some instructional method to address 

the misconceptions.  However, once the conceptual change hypothesis has been 

established for that subject, the fourth stage of searching out the best instructional method 

becomes a robust stage of its own.  The order of these stages cannot be validly violated 

since each subsequent stage is dependent upon the information, assessments, or proof 

generated by the previous stage.    



Texas Tech University, John L. McCuin, May 2011 

 8

Within the four-step process for conceptual change research, on the topic of the 

greenhouse effect and global warming, a good amount of progress has been made on the 

first step, some on the second, and relatively little on the third and fourth steps.  Existing 

research on these topics will be discussed in the next chapter.  The present research 

contributes to the third and fourth steps.  

 

Introduction to the Present Study 

Using and testing the tenets of the conceptual change tradition, the present study 

examines the relative effects of differing instructional treatments, Traditional Instruction 

(TI) and Misconceptions Instruction (MI), on the learning of fundamental physics 

concepts involved in the greenhouse effect.  In this study, instruction was delivered 

through two sets of reading materials, one designed upon traditional principles of 

explaining the correct concepts only, and the other explaining both correct concepts and 

misconceptions.  The instructional materials for both treatments contained the same 

number of conceptual propositions and the same number of statements treating each 

proposition, and the two populations of students received identical amounts of time to 

read their respective treatment passage.  These measures were taken so that the treatments 

would be identical in their quantity of instruction.  Each treatment group received an 

identical pretest, posttest, and delayed posttest.  Statistical analysis using repeated-

measures ANOVA was performed on the results of the assessments of the two treatment 

groups, and the implications of this research was ascertained. 

The results of this study will be discussed in light of previous findings related to 

physics education research and the research on misconceptions-based instruction 
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specifically.  The first portion of the second chapter presents previous research related to 

misconceptions about the physical principals involved in the greenhouse effect 

mechanism, as well as in global warming.  The latter half of the second chapter specifies 

the research questions and hypotheses of the present study.  Next, the third chapter 

focuses on the methodology in the design of the instructional materials, the assessment, 

and the delivery of the instructional treatment.  Finally, chapter four discusses the results 

of this two treatment study, along with the relevant statistics, while chapter five discusses 

the meaning of the results, as well as promising areas for future research. 
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CHAPTER 2- MOTIVATION FOR THE PRESENT STUDY 

 

This chapter presents an overview of the research literature on conceptual change 

and instructional treatment efficacy on the topics of the greenhouse effect and global 

warming.  It is divided into seven main sections: the first section presents prior 

conceptual change research relating to climate change.  The second section describes 

misconceptions related to the physics driving the greenhouse effect.  The third section 

discusses the prior conceptual change research on the greenhouse effect.  The fourth 

section describes research on instructional efficacy on the topics of the greenhouse effect 

or global warming.  The fifth section describes what makes the present study a unique 

and important contribution to the field.  The sixth section presents the research questions 

and the corresponding hypotheses for the present study. 

 

Prior Conceptual Change Research Relating to Climate Change 

 The majority of education research on climate change has focused on 

understanding students’ models of the greenhouse effect and students’ knowledge, 

understanding, and misconceptions about global warming and its consequences.  While 

most of the conceptual change research on this topic has focused on secondary students, 

misconceptions have been identified in undergraduate and graduate students as well.  

What follows is a chronological presentation of the primary results from major research 

papers by learner age range. 
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Studies Involving Students from Grade 5 to Grade 12 

One of the first studies to analyze student understanding of the greenhouse effect 

and global warming used a closed-form questionnaire to test the understanding of 

students (N=702) ranging from grades 5 to 10.
3
  This first study found that students 

commonly confused issues related to ozone depletion and issues related to global 

warming.  Additionally, but less common, students connected unrelated aspects of acid 

rain, radioactive contamination, and global biodiversity reduction.  In the minds of 

students, origins and repercussions of the problems are interchanged with each other, and 

environmentally friendly actions were frequently said to ameliorate the wrong problem. 

In a subsequent study of high school students (N=99), it was found that common 

misconceptions included overestimates of temperature change, personal experiences of 

warm weather counting for evidence of climate change, association of unrelated 

environmentally unfriendly acts as causative factors in climate change, and confusion 

between chlorofluorocarbons role in ozone depletion versus their role in climate 

change.
59

  This study went beyond the first one to propose potential sources of these 

errors and identify a high level of student trust in teachers and scientists, suggesting that 

these could play a large role in correcting misconceptions. 

Confusion between multiple environmental issues was specifically examined in a 

study of Australian students, where explanations of the hole in the ozone layer and the 

greenhouse effect were examined using a “life-world and scientific dichotomy.”
60

  As 

before, students were found to confuse general pollution, ozone depletion, and global 
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warming.  Also, it was found that some students did not consider water to be a 

greenhouse gas. 

Using individual, semi-structured interviews, a study involving primary school 

students (N=40) aged 11 to 12 years catalogued concepts involving the greenhouse 

effect.
47

  Seven separate mental models of the greenhouse effect were identified within 

students and distinguished according to the following criteria: “the position and 

distribution of the greenhouse gases, the existence of connections between the 

greenhouse effect and the ozone later or its depletion, and  the types of radiation 

considered to be involved in the greenhouse effect.”
47

  One common misconception was 

that the greenhouse effect was due to trapped solar radiation. 

Utilizing written responses to questions, a study of students (N≈300) ages 11 to 

12 and students (N=200) ages 18 to 19 examined student understanding of the 

greenhouse effect, the societal effects of reductions in the emissions of carbon dioxide, 

and depletion of the ozone layer.
61

  Based upon the analysis of the written tasks, five 

mental models of the greenhouse effect emerged from student responses.  All of the 

mental models were inadequate to correctly explain the greenhouse effect.  For example, 

one mental model of the greenhouse effect was that the gases in the atmosphere formed a 

barrier which “bounced” heat back from the earth.  Another mental model was that the 

ozone layer was leading to global warming.  One more student misconception identified 

was that general pollution caused global warming.  Student responses also suggested that 

the societal effects of radical carbon dioxide emissions reductions were not well 

understood.  However, students were knowledgeable on some of the negative human 

effects of ozone depletion. 
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In a study of high school students aged 11 to 16 years, ideas concerning the 

causes, consequences, and promising cures of climate change possessed by students in 

2000 were contrasted with those of students in a similar study in 1990 by the same 

author.
4
  In the 1990 study, results revealed that some scientifically correct concepts were 

held by even the youngest children surveyed, while other concepts were muddled in all 

ages surveyed.
5
  In the 2000 survey, certain misconceptions remained widespread across 

all age ranges sampled.  For all ages in both 1990 and 2000, one of the most common 

misconception categories was confusions between ozone depletion and global warming.  

In the 2000 survey, results revealed that scientific understanding and occurrence of 

common misconceptions was either equivalent or worse than in 1990. 

In a qualitative study of subjects (N=158) of various ages, participants’ 

knowledge, opinions, and feelings about global warming were sampled and catalogued.
12

  

It was found that while many could describe the problem of climate change, few could 

identify its causes and effects.  Many subjects were not concerned about global warming 

because it was their belief that it would have no concrete effects within their lifetime.  

Younger participants were unconfident in their belief that the public would activate to 

reduce their negative effect upon the climate.  In a qualitative follow up study with 

students (N=39) between the ages of 13 and 14 years, it was found through initial and 

final interviews that students’ ideas about climate change did improve using a 

pedagogical process involving local observations of causes and effects of global 

warming, thereby utilizing an experiential learning model.
62

  However, this did not 

improve students’ outlook on the ability of society to curb the effects of global warming. 



Texas Tech University, John L. McCuin, May 2011 

 14

In a study of high school students (N≈600) in the age range of eleven to sixteen, 

the beliefs of students were determined regarding which and to what extent a variety of 

actions would help reduce global warming.
8
  Many students were able to identify the 

importance of renewable energy, vehicle emissions, and industrial emissions.  A smaller 

number of students asserted the helpfulness of individual actions, such as recycling paper 

or reducing electricity consumption.  Some misconceptions, such as the belief that 

declines in nuclear power usage would lessen global warming, were identified.  Finally, 

an approach to teaching the reduction of global warming is suggested using the 

“taxonomic framework of reduction, recycling, replacement, and raising.”
8
 

In the same year, a study of students (N=1001) in grades 6, 8, and 10, identified 

persistent misconceptions on the topics of air pollution and its biological consequences, 

acid rain, and the greenhouse effect.
10

  It was determined that students’ preferred strategy 

for reducing air pollution was education and obligation over legislation and taxation.  

This study concluded by recommending that more attention should be paid to air 

pollution and gas concentration concepts. 

Translating the same survey used in Boyes’ prior research into Chinese, a study of 

secondary school students (N=977) in Hong Kong aged from 12 to 17 years tested the 

knowledge and understanding of students concerning “the composition of unpolluted and 

polluted air, and the nature and effects of air pollutants.”
63

  With regard to the greenhouse 

effect and global warming, it was found that the majority of students did not distinguish 

between a natural and essential greenhouse effect versus an unhelpful enhanced 

greenhouse effect.  Additionally, students did not distinguish between weather and 



Texas Tech University, John L. McCuin, May 2011 

 15

climate, as they cited their recent experience of warm weather during the winter as 

evidence for global warming. 

A case study of three upper-level, compulsory-school students learning about the 

greenhouse effect and ozone depletion found that the students had difficulty identifying 

the role of basic physical phenomena within domain-specific contexts.
53

  Specific to 

global warming was the failure to distinguish between ultraviolet radiation, infrared 

radiation, and high atmospheric temperatures.  This paper then discussed the necessary 

minimal understanding needed for conceptual change. 

In a study of grade 10 Norwegian students (N=440) from 2004, students 

completed a questionnaire on certain global warming and greenhouse effect 

misconceptions.
64

  These results from 2004 were compared with similar studies using the 

same grades of students in Norway with the same questionnaire in the years 1989 and 

1993.  It was found that with time students increasingly confused several issues related to 

the ozone layer with the greenhouse effect and global warming, and therefore had 

misconceptions on the greenhouse effect and global warming whose origin was through 

the misapplication of ozone and ozone hole related concepts.  It was also found that over 

the years sampled, students increasingly responded correctly to correct-concept 

statements about the greenhouse effect.  In other words, students knew more content, but 

they also possessed more misconceptions. 

In a review of misconceptions research on climate change, one study promotes the 

Essential Principles of Climate Literacy as a framework on which educators and 

communicators can build climate science education materials.
46

  In the manner of the 

conceptual change tradition, the review article recognizes, however, that in order to 
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significantly improve climate literacy, mental models which successfully speak to the 

most common misconceptions will need to be implemented by the science education 

community into professional development programs and instructional resources. 

The most recent study on this topic, using grade 8 and 10 Australian students as 

subjects (N=740), explored student knowledge of the greenhouse effect, ozone depletion, 

and global warming.
54

  The results from the surveys were weighed against a similar study 

from 1991 conducted in a regional city in the United Kingdom.  The comparison 

examined the question of whether over sixteen years of accrued knowledge, increased 

confidence among climate scientists, heightened attention in the media, and curricular 

addition of the topic of the greenhouse effect in Australian schools had increased student 

understanding.  Results revealed that there were similar misconceptions held by the 1991 

and 2007 groups, and that student understanding in 2007 was still too low.  Implications 

for pedagogical approaches are proposed. 

In short, a number of common misconceptions about climate change have been 

identified repeatedly in students from grades 5 through 12 throughout different cultures 

over a time period of at least ten years.  This indicates that the misconceptions are 

widespread and not short term phenomena.  In section four, the common misconceptions 

from this set of research will be consolidated and isolated to discuss only the most 

common misconceptions on the greenhouse effect. 

 

Studies Involving Undergraduate Students 

Only one recent study using undergraduate students—in this case, first-year 

biology students (N=250) with ages ranging from 18 to 20—is documented in the 
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literature. Using a closed-form questionnaire, this study assessed the prevalence of ideas 

among the student population regarding the causes and cures of global warming.
18

  The 

results of the questionnaire were compared with a parallel study taken a decade earlier.
5
  

Many of the students had the misconceptions that global warming is related to holes in 

the ozone layer, that global warming is associated with increased penetration of solar 

radiation, that global warming would increase the rate of skin cancer, and that reduced 

lead in gasoline would reduce global warming.  It was found that knowledge was 

uncertain and that misconceptions endured, though over the past ten years global 

warming has been given much attention in the media and has been included in the formal 

educational curriculum. 

The research on undergraduate students reveals results that are consistent with the 

misconceptions found in students grades 5 through 12.  Both sets of students confused 

ozone-related issues with global warming, and both sets of students failed to correctly 

identify the roles of solar and terrestrial radiation in the greenhouse effect.  This indicates 

that misconceptions obtained during the high school years have remained into the early 

college years.  This is expected since most students proceed directly from high school 

into college, and if the misconceptions were not remedied in high school, then they will 

still be lurking within the learner during college.  This is useful information for college 

instructors since they can more adequately prepare for the knowledge and misconception 

schema that students will bring into their classrooms.  These misconceptions identified in 

undergraduates will be consolidated with those identified for grades 5 through 12 in 

section four.   
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Studies Involving Graduate Students 

In a 2002 study of graduate students studying business at University of Chicago, 

Harvard, and Massachusetts Institute of Technology (of whom two-thirds had 

undergraduate degrees in engineering, computer science, mathematics, or the sciences), it 

was found that this group of what would typically be considered as highly educated 

adults possessed a number of misconceptions regarding “fundamental stock and flow 

relationships,” including ideas that violated the conservation of mass.
14

  A similar study 

by the same researchers was conducted in 2007 on graduate students studying business at 

MIT and had similar results.
13

   

The scientific concepts that were misunderstood by the adults in these studies lead 

in the real world to long time delays in the climate response to changes in greenhouse gas 

emissions.  One example of a misconception was that a large percentage of the subjects 

believed that “greenhouse gas concentrations [could be stabilized] while [greenhouse gas] 

emissions into the atmosphere continuously exceeded the removal of greenhouse gases 

from [the atmosphere].”
13

  In this paper, it is argued that such misconceptions about basic 

stock-flow concepts and about the time delay of climate response to changes in 

greenhouse gas concentrations can lead to flawed decisions regarding the support of 

global warming mitigation policies. 

The research on graduate students is particularly interesting, since it reveals 

misconceptions involving basic physical principles related to the greenhouse effect and 

global warming in those who are considered to be some of the best and brightest in our 

culture.  It reveals, not unexpectedly, that misconceptions about simple and basic 
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physical principles can derail complex analyses which utilize those same basic ideas.  

While the level of thinking required for the more complex analysis might be higher, the 

ability of the person to carry out that analysis is for naught if they do not correctly 

understand the physics driving the processes.  Also, the research on graduate students 

demonstrated that misconceptions about basic physical principles can lead a person to 

have completely incorrect conclusions about the efficacy of policies regarding 

greenhouse gas emissions. 

 

Misconceptions of the Physics Involved in Climate Change 

Up to this point, the majority of research on student misconceptions in physics has 

been performed on younger students in secondary education, mostly on the major physics 

topics of mechanics and force, and some on electricity and optics.  Phenomenological 

studies from earth science and astronomy are prevalent.  However, fewer studies have 

been done on undergraduate students’ misconceptions, and most of those understandably 

exist on the major topics of mechanics, electromagnetism, thermodynamics, and optics.  

More study is needed to catalog common undergraduate misconceptions in general, but 

especially on topics beyond what is covered in an introductory physics course, such as 

the topic of climate change. 

Conceptual change research on the topic of climate change has not progressed as 

far as it has for the aforementioned standard physics topics such as classical mechanics 

and optics.  However, given the importance of the negative effects of global warming and 

the positive impacts of citizen education, it is vital that this research is carried out.  

Instruction on climate change presents particular difficulties, partially due to the amount 
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of misinformation presented in the popular media, but also due to the composite nature of 

the concepts involved.   

 To understand the climate well, which is a complex system with many parts and 

phenomena, students require an understanding of several physics concepts, many of 

which are rather advanced if one goes beyond a surface treatment.  For example, consider 

the following breakdown of the basic physical concepts involved in just one category of 

physical climate science, the greenhouse effect, which in its most basic description 

consists of the modification of outgoing radiation from the Earth relative to what it would 

be if the earth were a perfect blackbody: 

• Electromagnetic Spectrum 

• Blackbody Radiation 

• Radiative Transfer 

• Albedo/Reflectivity 

• Absorption Bands 

• Absorption Spectra 

• Band Broadening 

• Emission 

• Scattering 

• Conservation of Energy (Net Radiative Flux) 

 

While the above list is far from exhaustive, the base concepts needed to understand a 

few of the composite concepts discussed in the topic of the greenhouse effect are from 

the following major areas of physics: 
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• Conservation Laws:  Conservation of Energy 

• Statistical Mechanics/Thermodynamics:  Specific Heat, Diffusion and Rate of 

Diffusion, Blackbody Radiation 

• Electrodynamics:  Albedo/Reflectivity, Electromagnetic Spectrum, Radiative 

Transfer 

• Quantum Mechanics:  Absorption/Emission and Scattering, Band Broadening 

In addition to understanding the aforementioned list of basic physics concepts, it is useful 

for students to understand more general ideas regarding the nature of science and 

technology and broad concepts regarding global weather patterns, as recommended by 

the American Association for the Advancement of Science.
65

   

To narrow our focus, the following is a concept map which demonstrates the 

composite nature of the concepts involved in understanding the natural and enhanced 

greenhouse effects: 

 

Figure 2.1:  Conceptual Map of the Greenhouse Effect 

 

In the figure, the base physics concepts needed are highlighted in gray.  The greenhouse 

effect is clearly a topic rich in physics concepts, and an in-depth treatment of the subject 

could be the focus of several weeks or a semester of instruction.  Due to the rich physics 

involved, limitations in time with students, and the existence of prior misconceptions 
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research,
6-7, 9, 11, 19, 47, 52-53, 60-61, 66

 this study focuses only on the natural and enhanced 

greenhouse effects and the associated concepts.   

Since many of the ideas discussed in climate change draw upon a composite of base 

physics concepts, it is difficult to attribute the common misconceptions held concerning 

global warming to the misunderstanding of one single physics concept.  However, from 

the evidence of misconceptions on the aggregate phenomena in the literature, it could 

reasonably be inferred that there is likely an absence, misunderstanding, or 

misapplication of the following physics concepts:  

• Conservation of Energy 
13-14, 46

 

• Specific Heat 
47, 60

 

• Diffusion and Rate of Diffusion 
6, 11, 20, 46

 

• Blackbody Radiation 
11, 46-47

 

• Albedo/Reflectivity 
11, 20, 46

 

• Radiative Transfer 
6, 53, 60, 62

 

• Absorption Spectra 
3, 6-7, 10-11, 20, 46-47, 52, 60

 

• Absorption, Emission & Scattering 
61

 

• Intensity of Radiation with Distance 
3, 7, 62

 

• Electromagnetic Spectrum 
11, 46

 

As stated previously, many of these concepts are difficult and relatively advanced 

topics in physics.  This could be one reason that climate change is very difficult for 

students to understand.  The climate is a complex system, and therefore the number of 

concepts involved is larger than a simple physical system.   
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Global Warming Misconceptions Identified in Prior Research 

 What follows is a compilation of the misconceptions that have been catalogued 

about the greenhouse effect and global warming in the climate change education 

literature.  The misconceptions have been grouped into four major categories: confusions 

with ozone-related issues, confusion with pollution, confusion about the greenhouse 

effect, and confusion about mass stocks and flows.  These misconceptions have occurred 

among the age groups of children (C), junior high students (JH), high school students 

(HS), undergraduate students (U), graduate students (G), and adults (A), and the age 

groups in which each misconception has been identified will be listed after the 

misconception.  

 

Confusion with Ozone-Related Issues: 

1. The earth heats up due to the increased solar input through the hole in the ozone 

layer.  C, JH, HS, U, A.
11-12

 

2. CFC gas in spray cans and refrigerators may destroy the greenhouse effect.  HS.
59, 

64
 

3. The greenhouse effect is caused by ozone gas in the ozone layer.  HS.
64

 

4. The greenhouse gases form a narrow layer in the atmosphere.  JH, U.
11-12, 62

 

5. The greenhouse effect is caused by the thinning of the ozone layer.  C, JH, HS, 

A.
12

 

6. The greenhouse effect protects us from UV radiation.  HS.
64

 

7. Lack of distinction between greenhouse gases and CFCs or aerosols.  U.
20

 

Confusion with Pollution: 
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1. Lack of distinction between greenhouse gases and the effects of greenhouse gases 

and general pollution and its effects.  C, JH, HS, U, A.
11, 59, 62-63

 

2. Pollution creates a layer of dust, and heat gets trapped under it.  C, JH, HS, A.
12

 

3. Assigning unrelated environmentally harmful acts as causative factors in global 

warming.  U.
59

 

Confusion about the Greenhouse Effect: 

1. The greenhouse effect is the trapping of reflected solar radiation by the 

greenhouse gases or clouds.  JH, U.
11, 62

 

2. The greenhouse effect is the trapping of greenhouse gases.  U.
11

 

3. Lack of distinction between short wavelength and long wavelength radiation.  

U.
11, 53

 

4. Difficulty in distinguishing between heat and radiation.  U.
11, 53

 

5. The greenhouse effect is bad.  U.
20

 

6. Inflation of estimated temperature changes.  HS.
59

 

7. Many students did not realize that there was a natural greenhouse effect which 

made life on earth possible and that the issue of global warming was with an 

enhanced greenhouse effect.  U.
11, 63

 

8. The greenhouse effect is due to increased solar radiation.  JH.
3, 7, 62

 

9. Lack of understanding that the natural greenhouse effect was "good" because it 

made life of earth possible.  U.
11, 63

 

Confusion about Mass Stocks and Flows: 

1. Carbon dioxide levels can be stabilized while emissions exceed the removal of 

GHGs from the atmosphere.  G.
13
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2. Failure to account for net flux of carbon between atmosphere and natural carbon 

sinks.  G.
13

 

These findings are summarized in table-form in Appendix B.  It should be noted that 

though a misconception might only have been shown to be in one age group, it could 

very well exist in the other age groups.  Rather, its presence has likely not been tested in 

the other age groups.  As will be seen in the next chapter, the majority of the 

misconceptions addressed in this study have been drawn from among the above list of 

prior identified misconceptions. 

 

Prior Instructional Efficacy Research Relating to Climate Change 

 In contrast to the number of studies documenting climate change misconceptions, 

much less research has been conducted to test the efficacy of teaching methodologies 

within this subject.  Most of the research has been single treatment studies conducted by 

one research group, and there is much room for more research into this vital area of how 

to educate our current and future decision makers.  What follows is a summary of the 

research conducted on the efficacy of instructional treatments on the topic of the 

greenhouse effect and global warming. 

 

Single Treatment Studies 

In a single treatment study of undergraduate students (N=17) enrolled in a Mock 

Environmental Summit course at the University of California at Santa Barbara, student 

concepts were tracked throughout the course using concept maps.
67

  It was found that 

students arrived in the course with several misconceptions, and that significant learning 



Texas Tech University, John L. McCuin, May 2011 

 26

took place during the course.  The course used role-playing, argumentation, and 

discussion, and it is argued that these exercises “facilitated conceptual change” by 

“heightening epistemological awareness” and increasing motivation.
67

 

Conducted by the same research group, a similar single treatment study of junior 

and senior undergraduate students (N=37) in a ten-week geography course entitled “Earth 

System Science: The Science of Global Change” employed a cognitive apprenticeship 

approach in which student inquiry was promoted, as students performed their own 

research using a current, user-friendly climate model.
20

  One of the five major topics 

addressed in the course was the greenhouse effect and global warming.  Individual 

questions were stimulated through assigned reading, while group research questions and 

associated projects were aided by lectures and discussions.  It was found that this 

approach led to students’ improvement in their ability to formulate scientific questions, 

and it was then inferred that conceptual learning had taken place. 

Finally, in another single treatment study of undergraduate students enrolled in a 

Mock Environmental Summit course, student misconceptions and levels of understanding 

of climate, the greenhouse effect, and climate change were examined.
11

  Students’ 

concepts were tracked throughout the semester-long course through various course 

exercises, with special attention being paid to the degree to which misconceptions 

persisted and to the permanence of new concepts.  Based on the results of this study, the 

authors proposed a minimal knowledge set for an undergraduate student in Earth science 

as basis for curriculum development.  Finally, the potential impact of the students’ 

misconceptions on their future decision making with regard to voting or support of 

policies is discussed. 
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In each of these studies, the instructional treatments lasted from ten weeks to an 

entire semester.  For courses that are dedicated to the topic of the climate change, these 

studies could be useful.  However, frequently a more realistic scenario is that climate 

change is one topic among many to be covered during a semester, making the time-

consuming instructional treatments employed in these studies less applicable.  What 

instructional treatment or strategy should be used if only one or two class sessions are 

available to reach much larger numbers of students at once?  This is a much more 

realistic scenario within most large universities, and the instructional treatment used in 

the present research seeks to address that question. 

 

Two Treatment Studies 

In a two-treatment study of seventh graders (N=40) in rural areas, it was found 

that problem-based learning model instruction produced a statistically significant, higher 

improvement on a pretest/posttest sequence than a traditional instructional model.
68

  

Additionally, students in the problem-based learning instruction were more likely to 

identify the environmental problems which affected their living areas than students who 

received the traditional instruction.  Finally, students who received the problem-based 

learning instruction were more likely to recognize actions they could take to help with 

global environmental issues. 

This study demonstrates that one strategy frequently employed in conceptual 

change research was more effective than traditional instruction.  This study by Oluk 

relates to the present research in that both are using strategies which address the tenets of 

the conceptual change tradition, but differs from the present study in that the treatment 
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time is much longer and therefore affords the use of a more time-consuming instructional 

strategy, the problem-based learning model. 

 

Unique Importance of the Present Study 

 As seen in the previous section, in the peer-reviewed science education literature, 

there exist several studies documenting misconceptions related to climate change across 

several age ranges.  Testing of the efficacy of teaching methods, however, is virtually 

uncharted territory.  In publication, there exist three single treatment studies and only one 

multiple treatment study examining the Conceptual Change Hypothesis (CCH) and 

climate change concepts.
11, 20, 67-68

  In addition, there are no studies testing the CCH using 

misconceptions-instruction reading materials, nor have any published multiple treatment 

studies of instructional methods in climate change concepts involving undergraduate 

students been found.  This study is the first multiple treatment study of undergraduates on 

the topic of climate change using the conceptual change methodologies.  Also, it is the 

first study testing the efficacy of reading materials on the topic of climate change. 

 Because this study is one of the first of its kind, it was originally hypothesized 

that the specific results of this study might be used to inform the development of 

instructional materials (textbooks, lectures, outreach material) on the greenhouse effect, 

especially if a difference were detected in the efficacy of the instructional treatments.  

Principles derived from this study could inform the development of instructional 

materials for other misconceptions related to climate change, as well as other scientific 

topics. 
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 On the other hand, if misconceptions persisted, it was hypothesized that this study 

would serve to help quantify at least a minimum threshold of misconceptions instruction 

beyond which is needed to uproot misconceptions embedded within the learner.  Also, if 

misconceptions persist, but were worse for the misconceptions instructional treatment, 

this study could suggest the need for an entirely different approach than producing 

cognitive conflict through misconceptions refutation, at least with regard to the 

development of reading materials.  This conclusion would have large implications for the 

development of reading materials, such as textbooks.  Finally, if misconceptions persist 

for both treatments, this study could highlight the limitations of reading materials alone in 

successfully addressing misconceptions (input vs. output-based instruction), or may 

highlight the limitations of the use of both TI and MI approaches with regard to reading 

materials and conceptual change.  This last conclusion could greatly affect instructors’ 

decisions in designing courses, as well as impact the learning strategies employed when 

writing instructional materials. 

 In summary, this study is unique by being the only conceptual change multiple 

treatment study of undergraduates on the topic of climate change.  It is also unique in 

being the only study testing the efficacy of reading materials on the topic of climate 

change.  This is particularly important, since there have been many efforts to disseminate 

information about the importance of global warming through outreach material such as 

summary reports, primers on climate change, etc.
24

  The efficacy of these outreach 

materials becomes especially important in the development of summary reports prepared 

for decision and policy makers.  If there is a way to make these reports more effective, or 
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equivalently to avoid making them less effective, then this would be very useful 

information. 

 

Research Questions and Hypotheses for the Present Study 

The present study addresses the broad question of “Does instruction which 

addresses both the correct scientific concepts and the associated misconceptions 

concerning the greenhouse effect improve understanding to a different degree than only 

instruction on the correct scientific concepts?”  Given the aforementioned findings in 

conceptual change research, the general hypothesis is that instruction which includes a 

misconceptions component would improve conceptual understanding of the greenhouse 

effect more than instruction which does not address misconceptions.  The following are 

the research questions and hypotheses that motivate the design of this study: 

 

1. Research Question 1 (RQ1):  Does the traditional instruction treatment improve 

performance on the assessment, i.e. the mean score for the posttest is greater than 

the mean score for the pretest? 

Hypothesis 1 (H1):  The posttest mean score for the group receiving the 

traditional instruction treatment will be greater than the pretest mean score for the 

same group. 

2. Research Question 2 (RQ2):  Does the misconceptions-based instruction 

treatment improve performance on the assessment, i.e. the mean score for the 

posttest is greater than the mean score for the pretest? 
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Hypothesis 2 (H2):  The posttest mean score for the group receiving the 

misconceptions-based instruction treatment will be greater than the pretest mean 

score for the same group. 

3. Research Question 3 (RQ3):  Assuming at least one treatment results in an 

improved performance on the pre versus posttest, which treatment is more 

effective in immediate gains, i.e. larger difference between pretest and posttest 

mean scores? 

Hypothesis 3 (H3):  The difference between the pretest and posttest mean scores 

will be larger for the group receiving the misconceptions-based instruction 

treatment. 

4. Research Question 4 (RQ4):  Assuming at least one treatment results in an 

improved performance on the pre- versus delayed posttest, which treatment is 

more effective in long-term gains, i.e. largest difference between pretest and 

delayed posttest mean scores? 

Hypothesis 4 (H4):  The difference between the pretest and delayed posttest mean 

scores will be larger for the group receiving the misconceptions-based instruction 

treatment. 

 

Hypotheses H1 and H2 are based upon the assumption that assessment 

performance increases with understanding, instruction increases understanding, and 

therefore instruction improves performance on assessments.  Hypotheses H3 and H4 are 

based upon the numerous findings from conceptual change research on other scientific 
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subjects that misconceptions-based instruction is more effective at creating conceptual 

change than traditional instruction. 
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CHAPTER 3- METHODOLOGY 

 

This chapter describes this experiment wherein a traditional instruction on physics 

concepts related to the greenhouse effect is compared with a misconceptions-based 

instruction on physics concepts related to the greenhouse effect.  As described in the 

previous chapter, the motivation for this study is the hypothesis that misconceptions-

based instruction would have a more beneficial effect on learners than traditional 

instruction. 

This chapter consists of seven sections.  The first section summarizes the research 

design.  The second section describes the subject sample.  The third section details the 

development and design of the instructional materials used for treatment.  The fourth 

section describes how the assessment task was designed, pilot tested, calibrated, and 

finalized.  The fifth section presents the experimental procedures.  The sixth section 

explains the how the assessments were scored.  The seventh section describes the 

methods used for data analysis. 

 

Research Design 

In this experimental design, it was assumed that performance on conceptual 

assessments was a valid measure of conceptual understanding.  To address the 

aforementioned research questions, the following experiment, presented in Campbell and 

Stanley notation, was conducted: 
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Base Experiment: 

R O X1 O  O 

R O X2 O  O 

Legend of symbols: 

R: random selection of treatment groups 

Treatment 1, X1: consisted of reading one longer passage (P1) explaining the 

greenhouse effect and global warming, specifically focusing on 

the development of discrete correct scientific concepts, followed 

by one shorter summary passage (P2), which covered the same 

concepts as P3 in X2 

Treatment 2, X2: consisted of reading one longer passage (P1) about correct 

scientific concepts concerning the greenhouse effect and global 

warming, followed by one shorter passage (P3) about 

misconceptions in global warming and the corrective concepts 

associated with each misconception 

Pretest, Posttest, Delayed Posttest, O: consisted of a timed, multiple-choice global 

warming concept assessment that was developed and tested 

during the pilot study; the delayed posttest was given 2 weeks 

after the posttest 

All treatments and assessments were delivered by the regular teaching assistants 

during portions of lab class sessions over a period of four weeks, and the time given for 

reading and the time given for assessment was identical for each of the treatments.  The 

sample population for the study consisted of a subset (N~350) of undergraduate students 

in sections of an introductory atmospheric science course (ATMO 1300) taught at TTU 
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during the Spring 2010 semester.  Students participating in the study were randomly 

assigned a treatment population.   

Subjects were divided into two experimental groups: (1) a group that received 

traditional instruction, and (2) a group that received misconceptions-based instruction.  

Based on the literature, it was hypothesized (see previous chapter) that both types of 

instruction would have beneficial effects on learner performance, but that the 

misconceptions-based group would display an overall superior improvement after 

treatment.   

An assessment task was developed and tested during a pilot study, and this 

assessment was administered to both groups to measure the effects of the two treatments.  

A pretest was given during week one to provide a baseline to determine the effect of 

instruction.  During week two, the instructional treatment was administered and 

immediately followed by a posttest in order to measure the more immediate effect of the 

instructional treatment.  Finally, in week four, a delayed posttest was administered 

fourteen days after treatment to determine a longer-term effect of the instructional 

treatment. 

Scores on the pretest, posttest, and delayed posttest were analyzed to detect any 

difference in the immediate or retentive effects of traditional instruction and 

misconceptions-based instruction on the learning of physics concepts involved in the 

greenhouse effect.  The assessment task was designed during the pilot study to quantify 

participants’ conceptual understanding of the physics concepts involved in the 

greenhouse effect and global warming, and it was inferred that changing scores on the 

assessment represented conceptual change within the student.  
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Subjects 

The subjects for the experiment were a subset of students from 15 different lab 

sections of an ATMO 1300 course at Texas Tech University.  Typically, this course is 

taken by first and second-year students.  Since ATMO 1300 serves to meet a Core 

Natural Sciences requirement at TTU, the students represent a variety of majors.  This 

course was selected because it has a large number of students enrolled, giving the 

potential for more statistically significant, meaningful, and reliable results.  Also, this 

course was selected because it consisted of students from a variety of majors early in 

their college careers who would not have received much, if any, prior formal instruction 

on this topic.   

Students enrolled in the ATMO 1300 course were not given homework 

assignments or explicit instruction on the physics concepts related to the greenhouse 

effect that were utilized in this experiment during previous weeks of the course.  Some 

subjects might have been exposed to formal instruction on climate change concepts 

during another course offered during a previous semester, but none of the students scored 

above a 70% on the pretest, from which it was inferred that none of the students started 

the experiment having mastered the material.   

The 15 intact lab sections were assigned quasi-randomly to two treatment groups, 

such that the two populations were approximately the same size: traditional instruction 

and misconceptions-based instruction.  To avoid self-selection and maximize 

participation, this experiment used intact lab sections rather than recruiting volunteers.  

The two instructors of the ATMO 1300 course covered similar course content in the 
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lectures, and all of the lab sections used the same set of exercises and texts.  The lecture 

course met 2 days per week for 1 hour and 20 minutes each class period, while the lab 

section met once per week for 1 hour and 50 minutes.  During the lab sections, students 

routinely were completing lab exercises on the various course topics.  

The present experiment was performed in the middle of the Spring 2010 semester.  

The original student population for the experiment was approximately 350 participants.  

In order to ensure quality data, a number of requirements were put into place in order to 

filter out potentially unreliable data.  Students who did not complete all of the 

assessments (pretest, posttest, delayed posttest) and the treatment were discarded, since 

repeated-measures ANOVA was the statistical methodology.  Students who did not 

complete the entire assessment on each assessment were discarded.  Students who 

answered an assessment with an obvious pattern, such as ABABAB…, were discarded.  

Since no students scored above 70% on the pretest, no students were discarded for the 

ceiling effect.  After applying these requirements, around 150 participants were removed.  

The final sample for the experiment contained 197 subjects with 83 in the traditional 

instruction group and 114 in the misconceptions instruction group. 

 

Instructional Materials 

For this experiment, two instructional treatments in the form of reading passages 

were constructed (see Appendices C and D).  The instructional treatments employed 

differing methodologies for teaching the physics concepts related to the greenhouse effect 

and global warming.  The Traditional Instruction treatment used the more common 

approach of teaching the correct concepts only, while the Misconceptions Instruction 
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treatment applied the tenets of the conceptual change tradition by addressing the most 

common student misconceptions in addition to teaching the correct concepts.  Great care 

was taken to create two instructional treatments that were equivalent in the quantity and 

readability of instruction.  The methodology for creating the equivalent instruction sets is 

outlined below. 

 

Development of Instructional Materials 

It was important to develop two instructional treatments that were as identical as 

possible in quantity and readability of instruction over the same content, yet remained 

true to their respective approaches to instruction.  If the treatments were not similar in 

quantity and readability of instruction, it could not be ascertained if any difference in the 

assessment results of the two groups was due to the difference in instructional approaches 

or due to the difference in the quantities or readabilities of instruction contained in the 

two treatments. 

The first step in the strategy for developing two equivalent instructional reading 

passages was to break the topic of the greenhouse effect and global warming down into 

the most basic propositions which make up the key concepts.  The second step was to 

identify the most common student misconceptions.  The third step was to associate each 

of the common misconceptions with one of the basic correct-concept propositions, which 

would correct the misconception if fully understood.  And the final step was to write two 

cohesive reading passages which had the same number of sentences on each of the same 

propositions, while utilizing their differing approaches to instruction.   
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As seen in the following subsections, the bulk of the traditional instruction (TI) 

passage and the misconceptions instruction (MI) passage was the same, since both 

utilized identical passages on the same 21 basic propositions.  However, the difference 

between the TI and MI passages was that the MI passage contained statements that 

defined the eight most common student misconceptions identified in the literature and 

then stated the correct concepts that would correct the misconception if fully understood, 

while the TI passage simply reviewed those same correct concepts without stating the 

misconceptions.  Each passage contained the same number of statements on each of the 

21 basic propositions and similar numbers of sentences on the 7 (two of the eight 

misconceptions were grouped together for readability) misconception/correcting-concept 

groups, and were therefore considered similar in quantity while utilizing different 

instructional approaches.   

Following this strategy for the construction of equivalent instructional treatments, 

21 basic propositions, most of which consist of basic physics principles, were constructed 

as follows for conceptual inclusion in the instructional materials: 

1. Earth increases in temperature if the total radiation input exceeds the total 

radiation output. 

2. The sun is the primary source of energy (in the form of radiation) for the earth.  

3. The incident solar spectrum is composed primarily of radiation in the visible 

portion of the electromagnetic spectrum, with some infrared and ultraviolet as 

well.  

4. Earth’s surface absorbs approximately 50% of the incident solar radiation.  

5. The radiation absorbed by the surface of the earth increases its temperature.  
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6. Earth radiates away its heat energy primarily in the infrared portion of the 

electromagnetic spectrum.  

7. A greenhouse gas is any gas in the atmosphere that absorbs terrestrial infrared 

radiation.  

8. The three most significant greenhouse gases are water vapor, carbon dioxide, and 

methane.  

9. Water vapor does not absorb well in a part of the infrared portion of the 

electromagnetic spectrum.  

10. The infrared portion of the spectrum in which water vapor does not absorb forms 

an “atmospheric window” through which much of the terrestrial infrared radiation 

can leave the atmosphere.  

11. Due to their molecular structure, greenhouse gases (not including water vapor) 

absorb infrared radiation which water vapor does not absorb.  

12. Greenhouse gases absorb approximately 90% of the terrestrial infrared radiation.  

13. After greenhouse gases absorb radiation, they emit infrared radiation 

isotropically; e.g. upwards 50% of the time and downwards 50% of the time.  

14. The infrared radiation emitted by greenhouse gases downward decreases the 

terrestrial radiation output into space.  

15. There is a natural greenhouse effect which makes life on our planet possible.  

16. Certain human activities have increased the concentration of greenhouse gases in 

the atmosphere above their natural levels.  
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17. The increased concentration of greenhouse gases in the atmosphere causes more 

absorption of terrestrial infrared radiation by the atmosphere in the atmospheric 

window.  

18. The increased absorption of terrestrial infrared radiation by the atmosphere 

decreases the total radiation output of the earth and atmosphere. 

19. The decrease in the total radiation output of the earth and atmosphere causes an 

increase in temperature of the earth and atmosphere.  

20. The temperature increase caused by the increased concentration of greenhouse 

gases due to human activities is called the enhanced greenhouse effect. 

21. The concern of scientists and policy makers is over the enhanced greenhouse 

effect.  This is what is causing global warming. 

 

Misconceptions-based Instruction 

The misconception-based instruction (MI) consisted of two reading passages.  

The first reading passage was based upon the aforementioned 21 basic propositions.  The 

second reading passage covered 7 of the most common misconceptions, which were 

identified in prior conceptual change research on global warming, along with the correct 

concepts which would debunk and replace the misconceptions if understood.  The second 

reading passage attempted to create cognitive dissonance within the reader by first stating 

the misconception and using a series of questions and answers which a possessor of the 

misconception would get wrong.  Then after each misconception and question/answer 

series, the correct concept was stated which would explain the true understanding of the 

phenomenon.  The 7 misconceptions chosen were as follows and were grouped according 
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to five major categories as follows (their use in the reading passage can be seen in 

Appendix C): 

Confusion with issues related to the hole in the ozone layer. 

1. The greenhouse gases form a thin layer. 

2. The greenhouse effect is caused by more solar radiation coming through the hole 

in the ozone layer. 

Confusion concerning the cause of the greenhouse effect: 

3. See below. 

a. The greenhouse effect is caused by the trapping of reflected solar 

radiation.   

b. The greenhouse effect is caused by the trapping of greenhouse gases 

(misconceptions 3a and 3b were grouped together in the reading passage.) 

4. The natural greenhouse effect is caused by human activities. 

Confusion concerning the role of water vapor in the greenhouse effect: 

5. Water vapor is the only important greenhouse gas. 

Failure to distinguish between the natural and enhanced greenhouse effects: 

6. The greenhouse effect bad. 

Failure to distinguish between different parts of the electromagnetic radiation spectrum: 

7. All radiation interacts identically with the atmosphere. 

In summary, the misconceptions passage consisted of a reading passage on the 21 

basic correct-concept propositions, and a reading passage on the 7 most common 

misconceptions.  The reading passage on the 7 most common misconceptions presented 
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five categories of misconceptions, stating each of the 7 misconceptions in question form 

with the associated answers negating the misconception (attempt to create cognitive 

dissonance), as well as the correct conceptual explanation that would, if correctly 

understood, debunk and replace the misconception with the correct concept.  The 

misconceptions-based reading passage can be found in Appendix C. 

 

Traditional Instruction 

The traditional instruction (TI) consisted of two reading passages.  The first 

reading passage was a reading passage covering the aforementioned 21 basic 

propositions.  This first passage was identical to the one used by the MI treatment.  The 

second passage was a summary passage of nine correct concept statements which, if 

understood correctly, would refute the 7 common student misconceptions presented in the 

MI section above.  The 9 main concept summary statements were as follows: 

1. Greenhouse gases are distributed throughout the atmosphere. 

2. Greenhouse gases absorb infrared radiation emitted by the earth. 

3. The greenhouse effect is caused by the absorption and re-emission of infrared 

radiation from the earth. This absorption and re-emission, or trapping, of infrared 

terrestrial radiation is carried out by the greenhouse gas molecules.  The net effect 

is to recycle or “trap” much of the infrared radiation emitted by the earth inside 

the atmosphere.  This causes the earth’s temperature to be 57 degrees Fahrenheit 

warmer than it would be without an atmosphere, and is known as the natural 

greenhouse effect.   
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4. The enhanced greenhouse effect is caused by human activities that have increased 

the amounts of greenhouse gases in the atmosphere.  Higher greenhouse gas 

levels decrease the amount of infrared radiation that can escape to space through 

the atmospheric window.  This decrease enhances or strengthens the greenhouse 

effect mechanism, causing more infrared radiation to be recycled within the 

atmosphere.  This decrease in outgoing radiation has disturbed the previous 

natural equilibrium between the incoming and outgoing radiation, causing the 

incoming radiation to exceed the outgoing radiation.  This process has led to an 

unnatural increase in temperatures and is called the enhanced greenhouse effect. 

5. Water vapor, the most important gas in the natural greenhouse effect, does not 

absorb some wavelengths of infrared radiation.  This forms an atmospheric 

window through which infrared radiation from the earth can escape to space.  

Greenhouse gases like carbon dioxide and methane that are produced by human 

activities absorb in the atmospheric window, where water vapor does not absorb.  

These gases reduce the amount of infrared radiation that can escape to space, 

artificially enhancing the greenhouse effect mechanism, resulting in the enhanced 

greenhouse effect (i.e. global warming). 

6. The natural greenhouse effect is what makes life on this planet possible.   

7. Scientists are concerned about the enhanced greenhouse effect caused by human 

activities.  The enhanced greenhouse effect, or global warming, is causing the 

earth’s surface and atmosphere to warm rapidly.  This rapid warming may have 

severe negative consequences if it continues unchecked. 
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8. The incoming radiation from the sun is mostly shorter-wavelength radiation such 

as visible light.  Not much visible light is absorbed by the atmosphere.   

9. Radiation emitted by the earth is longer-wavelength infrared radiation.  90% of 

this infrared radiation is absorbed by the greenhouse gases in the atmosphere. 

The traditional reading passage can be found in Appendix D. 

 

Instructional Materials Summary 

Both instructional treatment groups were given two reading passages.  The first 

reading passage used by both the MI and TI treatments was a reading passage covering 

the 21 basic propositions.  The second reading passage for the MI treatment was a 

reading passage covering misconceptions and the associated corrective concepts, while 

the second reading passage for the TI group was a summary passage on just the 

corrective concepts.  The second passage for both the TI and MI groups covered identical 

concepts and gave similar amounts attention to each concept as the other treatment.  The 

readability indices for the passages are as follows: 
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Table 3.1:  Readability Indices for Instructional Treatments and the Assessment 

 
TI 

Passage 

MI 

Passage 

TI 

Summary 

Only 

MI 

Misconceptions 

Only 

Assessment 

Number of words 1579 1846 399 666 981 

Number of sentences 106 129 34 57 129 

Average characters per 

word 
5.42 5.38 5.5 5.36 5.15 

Average syllables per 

word 
1.76 1.74 1.79 1.73 1.70 

Average words per 

sentence 
14.90 14.31 11.74 11.68 7.60 

      

Years of formal 

education required to 

easily understand 

passage on first 

reading: 

     

Gunning Fog Index 12.09 11.60 10.81 10.08 8.10 

      

U.S. Grade level 

needed to understand 

text: 

     

Coleman Liau index 14.09 13.78 14.06 13.22 10.62 

Flesch Kincaid Grade 

Level 
10.99 10.54 10.10 9.34 7.40 

ARI  (Automated 

Readability Index) 
11.53 11.06 10.36 9.67 6.65 

SMOG 12.97 12.52 12.16 11.40 9.52 

      

Flesch Reading Ease 42.82 44.97 43.53 48.89 55.53 

 

 

Each readability index for the TI and MI reading passages is similar; hence, it is 

concluded that the passages are more or less equivalent in their readability.  Therefore, 

overall, both the TI and MI instructional treatments contained the same set of 

propositions and the similar numbers of statements on each proposition with similar 



Texas Tech University, John L. McCuin, May 2011 

 47

readability indices, thereby being roughly equivalent in quantity and level of instruction, 

while remaining different in instructional approach. 

 

Assessment 

While several assessment tools such as the Force Concept Inventory,
56

 the Force 

and Motion Conceptual Evaluation,
69

 the Mechanics Baseline Test,
70

 and the Brief 

Electricity and Magnetism Assessment,
71

 have been developed for standard physics 

topics, only a couple have been developed for the greenhouse effect and global 

warming.
72

  Of these, none have become a widely-used standard like those which exist 

for other subjects; therefore, reliable large-N statistics for assessments covering the 

greenhouse effect and global warming are not currently available.   

 Upon examination of the most comprehensive concept inventory for the 

greenhouse effect published to date, the Greenhouse Effect Concept Inventory (GECI),
72

 

it was found that the GECI tested only a subset of the most common misconceptions 

identified and moreover that it did not test heavily enough the concepts related to the 

physical mechanisms driving the greenhouse effect for the purpose of this study.  

Therefore, a new assessment was developed to specifically test the main concepts 

required to understand how the greenhouse effect and global warming function, and to 

test the major misconceptions surrounding the greenhouse effect and global warming.  

This assessment was calibrated in a pilot study, and was delivered as the pretest, posttest, 

and delayed posttest for the experiment.   
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Pilot Study 

For the pilot study, which was conducted two weeks before the experiment, 214 

true/false questions were written to test the 21 concepts and 7 misconceptions, with 

several questions on each concept and misconception.  These questions were divided into 

three pilot assessments of 70, 72, and 72 questions each.  Each of the pilot assessments 

was given to 2 lab sections from ATMO 1300 that were chosen for the pilot study, 

making 6 lab sections total that participated in the pilot study.  The 6 sections which 

participated in the pilot study did not participate in the regular experiment.  The questions 

making up each of the pilot assessments given to the 6 sections divided according to the 

concepts covered on each assessment can be found in Appendix E.  The pilot assessments 

themselves differed only in that the statements of the concepts and misconceptions being 

tested did not appear in the pilot study, and the question order was randomized. 

Each pilot assessment task required a response to a series of true-false statements.  

Participants were instructed to read each sentence and then respond by selecting true (A) 

or false (B) on their Scantron answer sheet.  The number of questions over each concept 

on each of the pilot assessments is presented in Table 3.2. 
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Table 3.2:  Number of Questions over each Concept on Pilot and Final Assessments 

Pilot 

Assessment Assessment 

  
1 2 3 

Concept 

C1 6     2 

C2   3     

C3   9   1 

C4     5   

C5     7   

C6 11     3 

C7 9     1 

C8   8     

C9     11 4 

C10     12   

C11     9 4 

C12 5     1 

C13 11       

C14   9     

C15   11   4 

C16   5   2 

C17     9 4 

C18 8     1 

C19 5     3 

C20   7   3 

C21     4 2 

Misconception 

M1     7 3 

M2     8 6 

M3 8     8 

M4 7     4 

M5   11   6 

M6   9   2 

Total Questions 70 72 72 64 

 

 

Calibration and Finalization of Assessment 

Responses to questions on the pilot assessment that covered a given concept or 

misconception were analyzed utilizing a quantity known as Cronbach’s alpha, which is 
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an internal consistency estimate of the reliability of assessment scores.  Different 

combinations of questions on each concept or misconception were eliminated in order to 

maximize Cronbach’s alpha across questions on each concept or misconception, while 

preserving enough questions to test most concepts and each misconception and keep 

Cronbach’s alpha high for the assessment as a whole.  In order to keep the assessment 

reliability high, all questions on some concepts had to be eliminated entirely.  Questions 

on misconceptions 4 and 6 were grouped together for the question-elimination based 

upon optimization of Cronbach’s alpha, since these misconceptions were so closely 

related.  In this manner, the reliability of an assessment testing 14 of the 21 concepts and 

all 7 misconceptions was maximized.  This elimination of 150 questions from the pool of 

214 questions was necessary to create an assessment that was feasible to complete in the 

time allotted during the lab sections.  What resulted from this process was an instrument 

of high reliability which tested 14 of the 21 concepts and all of the 7 misconceptions 

(Table 3.2).  The final version of the assessment used for the pretest, posttest, and 

delayed posttest contained 64 true/false questions and appears in Appendix F.  As seen in 

Table 3.1, the assessment was of an easier reading level than the instructional reading 

passages. 

 

Experimental Procedure 

The assessment was administered as a pretest during week one in each of the 15 

lab sections.  The pretest provided a baseline measure for knowledge of the physics 

concepts related to the greenhouse effect and allowed for the potential elimination of 

subjects whose prior knowledge of greenhouse concepts was too high.  During week two, 



Texas Tech University, John L. McCuin, May 2011 

 51

the instructional treatment was administered, gathered, and immediately followed by a 

posttest in order to measure the more immediate effect of the instructional treatment.  

Finally, in week four, a delayed posttest was administered fourteen days after treatment 

to determine a longer-term effect of the instructional treatment. 

All phases of the experiment were conducted in the subjects’ usual lab classrooms 

during their regularly-scheduled lab class times with their normal instructors.  Each intact 

class was quasi-randomly assigned to one of the two instructional treatments: traditional 

instruction and misconceptions-based instruction.  Each phase of the experiment was 

conducted in its assigned week, and no additional instruction or homework related to the 

experiment or the content of the experiment was given during the experiment.  Thus, the 

treatment was the only experiment-related content being delivered by the course during 

the duration of the experiment.  Instructional materials were collected by the instructors 

immediately following treatment during class, and assessments were collected 

immediately upon completion.  Neither answers nor feedback of any kind regarding the 

assessments were provided to the students at any time before, during, or after the study.   

 The assessments and instructional treatments were administered by the 

participants’ usual lab teachers.  The lab teachers were given labeled packets each week 

for their lab sections containing the materials needed for that week’s phase of the 

experiment, along instructions regarding that phase.  Week one’s packet contained copies 

of the assessment and Scantron forms, as well as instructions for the teachers regarding 

the assessment.  Week two’s packet contained the respective instructional treatment 

reading materials, the copies of the assessment, Scantron forms, and instructions for the 

teacher regarding both the instructional treatment and the assessment.  Week four’s 
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packet consisted of the copies of the assessment, Scantron forms, and instructions for the 

teacher regarding the assessment.  The instructions to the teachers for the assessment 

detailed how to administer assessments, providing the students with no input or feedback, 

as well as the time limit allowed for each assessment.  With respect to the instructional 

treatments, the teachers simply administered the instructional materials and collected 

them at the conclusion of the time limit given for the treatment.  Each instructional 

treatment received identical allotments of time, and each assessment received the same 

allotment of time. 

As detailed earlier, the instructional treatment materials for both treatment groups 

contained identical numbers of propositions and an almost identical quantity  and 

readability of content dedicated to each proposition.  Therefore, the instructional 

treatments differed merely in the applied instructional strategy for causing conceptual 

change. 

 

Assessment Scoring 

 For the scoring of assessments, raw scores were tabulated as follows:  each 

incorrect, blank, or incorrectly-marked answer received a score of zero, while each 

correct answer received a score of one.  The correct answers were summed forming the 

total raw score, with a maximum possible raw score of 64.  To respond correctly, students 

had to mark A on the Scantron when the answer was true or B when the answer was 

false.  This answering procedure was detailed in the instructions at the beginning of the 

assessment. 
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Analysis 

The raw scores for the pretest, posttest, and delayed posttest were calculated, 

frequencies and descriptive statistics for the raw scores were computed, and repeated-

measures analysis of variance (ANOVA) was used for statistical analysis.  For each 

instructional method, the percentage of students who improved, performed equivalently, 

or did worse on the pretest vs. posttest and pretest vs. delayed posttest was tabulated.  For 

the repeated-measures ANOVA, the independent variable was Instruction Type (TI, MI), 

and the dependent variable was Time (pretest, posttest, delayed posttest raw scores).  

Using these statistical methods, three distinct statistical analyses were conducted: the first 

for the scores on the assessment as a whole, the second for the scores on the concept 

questions only, and the third for the scores on misconceptions questions only.  The results 

of the statistical analyses are discussed in the next chapter. 
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CHAPTER 4- RESULTS 

 

This chapter presents the analyses of the raw scores of the sample populations on 

the pretest, posttest, and delayed posttest.  The first section presents the descriptive 

statistics, frequencies, and results of the repeated-measures ANOVA for the raw scores of 

all subjects for all assessment questions.  The second section presents the descriptive 

statistics, frequencies, and results of the repeated-measures ANOVA for the raw scores of 

all subjects for questions covering concepts only.  The third section provides the 

descriptive statistics, frequencies, and the results of the repeated-measures ANOVA for 

the raw scores of all subjects for the misconception-based questions only.  The final 

section contains a summary of the all the data presented in this chapter. 

 

All-Questions Data 

Descriptive Statistics 

The descriptive statistics of the raw scores on all three assessments for both the TI 

and the MI group, as well as frequency data regarding the performance on the pretest vs. 

posttest and the pretest vs. delayed posttest are provided in Table 4.1.  The assessment 

had 64 questions worth 1 point each, giving a total possible score of 64.  This table shows 

that both the TI and MI groups declined from the pretest to the posttest.  Although the 

groups increased their scores from the posttest to the delayed posttest, the decline from 

pretest scores remained.  For all assessments for both groups, the standard deviations 

were not considerably different.  Also, no students scored above 70% on any of the 

assessments, while others scored well below random chance with a minimum of 6.25%.  
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For both TI and MI, the majority of students did worse on both the posttest and the 

delayed posttest than on the pretest.  In summary, the results of this study imply that both 

TI and MI had negative effects on how subjects understood physics concepts and 

misconceptions related to the greenhouse effect and global warming, and these negative 

effects were resilient over a two week period.  

 

Table 4.1:  Descriptive Statistics for All Data 

 

  Task Treatment    N      Mean    SD   Min.   Max. Range 

Pretest    TI    83   31.05     5.06    13       40      27 

    MI   114   31.14   4.75      14       44     30 

Posttest    TI    83   26.96  7.96     7      39     32 

    MI   114   25.37   8.33     4      39     35 

Delayed    TI    83   29.77  6.01    10       41     31  

    MI   114   27.48  6.97     8     40     32 

        

  Worse   Equal  Better    

Pre vs. Post    TI 62.7 %   8.4 % 28.9 %    

    MI 71.9 %   3.5 % 24.6 %    

 Total 68.0 %   5.6 % 26.4 %    

Pre vs. Del    TI 53.0 %   8.4 % 38.6 %    

    MI 65.8 %   6.1 % 28.1 %    

 Total 60.4 %   7.1 % 32.5 %    

           

 

Repeated-Measures Analysis of Variance 

To determine the effects of the treatments on the subjects’ understanding of 

physics concepts and associated misconceptions related to the greenhouse effect and 

global warming, raw scores on the assessment task were subjected to a two-way ANOVA 

with repeated measures.  The between-subjects factor was the independent variable, 
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Instruction Type (TI, MI).  The within-subjects factor was the dependent variable, Time 

(pretest, posttest, delayed posttest raw scores).   

The ANOVA results in Table 4.2 indicate that there is sufficient evidence for a 

significant effect for Time with a level of significance of p = 0.000, from which we infer 

that both instruction types had a significant (negative) effect on test performance over 

time.  In addition, there was insufficient evidence both for a significant effect for 

Instruction Type and for a significant interaction between Instruction Type and Time, 

since their p-values were 0.103 and 0.051 respectively.  Therefore, we infer that for the 

total assessment there was not a dissimilar decline for both groups and that time did not 

affect each group differently.  The contrasts analysis reveals that there was significant 

effect for Time in both pretest vs. posttest and pretest vs. delayed posttest scores to a 

level of significance of p = 0.000, while there was only a significant interaction between 

Instruction Type and Time for the pretest vs. delayed posttest to a level of p = 0.012.  

Therefore, the decrease in both the posttest and the delayed posttest scores was 

significant, and Time affected TI and MI differently for the delayed posttest.  Figure 4.1 

presents a graph of the pretest, posttest, and delayed posttest raw scores. 

 

Table 4.2:  Summary Table for ANOVA of All Data 

SOURCE Df SS MS F P 

Between-subjects Effects      

     Instruction type     1      230.20     230.20        2.68        .103 

Within-subjects Effects      

    Time     2    2332.99   1166.49      48.56        .000 

    Instruction type x Time     2      144.04       72.02        3.00        .051 
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Error (instruction type)   195  16762.36       85.96     

Error (time)   390    9367.73       24.02   

      

Within-subjects Contrasts      

    Time      

          Pretest vs. Posttest     1    4665.97   4665.97      75.71        .000 

          Pretest vs. Delayed     1    1169.75   1169.75      27.63        .000 

    Time x Instruction type      

          Pretest vs. Posttest     1      136.79     136.79        2.22        .138 

          Pretest vs. Delayed     1      272.24     272.24        6.43        .012 

      

Error (time)      

    Pretest vs. Posttest 195  12018.48       61.63   

    Pretest vs. Delayed 195    8256.28       42.34   

 

 

Figure 4.1:  Interaction Plot for Instruction and Time for All Data 
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Summary of the Analysis 

Both TI and MI had a negative effect on student performance on the assessment 

for the majority of students, and therefore it is inferred that they had a negative effect on 

how learners interpreted the physics concepts and associated misconceptions involved in 

the greenhouse effect and global warming.  The results of the analysis of the all-questions 

data suggest that both TI and MI resulted in some type of knowledge loss, concept 

confusion, or misconception creation due to the treatments.  For both TI and MI, these 

negative effects were significant over the fourteen day period.   

Therefore, the answers to Research Questions RQ1 and RQ2 are “No”.  

According to the results of this experiment, administration of both TI and MI bring about 

a decline in performance on true-false questions over physics concepts and associated 

misconceptions related to the greenhouse effect and global warming.  The answers to 

RQ3 and RQ4 are both “Neither”.  According to the results of this experiment, 

administration of neither TI nor MI results in an improved performance on the 

assessment. 

Additional insight can be found in the fact that in all assessments some students 

scored well below random chance.  This indicates the definite presence and influence of 

misconceptions related to climate change throughout the experiment in at least some of 

the sample. 
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Concept Questions Data 

Descriptive Statistics 

The descriptive statistics of the raw scores for both the TI and the MI group on the 

concept questions only, as well as frequency data regarding the performance on concept 

questions on the pretest vs. posttest and the pretest vs. delayed posttest are provided in 

Table 4.3.  The assessment had 35 concept questions worth 1 point each, giving a total 

possible score of 35 for the concept questions.  This table shows that both the TI and MI 

groups declined from the pretest to the posttest.  Although the groups increased their 

scores from the posttest to the delayed posttest, the decline from pretest scores remained.  

For all assessments for both groups, the standard deviations were not considerably 

different.  Also, the maximum score achieved by any student on any of the assessments 

was 71%, while others scored well below random chance with a minimum of 6%.  These 

descriptive statistics for the concept questions mirror the findings for the assessment as a 

whole.  For both TI and MI, the majority of students did worse on both the posttest and 

the delayed posttest than on the pretest.  In summary, the results of this study imply that 

both TI and MI had negative effects on how subjects understood physics concepts 

involved in the greenhouse effect and global warming, and these negative effects were 

resilient over a two week period.  
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Table 4.3:  Descriptive Statistics for Concept Questions Data 

 

  Task Treatment.    N      Mean    SD   Min.   Max. Range 

Pretest    TI    83   15.39   3.69     4      23     19 

    MI   114   15.40    3.77     5      25     20 

Posttest    TI   83   13.22    5.24     2      25     23 

    MI  114    12.68    4.88     2      23     21 

Delayed    TI   83   14.78    4.70     3      24     21  

    MI  114    13.85    4.55     4      24     20 

        

  Worse   Equal  Better    

Pre vs. Post    TI 57.8 %   7.2 % 34.9 %    

    MI 65.8 %   3.5 % 30.7 %    

 Total 62.4 %   5.1 % 32.5 %    

Pre vs. Del    TI 48.2 %   9.6 % 42.2 %    

    MI 59.6 %   5.3 % 35.1 %    

 Total 54.8 %   7.1 % 38.1 %    

 

Repeated-Measures Analysis of Variance 

To determine the effects of the treatments on the subjects’ understanding of 

physics concepts involved in the greenhouse effect and global warming, raw scores on 

the assessment task were subjected to a two-way ANOVA with repeated measures.  The 

between-subjects factor was the independent variable, Instruction Type (TI, MI).  The 

within-subjects factor was the dependent variable, Time (pretest, posttest, delayed 

posttest raw scores).   

The ANOVA results in Table 4.4 indicate that there is sufficient evidence for a 

significant effect for Time with a level of significance of p = 0.000, from which we infer 

that both instruction types had a significant (negative) effect on test performance over 

time.  In addition, there was insufficient evidence both for a significant effect for 
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Instruction Type and for a significant interaction between Instruction Type and Time, 

since their p-values were 0.333 and 0.412 respectively.  Therefore, we infer that for the 

performance on concept questions only there was also not a dissimilar decline for both 

groups and that time did not affect each group differently.  This is identical to the result 

found for the assessment as a whole.  The contrasts analysis reveals that there was 

significant effect for Time in both pretest vs. posttest and pretest vs. delayed posttest 

scores to a level of significance of p = 0.000 and 0.003 respectively, while there was 

insufficient evidence for a significant interaction between Instruction Type and Time for 

either contrast.  Therefore, the decrease in both the posttest and the delayed posttest 

scores was significant, which is identical to the assessment as a whole.  Figure 4.2 

presents a graph of the pretest, posttest, and delayed posttest raw scores. 
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Table 4.4:  Summary Table for ANOVA of Concept Questions Data 

SOURCE Df SS MS F P 

Between-subjects Effects      

     Instruction type     1      33.93      33.93         .94        .333 

Within-subjects Effects      

     Time     2    578.60    289.30     23.46        .000 

     Instruction type x Time     2      21.91      10.96         .89        .412 

      

Error (instruction type)   195  7009.70      35.95     

Error (time)    390  4809.05      12.33   

      

Within-subjects Contrasts      

    Time      

         Pretest vs. Posttest     1  1151.68 1151.68     43.12        .000 

         Pretest vs. Delayed     1    223.06   223.06       8.98        .003 

    Time x Instructional type      

         Pretest vs. Posttest     1      15.03     15.03       0.56        .454 

         Pretest vs. Delayed     1      43.37     43.37       1.75        .188 

      

Error (time)      

     Pretest vs. Posttest   195  5208.21     26.71   

     Pretest vs. Delayed   195  4844.06     24.84   
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Figure 4.2:  Interaction Plot for Instruction and Time for Concept Questions Data 

 

 

Summary of the Analysis 

Both TI and MI had a negative effect on student performance on the concept 

questions in the assessment for the majority of students, and therefore it is inferred that 

they had a negative effect on how learners interpreted the physics concepts related to the 

greenhouse effect.  The results of the analysis of the concept question data suggest that 

both TI and MI resulted in some type of knowledge loss or concept confusion due to the 

treatments.  For both TI and MI, these negative effects were significant over the fourteen 

day period.   

Therefore, if we restrict Research Questions RQ1 and RQ2 to refer to the concept 

questions only, the answers to both are “No”.  According to the results of this experiment, 
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administration of both TI and MI bring about a decline in performance on true-false 

questions over physics concepts related to the greenhouse effect.  Similarly, if we restrict 

RQ3 and RQ4 to apply to only the concept questions, the answers to both are “Neither”.  

These conclusions for the concept questions parallel the conclusions for the assessment as 

a whole.  According to the results of this experiment, administration of neither TI nor MI 

results in an improved performance on the concept questions in the assessment. 

Note as with the assessment as a whole, for the concept questions only, in all 

assessments some students scored well below random chance on the subset of concept 

questions.  This indicates the definite presence of a lack of concept understanding related 

to climate change throughout the experiment in at least some of the sample. 

 

Misconception Questions Data 

Descriptive Statistics 

The descriptive statistics of the raw scores for both the TI and the MI group on the 

misconception questions only, as well as frequency data regarding the performance on 

misconception questions on the pretest vs. posttest and the pretest vs. delayed posttest are 

provided in Table 4.5.  Recall that the assessment had 29 misconception questions worth 

1 point each, giving a total possible score of 29 for the misconception questions.  Again, 

this table shows that both the TI and MI groups declined from the pretest to the posttest.  

Although the groups increased their scores from the posttest to the delayed posttest, the 

decline from pretest scores remained, similar to what was found for the concept questions 

and the assessment as a whole.  Once more, for all assessments for both groups, the 
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standard deviations were not considerably different.  The maximum score on any of the 

assessments was 83%, while others scored well below random chance with a minimum of 

0% occurring in the posttest for the MI group.  The descriptive statistics for the 

misconceptions only questions reveal the same trend of a decrease in assessment 

performance after treatment that was found for the assessment as a whole and for the 

concept questions only.  As with all questions and the concept only questions, the 

majority of students did worse on the posttest and delayed posttest than on the pretest.  In 

summary, the results of this study imply that both TI and MI had negative effects on how 

subjects processed physics concepts related to the greenhouse effect which prevents 

conceptual change from misconceptions, and these negative effects were resilient over a 

two-week period.  

 

Table 4.5:  Descriptive Statistics for Misconception Questions Data 

 

  Task Treatment.    N      Mean    SD   Min.   Max. Range 

Pretest    TI    83    15.66   2.83     8      23     15 

    MI   114    15.74   2.77     9      23     14 

Posttest    TI    83    13.75   3.80     3      21     18 

    MI   114    12.69   4.53     0      24     24 

Delayed    TI    83    14.99   3.16     7      22     15  

    MI   114    13.63   4.10     3      22     19 

        

  Worse   Equal  Better    

Pre vs. Post    TI 62.7 %   7.2 % 30.1 %    

    MI 69.3 %   7.0 % 23.7 %    

 Total 66.5 %   7.1 % 26.4 %    

Pre vs. Del    TI 55.4 %   9.6 % 34.9 %    

    MI 64.0 %   6.1 % 29.8 %    

 Total 60.4 %   7.6 % 32.0 %    
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Repeated-Measures Analysis of Variance 

To determine the effects of the treatments on the subjects’ possession of common 

physics misconceptions involved in the greenhouse effect and global warming, raw 

scores on the assessment task were subjected to a two-way ANOVA with repeated 

measures.  The between-subjects factor was the independent variable, Instruction Type 

(TI, MI).  The within-subjects factor was the dependent variable, Time (pretest, posttest, 

delayed posttest raw scores).   

The ANOVA results in Table 4.6 indicate that there is sufficient evidence for a 

significant effect for Time with a level of significance of p = 0.000, from which we infer 

that both instruction types had a significant (negative) effect on misconception questions 

performance over time.  This significant negative effect for instruction is similar to what 

was found for the assessment as a whole and for the concept questions only.   

In contrast to previous results for the assessment as a whole and for the concept 

questions only, for the misconception questions there was sufficient evidence both for a 

significant effect for Instruction Type and for a significant interaction between 

Instruction Type and Time, since their p-values were 0.047 and 0.048 respectively.  

Therefore, we infer that for the performance on the misconceptions questions only there 

was a greater decline for the MI group and that time did affect each group differently.   

The contrasts analysis reveals that there was significant effect for Time in both 

pretest vs. posttest and pretest vs. delayed posttest scores to a level of significance of p = 

0.000, while there was a significant interaction between Instruction Type and Time for 

only the pretest vs. delayed posttest to a level of significance p = 0.019.  Therefore, the 
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decrease in both the posttest and the delayed posttest scores was significant, and Time 

affected the two treatments differently for the pretest vs. delayed posttest.   

For both TI and MI individually, the effects for Time as a whole and for Time for 

the pretest vs. posttest were both significant to a level of p = 0.000.  For MI, the effect of 

Time for the pretest vs. delayed posttest was significant to a level of p = 0.000.  Hence, 

students did significantly worse on both post-instruction assessments for both treatments 

with the exception of the delayed posttest for the TI group.  In other words, the TI group 

might have returned to their pretest levels of understanding with regard to misconceptions 

about the greenhouse effect, while the MI group did not.  An examination of Figure 4.3 

shows graphically that the improvement of the TI group from the posttest to the delayed 

posttest is indeed larger than the MI group.  In summary, addressing the misconceptions 

resulted in a larger decline in student performance on misconception questions than 

traditional instruction. 
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Table 4.6:  Summary Table for ANOVA of Misconception Questions Data 

SOURCE df SS MS F P 

Between-subjects Effects      

     Instruction type     1       87.38       87.38        4.00         .047 

Within-subjects Effects      

    Time     2    593.59     296.79      33.38        .000 

    Instruction type x Time     2      54.61       27.30        3.07        .048 

      

Error (instruction type)   195  4264.15      21.87     

Error (time)   390  3467.97        8.89   

      

Within-subjects Contrasts      

    Time      

         Pretest vs. Posttest     1  1181.40  1181.40      58.22        .000 

         Pretest vs. Delayed     1    371.19    371.19      20.95        .000 

    Time x Instruction type      

         Pretest vs. Posttest     1      61.14      61.14        3.01       .084 

         Pretest vs. Delayed     1      98.30      98.30        5.55       .019 

      

Error (time)      

     Pretest vs. Posttest  195  3957.19     20.29   

     Pretest vs. Delayed  195  3454.95     17.72   

TI:      

Within-subjects effects      

    Time    2    156.73     78.37    10.03     .000 

    Error (time)  164  1281.27       7.81   

Within-subjects contrasts      

    Time      

        Pretest vs. Posttest    1    304.59   304.59    18.17    .000 

        Error (time)   82  1374.41     16.76   

        Pretest vs. Delayed    1      37.78     37.78      2.55    .114 

        Error (time)   82  1213.22     14.83   

MI:      

Within-subjects effects      

    Time    2    553.97   276.99    28.63    .000 

    Error (time)  226  2186.70       9.68   

Within-subjects contrasts      

    Time      

        Pretest vs. Posttest    1 1056.22 1056.22    46.21    .000 

        Error (time)  113 2582.78     22.86   

        Pretest vs. Delayed    1   505.26   505.26    25.50    .000 

        Error (time)  113 2238.74     19.81   
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Figure 4.3:  Interaction Plot for Instruction and Time for the Misconceptions Data 

 

 

Summary of the Analysis 

Both TI and MI had a negative effect on student performance on the 

misconception questions in the assessment for the majority of students, and therefore it is 

inferred that they had a negative effect on how learners interpreted physics concepts and 

associated misconceptions related to the greenhouse effect.  The results of the analysis of 

the misconception question data suggest that both TI and MI resulted in some type of 

knowledge loss, concept confusion, or misconception creation due to the treatments.  

These negative effects were resilient over the fourteen-day period for MI, but there was 

insufficient evidence to claim that the TI group did not return to their pretest levels.   
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Therefore, if we restrict Research Questions RQ1 and RQ2 to refer to the 

misconception questions only, the answers to both are “No”.  According to the results of 

this experiment, administration of both TI and MI bring about a decline in performance 

on true-false questions over physics misconceptions related to the greenhouse effect.  

Similarly, if we restrict RQ3 and RQ4 to apply to only the misconception questions, the 

answers to both are “Neither”.  According to the results of this experiment, 

administration of neither TI nor MI results in an improved performance on the 

misconception questions in the assessment.  All of these conclusions for the 

misconceptions only questions are similar to what was concluded for the assessment as a 

whole and for the concept questions only.  What was different for the misconception 

questions, however, is that there was a significant difference in the effects of TI and MI, 

and thus the data suggests that TI was less detrimental than MI, both as a treatment and 

over time. 

Finally, just as found for the assessment as a whole and for the concept only 

questions, in all assessments some students scored well below random chance on the 

subset of misconception questions.  This indicates the definite presence of 

misconceptions related to the greenhouse effect throughout the experiment in at least 

some of the sample. 

 

Summary of All Results 

Both TI and MI had negative effects on student performance on the concept 

questions, the misconception questions, and the assessment as a whole.  However, MI 

was more detrimental on the performance on misconceptions questions than TI both as a 
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treatment and as a treatment over time.  This is significant since the basis of the 

conceptual change tradition is that misconceptions impede learning and are robust.  

Research has shown that to have conceptual change, misconceptions must be specially 

addressed; however, our treatment which specifically addressed misconceptions actually 

decreased learner understanding.  All results are summarized below in Table 4.7, and 

discussed further in the next chapter. 

 

Table 4.7:  Summary of All Results  

Data 

Significant 

Negative Effects 

over Time 

Sig. Difference in 

Negative Effects 

over Time due to 

Differing Treatment 

Significant 

Difference 

Between 

Treatments 

TI MI   

All Data Yes Yes No No 

Concepts Yes Yes No No 

Misconceptions Yes Yes Yes Yes 

      

 



Texas Tech University, John L. McCuin, May 2011 

 72

CHAPTER 5- DISCUSSION 

 

 This chapter discusses the results in four sections.  The first section expounds 

upon the implications of the experimental results for the research questions defined in 

chapter two.  The second section discusses the implications of the experimental results on 

theory and pedagogy.  The third section presents the limitations of this experiment its 

results and suggests future possible experiments in light of this study.  Finally, the fourth 

section extrapolates general conclusions regarding the results of this experiment. 

 

Discussion 

 This experiment studied the effects of two different instructional treatments, 

traditional and misconceptions-based, on student performance on a series of assessments 

testing student understanding of the greenhouse effect.  It was inferred that the 

performance on the assessments was a valid measure of the conceptual understanding of 

the student, and that a change in assessment performance reflected a conceptual change 

within the student.  The topic of the instruction and the assessment was the greenhouse 

effect and global warming, with a focus on the physical mechanisms driving each 

process.  The assessment task was a 64 item true-false test given as a pretest, posttest, and 

delayed posttest.  The purpose of the posttest was to determine the immediate effects of 

instruction, while the purpose of the delayed posttest was to determine the effects over 

time, specifically the degree to which any conceptual change initiated by the instructional 

treatment would be retained for at least two weeks. 
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The present research provides evidence against hypothesis H1, showing that the 

traditional instructional treatment actually had a negative effect on student performance 

on the assessment.  In addition to the common assumption that instruction with correct 

content whose aim is to improve understanding should be able to accomplish such, this 

hypothesis was based on the results of previous research which showed a positive effect 

for traditional instruction.
68

  However, the present experiment showed different results.  

The groups that received TI did not improve over time.  In fact, assessment scores 

declined the most initially in the posttest and increased in the delayed posttest but never 

returned to their pretest levels.  

Similarly, the present research provides evidence against hypothesis H2, showing 

that the misconceptions-based instructional treatment also had a negative effect on 

student performances on the assessment.  In addition to the common assumption that 

instruction with correct content whose aim is to improve understanding should be able to 

accomplish such, this hypothesis was based on the results of previous research which 

showed a positive effect for misconceptions-based instruction.
20, 62, 67-68

  However, the 

present experiment showed different results.  The groups that received MI did not 

improve over time.  In fact, just as with TI, assessment scores declined the most initially 

in the posttest and increased in the delayed posttest but never returned to their pretest 

levels.  

The present research provides evidence against hypothesis H3, showing that 

neither TI nor MI resulted in a positive effect on student performance on the posttest.  

Rather, they had a negative effect.  Similarly, the present research provides evidence 
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against hypothesis H4, showing that neither TI nor MI resulted in a positive effect on 

student performance on the delayed posttest.  Rather, they had a negative effect.   

Additionally, with respect to hypotheses H3 and H4, it was posited that MI would 

outperform TI, but at least in the case of student performance on the misconceptions 

questions only, MI performed worse than TI, both as a treatment and as a treatment over 

time.  On the concepts questions and on the assessment as a whole, there was insufficient 

evidence to claim that MI performed differently than TI.   

The entire premise of conceptual change research is that a misconceptions-based 

instruction is needed to correct the instruction-resistant misconceptions.
50

  The 

effectiveness of such an approach has been demonstrated in numerous studies on various 

physics topics, and even on the topic of the greenhouse effect and global warming.
20, 62, 67

  

However, the results of this study did not show an improvement for the misconceptions-

based instruction, and actually showed that misconceptions-based instruction did worse 

than traditional instruction.  

To summarize, the statistical analyses of the assessments do not give sufficient 

evidence for a significant difference between the treatment groups, except in the case of 

the misconceptions data only.  Still, in all cases, the results indicate a significant decline 

for both groups on each set of data examined (all, concepts, and misconceptions).  These 

results differ from previous research in that instruction had a negative effect, and TI 

outperformed MI on conceptual change regarding misconceptions.  So why did the TI 

and MI groups decline?  Why did TI outperform MI on the misconceptions questions, 

and why do the present results differ from prior conceptual change research on the topic 

of the greenhouse effect and global warming?  
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Regarding the negative effect of instruction, one potential explanation is that the 

instructional treatments confused the students, perhaps because the writing style or 

language used was not well-calibrated to their background and level of understanding.  It 

is possible that the language used too many technical terms and sentence structures that 

were too complex.  In Table 3.1, the reading indices indicate that the formal education 

required for ease of reading was approaching the upper limit of formal education 

possessed by the subjects.  As well, the overall Flesch Reading Ease values put the 

instructional materials at “difficult” and the assessment at “fairly difficult”.  Also, the 

reading passages might have assumed a background understanding not possessed by the 

students, seeking to build upon ideas which they did not possess or possessed incorrectly 

or partially. 

Regarding TI outperforming MI, since the concepts portion of the instructional 

materials for TI and MI were identical, it is highly likely that the instruction specifically 

targeted at the misconceptions in the MI treatment caused the lower scores for the MI 

group.  Apparently instead of debunking the students misconceptions, the 

misconceptions-part of the MI treatment either reinforced the misconceptions it sought to 

eliminate, taught the students the misconceptions that were trying to be eradicated, or 

produced in the student new misconceptions.   

While this is opposed to one of the four conditions needed for conceptual change 

posed by Poser,
55

 it supports the findings of more recent research, which finds for certain 

types of beliefs that simply trying to correct the learners false beliefs through presenting 

to the students their own false beliefs as misconceptions and then contradicting or 

refuting them is not enough to effect conceptual change or belief revision.
73-75

  Although 
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belief revision through contradiction and refutation has been successful for some topics in 

some studies,
76-78

 it has not been successful in the present research nor in other studies.
79

 

To examine why some misconceptions would be robust under specific refutation, 

consider that mental models of complex processes or systems, such as the atmosphere 

and the greenhouse effect, are made up of several smaller concepts.  Correcting several of 

individual false beliefs that make up a flawed mental model has been shown in some 

cases to be ineffective at transforming the mental model.
79

  Instead, some misconceptions 

are present because the concepts come from an entirely different mental model, i.e. a 

categorically different mental model than the correct mental model, and for these kinds of 

misclassified misconceptions, categorical instruction instead of individual belief 

refutation must be used.
74

 

For example, the misconceptions associated with ozone-related concepts come 

from the ozone layer mental model, which is an entirely different mental model than the 

greenhouse effect.  Therefore, according to Chi’s model of conceptual change, refuting 

the ozone-related misconceptions individually is ineffective at transforming students’ 

greenhouse effect mental model because they are from an entirely different mental 

model, the ozone layer mental model.   

For misclassified misconceptions, instead of individual misconception refutation, 

categorical instruction which both (1) makes the student aware of the different categories 

of mental models (ozone layer vs. greenhouse effect) and (2) provides adequate 

information about the correct category (greenhouse effect) should be applied.  While the 

instructional treatments in the current research provided correct category instruction on 

the greenhouse effect mental model, they did not emphasize creating a high level of 
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awareness within the student of their categorical mistake in mixing up the ozone layer 

and greenhouse effect models. 

All but one of the misconception groups addressed by this study were categorical 

misconceptions, and thus the failure of the instructional treatments to create conceptual 

change could have been due to either (1) the failure of the instructional treatments to 

point out the categorical misclassifications associated with the misconceptions or (2) the 

students’ prior incorrect mental models of the many processes which contribute to the 

greenhouse effect.  In the latter case, the instructional treatment would have amplified the 

prior misconception in some way.  Regardless, the present experiment shows not only 

that is such a refutation process not enough to initiate conceptual change, but that such a 

process can actually be detrimental and enhance the level of misconceptions within the 

student. 

 Regarding why the results of the present study differ from previous findings, 

specifically within the topic of the greenhouse effect and global warming, one 

explanation could be that the instructional mode was different.  The present experiment is 

the only study measuring the effect of reading materials alone.  Other studies used a 

combination of lectures, readings, various group exercises, journaling, and projects over 

the course of several weeks to a semester to accomplish their conceptual change.  It is 

possible that one element in those studies could have addressed the aforementioned 

categorical mistakes associated with misconceptions related to the greenhouse effect.   

In the prior studies, it is very difficult to determine which part or parts of the 

treatment were the efficacious ones.  The pieces of the treatments from prior research 

were not individually assessed for efficacy, so the failings of one part of the instructional 
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treatment could have been remedied by another. Basically the previous findings were like 

a recipe, without any measurement of the effects of each ingredient on the final taste. 

One final reason for the difference could be the time constraints on the present 

experiment versus the other research.  The instructional treatments in the previous 

research experiments were much longer in duration, while this experiment had strict time 

limitations on access to students. 

 

Implications 

The results of the present experiment have pedagogical and theoretical 

implications.  Pedagogically, this study presents evidence that exposing students to short-

durations or small quantities of misconceptions instruction can actually be detrimental, 

since instead of debunking the misconceptions and lowering the levels of student 

misconceptions, the students are more likely to increase their levels of misconceptions.  

This study suggests that a minimum threshold for duration or quantity of instruction, 

above which conceptual change is likely to occur and below which negative effects are 

likely to occur, might be found.   

Also, it shows the effects on students of reading materials that might be too 

difficult for them.  While an instructor hopes that the more difficult material will stretch a 

student and pull them upwards, it might just confuse them instead.  This has pedagogical 

implications for textbook and article selection for courses. 

From a theoretical point of view, this study presents evidence suggesting that 

refutational reading materials might be ineffective at correcting misconceptions related to 

the greenhouse effect, since the most common misconceptions are categorical in nature.  
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Additionally, it suggests that small reading passages on the greenhouse effect and global 

warming might not be an effective educational tool for the general reader, or at least that 

they should be written in a very non-technical manner.  This could have impacts on how 

scientific reach-out material on complex processes, where misconceptions are likely to be 

categorical, should be written, and even questions the ability of such mediums to increase 

reader understanding at all.  

The results of this experiment contribute to the corpus of conceptual change 

research, providing quantitative results demonstrating the inefficacy refutational reading 

passages to initiate conceptual change on categorical misconceptions on the topic of the 

greenhouse effect.  This suggests in general that subjects with complex systems and 

processes, with which can be associated several categorical misconceptions, are bad 

candidates for the refutational approach to creating conceptual change. 

This experiment also makes a contribution to research on the effects of science 

reading materials on students and on the effects of approaches used within science 

reading materials.  These effects have implications for the design and writing of any 

instructional science reading materials, from textbooks to pamphlets.   

Finally, this experiment makes a significant contribution to research on the 

comparative efficacy of the TI and MI approaches on the topic of the greenhouse effect 

and global warming, since only one other multiple-treatment study on such exists and no 

multiple-treatment study exists using university level students. 
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Limitations and Future Research 

 This experiment had numerous limitations.  The first limitation was that all 

subjects in the sample population were from a lower-level, one-semester course at a 

single university.  Hence, all subjects had been influenced by identical collegiate 

instruction specifically and an identical educational environment in general.  Also, most 

students were from the same southern United States locale, and attitudes toward this topic 

have been found to be demographically biased.
80

   

As such, the present study is unable to address with certainty the effects of TI and 

MI on subjects from differing social environments with dissimilar experiences with 

physics concepts related to the greenhouse effect and with global warming.  Also, it is 

unable to address with certainty the effects of TI and MI on subjects taking upper-level 

courses or on subjects from a different college educational environment or receiving 

different university instruction.  In order to extend the results of this research, further 

studies need to be conducted with a dissimilar subject population, such as subjects from a 

different locale or such as subjects enrolled in higher-level courses thus assumedly 

possessing a higher-level of initial understanding. 

 A second methodological limitation was that the assessment task consisted of 

only true-false questions.  As such, these results can make no implications for student 

performance on other types of tasks which test physics concepts related to the greenhouse 

effect.  Further experiments using other assessment question types and other assessment 

methods would allow the implications of the research to be extended. 
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The third limitation of the present study was the time limitation of administering 

the delayed posttest only two weeks after the pretest, and thus measuring the retentive 

effects over a fourteen-day period only.  Further studies using longer periods of time 

between the posttest and the delayed posttest are needed to examine the effects of TI and 

MI for periods of time beyond 14 days. 

 A fourth methodological limitation was that the time allowed for each phase of 

the experiment was tightly restricted, since most of the time allotted for the lab class 

period had been scheduled for lab activities.  Given that the allowable times for any 

experiment-related activities were limited, the experimental results might have differed if 

a larger instructional treatment, with longer readings for extended times or additional 

readings over several class periods, had been possible and had been employed.  This 

limitation warrants further study, and could strengthen the claims of this research for 

considerations in university course development and the writing of textbooks. 

 A fifth methodological limitation was the constraint on the instructional 

treatments possible to perform in this study.  Due to the limitations in allowable class 

time used for the experiment, it was not possible to perform more time-consuming, 

problem-based instructional methods, unlike other studies which had large blocks of time 

over several weeks to a semester.
20

  Also, it was not possible to use lecture-intensive 

methods due to lack of access to properly train the lab section teachers on two competing 

lecture methodologies.  Further experiments using different treatments, such as lecture 

plus the reading passages or problem-based methods, could yield different results and 

shed further light on conceptual change within the learner on the topic of the greenhouse 

effect. 
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Conclusions 

In conclusion, the outcome of this experiment showed that both TI and MI yielded 

negative effects on student performance over time on assessments covering physics 

concepts involved in the greenhouse effect, and thus it was inferred that both TI and MI 

had a negative effect on how learners interpret physics concepts related to the greenhouse 

effect.  Neither instruction type resulted in an improvement but rather a decline over time.  

Additionally, the performances of the TI and MI groups were not dissimilar on both the 

concepts questions and on the assessment as a whole.  However, the TI and MI groups 

did significantly differ in their performance on the misconceptions questions, indicating 

that the MI treatment was worse as a treatment and as a treatment over time.  

Several conceptual-change research studies on misconceptions provide evidence 

that a misconceptions-based treatment is helpful in initiating conceptual change within 

the learner, and frequently outperforms traditional instruction.  However, in this case, the 

opposite occurred in that MI had a negative effect and actually was less effective than 

traditional instruction.  This result makes sense in light of Chi’s model of conceptual 

change, which distinguishes misconceptions that are categorical in nature.  The vast 

majority of misconceptions used and tested in this study were categorical in nature, so 

according to Chi’s model, the refutational approach employed should not have created 

significant conceptual change, which it did not.  However, the experimental result is 

significant in that not only did MI not create conceptual change, it actually created a 

negative effect!  This is not predicted by Chi’s model, and these results suggest it is likely 

that modifications to Chi’s model of conceptual change are needed. 
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The vast majority of research to date has administered only one treatment, 

consisting of a variety of learning modes and activities for a longer duration than the 

present experiment, and has found their treatments to be effective according to their 

means of measurement. The present study is a unique contribution to the field in that it 

shows for the first time that under certain conditions a traditional instruction or a 

misconceptions-based instruction can fail to bring about any significant improvement in 

learner understanding of physics concepts involved in the greenhouse effect, and in fact 

can produce a negative effect.  This presents a considerable challenge to researchers and 

teaching practitioners using these methods who wish to impact in an enduring way the 

conceptual frameworks of learners. 

Finally, as mentioned previously, several assessment tools have been developed 

for standard physics topics such as the Force Concept Inventory,
56

 the Force and Motion 

Conceptual Evaluation,
69

 the Mechanics Baseline Test,
70

 and the Brief Electricity and 

Magnetism Assessment.
71

  However, for the greenhouse effect and global warming, no 

assessment has become widely used.  The one concept inventory which does exist, the 

GECI,
72

 fails to test a few of the major misconceptions identified in the research and has 

not been widely adopted. 

Such being the case, there is room for growth in the area of the development and 

establishment of standard assessment tools for the topic of the greenhouse effect and 

global warming.  Currently since there is no standard assessment for the greenhouse 

effect and global warming, most studies on the efficacy of treatments for the topic of the 

greenhouse effect exist in isolation, and there is no means by which to infer the 

effectiveness of different treatment methods from different studies on similar populations 
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of students.  If such a comparison is desired, then given the state of research right now, a 

new two-treatment study must be conducted.   

Thus, the assessment developed and used for this experiment can be further 

developed into a standardized assessment tool, forming a concept inventory over the 

greenhouse effect, since it tests the main concepts involved as well as the most common 

misconceptions identified in the literature. 
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APPENDIX A 

Four-Step Process for Conceptual Change Research 
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APPENDIX B 

Documented Misconceptions vs. Possessor Age 

(See Chapter 2, Section 5 for references) 
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APPENDIX C 

Instructional Materials- Misconceptions Based Instruction 

 

The Natural Greenhouse Effect  

vs.  

The Enhanced Greenhouse Effect:  

What, how, and what’s the difference? 

 
The sun is the principal source of radiative energy for the earth.  The sun’s 

radiation reaching the earth is primarily composed of higher-energy visible radiation, 

commonly called light, with some infrared and ultraviolet as well.  As the earth’s surface 

absorbs the incoming solar radiation, the earth’s surface heats up and emits its own 

radiation.  The radiation emitted by Earth is called terrestrial radiation, since its source is 

the earth.  The surface of the earth is much cooler than the sun.  For that reason, earth’s 

surface emits radiation primarily in the infrared, a lower-energy wavelength. 

 

Aside:  Radiation can be characterized by its wavelength.  Wavelengths occur across a 

continuous spectrum, forming the electromagnetic spectrum (see Figure 1 below).  

Shorter wavelength radiation (such as visible light, or X-rays) has higher energy than 

longer wavelength radiation (such as infrared radiation, or radio waves).   

 

 
Figure 1: The electromagnetic spectrum.  Note that cooler bodies emit longer wavelength 

radiation. 

According to the laws of physics, due to solar heating alone without accounting for 

the earth’s atmosphere, the earth’s average surface temperature would be about 0° 

Fahrenheit.  This very low temperature would be too cold to support life on the earth.  In 

reality, though, the earth’s average surface temperature is around 57°
 
Fahrenheit.  What 

accounts for this 57 degree difference? 
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The earth’s temperature is 57°
 
F warmer because our planet has an atmosphere.  Our 

atmosphere contains naturally-occurring gases called “greenhouse gases.”  A greenhouse 

gas is any gas that absorbs the infrared radiation emitted by the earth (terrestrial 

radiation).  Due to their molecular structure, though greenhouse gases absorb the earth’s 

outgoing infrared radiation, they do not absorb the sun’s incoming visible radiation.  

The three most important naturally-occurring greenhouse gases in Earth’s atmosphere 

are water vapor, carbon dioxide, and methane.  Together, these gases are responsible for a 

process known as the natural greenhouse effect, which makes life on this planet possible.  

So how does this natural greenhouse effect work? 

Approximately 50% of the sun’s radiation is absorbed by the earth’s surface.  The 

other 50% is reflected back out into space, mostly by clouds and other particles in the 

atmosphere.  

Very little of the sun’s radiation is absorbed by the atmosphere.  This is because most 

of the sun’s radiation is in the visible part of the electromagnetic spectrum.  Though 

greenhouse gases in the atmosphere absorb infrared radiation well, they do not absorb 

visible radiation.   

The solar radiation absorbed by the earth’s surface heats the surface.  As the earth’s 

surface heats up, it in turn emits radiation upwards into the atmosphere.  Because the 

earth is cooler than the sun, the earth emits longer wavelength, lower-energy infrared 

radiation.  So what happens to the infrared radiation emitted by the earth’s surface? 

10% of the infrared radiation emitted by the earth escapes to space.  90% is absorbed 

by greenhouse gases in the atmosphere.  These gases then re-emit infrared radiation in a 

random direction.  This infrared radiation emitted by the greenhouse gas molecule can do 

one of three things: (1) be absorbed and re-emitted by another greenhouse gas molecule 

in the atmosphere, (2) travel back down to earth’s surface and be re-absorbed, or (3) 

travel upwards and ultimately 

escape into outer space.   

The net result of all the 

absorption and re-emission by 

greenhouse gases is that around 

only 40% of the infrared 

radiation emitted by the earth 

ultimately escapes to space.  The 

remaining 60% of the infrared 

radiation is reabsorbed by the 

earth.  The infrared radiation re-

absorbed by the earth’s surface 

heats the surface further.  The 

earth’s surface then emits more 

infrared radiation, and the 

atmospheric absorption and 

emission cycle continues.   

This recycling of terrestrial 

infrared radiation, due to absorption and re-emission by the greenhouse gases, is called 

the greenhouse effect.  The natural greenhouse effect increases the temperature of the 

Figure 2: The natural greenhouse effect, showing the 

recycling of infrared radiation from the earth. 
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earth’s surface by 57 degrees Fahrenheit compared to what it would be with no 

atmosphere, making the earth inhabitable.   

The natural greenhouse effect is caused by the recycling of terrestrial radiation by the 

natural amounts of greenhouse gases in the atmosphere.  So what does the greenhouse 

effect process that causes the natural greenhouse effect have to do with global warming? 

Most of the natural greenhouse effect is caused by water vapor.  Smaller contributions 

come from naturally-occurring levels of carbon dioxide and methane. 

Water vapor molecules do not absorb all wavelengths of infrared radiation.  There is a 

gap, or “atmospheric window,” of infrared wavelengths over which water vapor does not 

absorb (see Figure 3).  This atmospheric window is important because it is the main way 

that infrared radiation emitted by the earth escapes out to space.   

Radiation emitted by the earth at wavelengths inside the atmospheric window can 

pass through the atmosphere without being absorbed by water vapor.  But there are other 

greenhouse gases, like carbon dioxide and methane that do absorb in this atmospheric 

window (Notice that carbon dioxide and methane both absorb in the atmospheric window 

in Figure 3).   

 
Figure 3: Absorption spectra of greenhouse gases.  Note that carbon dioxide and methane 

absorb in the atmospheric window in which water vapor does not absorb. 

 

Carbon dioxide and methane both occur naturally in the atmosphere.  However, since 

the Industrial Revolution began over two hundred years ago, humans have been burning 

increasing amounts of coal, gas, and oil.  These activities, together with deforestation and 

agriculture, have emitted large amounts of carbon dioxide and methane into the 

atmosphere.  

These human activities, emitting large amounts of greenhouse gases, have increased 

the levels of carbon dioxide and methane in the atmosphere.  Today, carbon dioxide 

levels are 40% higher than their natural, pre-industrial levels.  Methane levels are more 
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than two times higher than their pre-industrial levels.  The average temperature of the 

Earth and its atmosphere has also increased.  But how does an increase in atmospheric 

carbon dioxide and methane levels affect the average temperature of the earth? 

Increasing amounts of carbon dioxide and methane in the atmosphere means that 

more infrared radiation is absorbed in the atmospheric window.  Less infrared radiation 

escapes to outer space.  Therefore, the total incoming radiation from the sun exceeds the 

total outgoing radiation from the earth and its atmosphere.  This causes the earth’s 

surface and atmosphere to increase in temperature.  As long as the amount of incoming 

radiation from the sun is greater than the amount of outgoing radiation from the earth and 

its atmosphere, then the earth will increase in temperature. 

In other words, increasing levels of greenhouse gases due to human activities enhance 

the greenhouse effect mechanism, making it stronger than it would be otherwise. 

The earth’s surface temperature will continue to increase as long as atmospheric 

greenhouse gas levels continue to increase.  The temperature increase caused by 

increasing amounts of greenhouse gases from human sources is called the enhanced 

greenhouse effect, or global warming.  The focus of scientists and policy makers is the 

enhanced greenhouse effect. 

 

 

Some people confuse the ozone hole with the greenhouse effect: 

1. Do the greenhouse gases form a thin layer like the ozone layer?  No.  Greenhouse 

gases are distributed throughout the atmosphere.  They do not occur in a thin layer 

like the ozone layer.   

2. Is the greenhouse effect caused by more solar radiation coming through the hole 

in the ozone layer?  No.  The ozone layer absorbs ultraviolet radiation coming 

from the sun. Greenhouse gases absorb infrared radiation emitted by the earth.  

Neither the natural nor the enhanced greenhouse effects are caused by a hole in 

the ozone layer.  

Some people misunderstand the cause of the greenhouse effect: 

3. Is the greenhouse effect caused by the trapping of reflected solar radiation?  Is 

the greenhouse effect caused by the trapping of greenhouse gases?  No.  The 

greenhouse effect is caused by the absorption and re-emission of infrared 

radiation from the earth. This absorption and re-emission, or trapping, of infrared 

terrestrial radiation is carried out by the greenhouse gas molecules.  The net effect 

is to recycle or “trap” much of the infrared radiation emitted by the earth inside 

the atmosphere.  This recycling causes the earth’s temperature to be 57 degrees 

Fahrenheit warmer than it would be without an atmosphere, and is known as the 

natural greenhouse effect.  In the both the natural and enhanced greenhouse 

effects, reflected solar radiation or greenhouse gases are not “trapped”.  Infrared 

radiation from Earth is what is “trapped” or recycled.   

4. Is the natural greenhouse effect caused by human activities? No.  The natural 

greenhouse effect is not caused by human activities.  However, the enhanced 

greenhouse effect is caused by human activities that have increased the amounts 
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of greenhouse gases in the atmosphere.  Higher greenhouse gas levels decrease 

the amount of infrared radiation that can escape to space through the atmospheric 

window.  This decrease enhances or strengthens the greenhouse effect 

mechanism, causing more infrared radiation to be recycled within the atmosphere.  

This decrease in outgoing radiation has disturbed the previous natural equilibrium 

between the incoming and outgoing radiation, causing the incoming radiation to 

exceed the outgoing radiation.  This process has lead to an unnatural increase in 

temperatures and is called the enhanced greenhouse effect. 

Some people misunderstand the role of water vapor in the greenhouse effect: 

5. Isn’t water vapor the only important greenhouse gas?  No.  Water vapor is the 

most important gas in the natural greenhouse effect, but it is not the most 

important gas in the enhanced greenhouse effect.  Water vapor does not absorb 

some wavelengths of infrared radiation.  This forms an atmospheric window 

through which infrared radiation from the earth can escape to space.  Greenhouse 

gases like carbon dioxide and methane that are produced by human activities 

absorb in the atmospheric window, where water vapor does not absorb.  These 

gases reduce the amount of infrared radiation that can escape to space, artificially 

enhancing the greenhouse effect mechanism, resulting in the enhanced 

greenhouse effect (i.e. global warming).  Water vapor is not the primary cause of 

the enhanced greenhouse effect. 

Some people do not distinguish between the natural and enhanced greenhouse effects: 

6. Is the greenhouse effect bad?  No.  The natural greenhouse effect is what makes 

life on this planet possible.  It is not bad.  What scientists are concerned about is 

the enhanced greenhouse effect caused by human activities.  The enhanced 

greenhouse effect, or global warming, is causing the earth’s surface and 

atmosphere to warm rapidly.  This rapid warming may have severe negative 

consequences if it continues unchecked. 

Some people do not distinguish between different parts of the electromagnetic radiation 

spectrum: 

7. Isn’t all radiation the same?  No.  While radiation of different wavelengths is 

made of the same “stuff”, radiation is distinguishable by wavelength.  The 

incoming radiation from the sun is mostly shorter-wavelength radiation such as 

visible light.  Not much visible light is absorbed by the atmosphere.  Radiation 

emitted by the earth is longer-wavelength infrared radiation.  90% of this infrared 

radiation is absorbed by the greenhouse gases in the atmosphere. 
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APPENDIX D 

Instructional Materials- Traditional Instruction 

 

The Natural Greenhouse Effect  

vs.  

The Enhanced Greenhouse Effect:  

What, how, and what’s the difference? 

 
The sun is the principal source of radiative energy for the earth.  The sun’s 

radiation reaching the earth is primarily composed of higher-energy visible radiation, 

commonly called light, with some infrared and ultraviolet as well.  As the earth’s surface 

absorbs the incoming solar radiation, the earth’s surface heats up and emits its own 

radiation.  The radiation emitted by Earth is called terrestrial radiation, since its source is 

the earth.  The surface of the earth is much cooler than the sun.  For that reason, earth’s 

surface emits radiation primarily in the infrared, a lower-energy wavelength. 

 

Aside:  Radiation can be characterized by its wavelength.  Wavelengths occur across a 

continuous spectrum, forming the electromagnetic spectrum (see Figure 1 below).  

Shorter wavelength radiation (such as visible light, or X-rays) has higher energy than 

longer wavelength radiation (such as infrared radiation, or radio waves).   

 

 
Figure 1: The electromagnetic spectrum.  Note that cooler bodies emit longer wavelength 

radiation. 

According to the laws of physics, due to solar heating alone without accounting for 

the earth’s atmosphere, the earth’s average surface temperature would be about 0° 

Fahrenheit.  This very low temperature would be too cold to support life on the earth.  In 

reality, though, the earth’s average surface temperature is around 57°
 
Fahrenheit.  What 

accounts for this 57 degree difference? 
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The earth’s temperature is 57°
 
F warmer because our planet has an atmosphere.  Our 

atmosphere contains naturally-occurring gases called “greenhouse gases.”  A greenhouse 

gas is any gas that absorbs the infrared radiation emitted by the earth (terrestrial 

radiation).  Due to their molecular structure, though greenhouse gases absorb the earth’s 

outgoing infrared radiation, they do not absorb the sun’s incoming visible radiation.  

The three most important naturally-occurring greenhouse gases in Earth’s atmosphere 

are water vapor, carbon dioxide, and methane.  Together, these gases are responsible for a 

process known as the natural greenhouse effect, which makes life on this planet possible.  

So how does this natural greenhouse effect work? 

Approximately 50% of the sun’s radiation is absorbed by the earth’s surface.  The 

other 50% is reflected back out into space, mostly by clouds and other particles in the 

atmosphere.  

Very little of the sun’s radiation is absorbed by the atmosphere.  This is because most 

of the sun’s radiation is in the visible part of the electromagnetic spectrum.  Though 

greenhouse gases in the atmosphere absorb infrared radiation well, they do not absorb 

visible radiation.   

The solar radiation absorbed by the earth’s surface heats the surface.  As the earth’s 

surface heats up, it in turn emits radiation upwards into the atmosphere.  Because the 

earth is cooler than the sun, the earth emits longer wavelength, lower-energy infrared 

radiation.  So what happens to the infrared radiation emitted by the earth’s surface? 

10% of the infrared radiation emitted by the earth escapes to space.  90% is absorbed 

by greenhouse gases in the atmosphere.  These gases then re-emit infrared radiation in a 

random direction.  This infrared radiation emitted by the greenhouse gas molecule can do 

one of three things: (1) be absorbed and re-emitted by another greenhouse gas molecule 

in the atmosphere, (2) travel back down to earth’s surface and be re-absorbed, or (3) 

travel upwards and ultimately 

escape into outer space.   

The net result of all the 

absorption and re-emission by 

greenhouse gases is that around 

only 40% of the infrared 

radiation emitted by the earth 

ultimately escapes to space.  The 

remaining 60% of the infrared 

radiation is reabsorbed by the 

earth.  The infrared radiation re-

absorbed by the earth’s surface 

heats the surface further.  The 

earth’s surface then emits more 

infrared radiation, and the 

atmospheric absorption and 

emission cycle continues.   

This recycling of terrestrial 

infrared radiation, due to absorption and re-emission by the greenhouse gases, is called 

the greenhouse effect.  The natural greenhouse effect increases the temperature of the 

Figure 2: The natural greenhouse effect, showing the 

recycling of infrared radiation from the earth. 
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earth’s surface by 57 degrees Fahrenheit compared to what it would be with no 

atmosphere, making the earth inhabitable.   

The natural greenhouse effect is caused by the recycling of terrestrial radiation by the 

natural amounts of greenhouse gases in the atmosphere.  So what does the greenhouse 

effect process that causes the natural greenhouse effect have to do with global warming? 

Most of the natural greenhouse effect is caused by water vapor.  Smaller contributions 

come from naturally-occurring levels of carbon dioxide and methane. 

Water vapor molecules do not absorb all wavelengths of infrared radiation.  There is a 

gap, or “atmospheric window,” of infrared wavelengths over which water vapor does not 

absorb (see Figure 3).  This atmospheric window is important because it is the main way 

that infrared radiation emitted by the earth escapes out to space.   

Radiation emitted by the earth at wavelengths inside the atmospheric window can 

pass through the atmosphere without being absorbed by water vapor.  But there are other 

greenhouse gases, like carbon dioxide and methane that do absorb in this atmospheric 

window (Notice that carbon dioxide and methane both absorb in the atmospheric window 

in Figure 3).   

 
Figure 3: Absorption spectra of greenhouse gases.  Note that carbon dioxide and methane 

absorb in the atmospheric window in which water vapor does not absorb. 

 

Carbon dioxide and methane both occur naturally in the atmosphere.  However, since 

the Industrial Revolution began over two hundred years ago, humans have been burning 

increasing amounts of coal, gas, and oil.  These activities, together with deforestation and 

agriculture, have emitted large amounts of carbon dioxide and methane into the 

atmosphere.  

These human activities, emitting large amounts of greenhouse gases, have increased 

the levels of carbon dioxide and methane in the atmosphere.  Today, carbon dioxide 

levels are 40% higher than their natural, pre-industrial levels.  Methane levels are more 
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than two times higher than their pre-industrial levels.  The average temperature of the 

Earth and its atmosphere has also increased.  But how does an increase in atmospheric 

carbon dioxide and methane levels affect the average temperature of the earth? 

Increasing amounts of carbon dioxide and methane in the atmosphere means that 

more infrared radiation is absorbed in the atmospheric window.  Less infrared radiation 

escapes to outer space.  Therefore, the total incoming radiation from the sun exceeds the 

total outgoing radiation from the earth and its atmosphere.  This causes the earth’s 

surface and atmosphere to increase in temperature.  As long as the amount of incoming 

radiation from the sun is greater than the amount of outgoing radiation from the earth and 

its atmosphere, then the earth will increase in temperature. 

In other words, increasing levels of greenhouse gases due to human activities enhance 

the greenhouse effect mechanism, making it stronger than it would be otherwise. 

The earth’s surface temperature will continue to increase as long as atmospheric 

greenhouse gas levels continue to increase.  The temperature increase caused by 

increasing amounts of greenhouse gases from human sources is called the enhanced 

greenhouse effect, or global warming.  The focus of scientists and policy makers is the 

enhanced greenhouse effect. 

 

 

Summary Statements: 

1. Greenhouse gases are distributed throughout the atmosphere. 

2. Greenhouse gases absorb infrared radiation emitted by the earth. 

3. The greenhouse effect is caused by the absorption and re-emission of infrared 

radiation from the earth. This absorption and re-emission, or trapping, of infrared 

terrestrial radiation is carried out by the greenhouse gas molecules.  The net effect 

is to recycle or “trap” much of the infrared radiation emitted by the earth inside 

the atmosphere.  This causes the earth’s temperature to be 57 degrees Fahrenheit 

warmer than it would be without an atmosphere, and is known as the natural 

greenhouse effect.   

4. The enhanced greenhouse effect is caused by human activities that have increased 

the amounts of greenhouse gases in the atmosphere.  Higher greenhouse gas 

levels decrease the amount of infrared radiation that can escape to space through 

the atmospheric window.  This decrease enhances or strengthens the greenhouse 

effect mechanism, causing more infrared radiation to be recycled within the 

atmosphere.  This decrease in outgoing radiation has disturbed the previous 

natural equilibrium between the incoming and outgoing radiation, causing the 

incoming radiation to exceed the outgoing radiation.  This process has led to an 

unnatural increase in temperatures and is called the enhanced greenhouse effect. 

5. Water vapor, the most important gas in the natural greenhouse effect, does not 

absorb some wavelengths of infrared radiation.  This forms an atmospheric 

window through which infrared radiation from the earth can escape to space.  

Greenhouse gases like carbon dioxide and methane that are produced by human 

activities absorb in the atmospheric window, where water vapor does not absorb.  
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These gases reduce the amount of infrared radiation that can escape to space, 

artificially enhancing the greenhouse effect mechanism, resulting in the enhanced 

greenhouse effect (i.e. global warming). 

6. The natural greenhouse effect is what makes life on this planet possible.   

7. Scientists are concerned about the enhanced greenhouse effect caused by human 

activities.  The enhanced greenhouse effect, or global warming, is causing the 

earth’s surface and atmosphere to warm rapidly.  This rapid warming may have 

severe negative consequences if it continues unchecked. 

8. The incoming radiation from the sun is mostly shorter-wavelength radiation such 

as visible light.  Not much visible light is absorbed by the atmosphere.   

9. Radiation emitted by the earth is longer-wavelength infrared radiation.  90% of 

this infrared radiation is absorbed by the greenhouse gases in the atmosphere. 
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APPENDIX E 

Pilot Assessment Questions and Concepts 

 

Content of Pilot Assessment #1  
 

Choose the appropriate True/False response to the statements below. 

 

Concept 1 

 
Earth increases in average temperature if the total radiation input exceeds the total 

radiation output. 

 

 

1. Earth’s average temperature will increase if the total incoming radiation exceeds 

the total outgoing radiation. 

2. Earth’s average temperature will decrease if the total incoming radiation exceeds 

the total outgoing radiation.  

3. Earth’s average temperature remains constant when incoming radiation equals the 

total outgoing radiation.  

4. If the total radiation input to the earth exceeds the total radiation output from the 

earth, then Earth’s average temperature will increase.  

5. If the total radiation input to the earth is less than the total radiation output from 

the earth, then Earth’s average temperature will increase.  

6. If the total radiation input to the earth does not equal the total radiation output 

from the earth, then Earth’s average temperature will remain constant.  

 

 

Concept 6 

 
Earth radiates away its heat energy primarily in the infrared portion of the 

electromagnetic spectrum.  

7. Due to heating from incident solar radiation, the earth emits infrared radiation.  

8. Due to heating from incident solar radiation, the earth emits visible radiation.  

9. Due to heating from incident solar radiation, the earth emits ultraviolet radiation.  

10. Earth emits radiation.  

11. Earth does not emit radiation.  

12. Earth emits infrared radiation.  

13. Earth emits visible radiation.  

14. Earth emits ultraviolet radiation.  

15. Earth absorbs energy, but it does not radiate away energy.  

16. Earth absorbs energy, but it does not give off energy.  

17. Though it does not absorb energy, earth emits infrared radiation.  
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Concept 7 
 

A greenhouse gas is any gas in the atmosphere that absorbs terrestrial infrared 

radiation.  

18. A greenhouse gas is any gas in the atmosphere that absorbs radiation from the 

earth.  

19. A greenhouse gas is any gas in the atmosphere that does not absorb radiation from 

the earth.  

20. A greenhouse gas is any gas in the atmosphere that absorbs radiation from the 

sun.  

21. A greenhouse gas is any gas in the atmosphere that does not absorb radiation from 

the sun.  

22. A greenhouse gas is any gas in the atmosphere that reflects radiation from earth.  

23. A greenhouse gas is any gas in the atmosphere that reflects radiation from the sun.  

24. Greenhouse gases absorb primarily infrared radiation.  

25. Greenhouse gases absorb primarily visible radiation.  

26. Greenhouse gases absorb primarily ultraviolet radiation.  

 

 

Concept 12 
 

Greenhouse gases absorb approximately 90% of the terrestrial infrared radiation.  

27. Greenhouse gases absorb approximately 90% of the radiation from Earth.  

28. Greenhouse gases absorb only 10% of the radiation from Earth.  

29. Greenhouse gases absorb about 50% of the radiation from Earth.  

30. Greenhouse gases absorb approximately 90% of the radiation from the sun.  

31. Greenhouse gases absorb about 50% of the radiation from the sun.  

 

Concept 13 

 
After greenhouse gases absorb infrared radiation, they emit infrared radiation in all 

directions, such that they emit infrared radiation upwards 50% of the time and 

downwards 50% of the time (see Figure).  

32. Greenhouse gases re-emit the radiation they absorb.  

33. Greenhouse gases do not re-emit the radiation they absorb.  

34. Greenhouse gases always emit radiation downwards.  

35. Greenhouse gases do not always emit radiation downwards.  

36. Greenhouse gases always emit radiation upwards.  

37. Greenhouse gases do not always emit radiation upwards.  

38. Greenhouse gases emit radiation upwards 50% of the time.  

39. Greenhouse gases emit radiation downwards 50% of the time.  

40. Greenhouse gases emit infrared radiation.  

41. Greenhouse gases emit ultraviolet radiation.  

42. Greenhouse gases emit visible radiation.  

 

Concept 18 
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The increasing absorption of terrestrial infrared radiation by the atmosphere decreases 

the total radiation output of the earth and atmosphere. 

43. The radiation output of the earth and atmosphere decreases due to the increasing 

absorption of radiation from the earth by the atmosphere.  

44. The radiation output of the earth and atmosphere increases due to the increasing 

absorption of radiation from the earth by the atmosphere.  

45. The radiation output of the earth and atmosphere is not affected by the increasing 

absorption of radiation from the earth by the atmosphere. 

46. The radiation output of the earth and atmosphere decreases due to the increasing 

absorption of radiation from the sun by the atmosphere.  

47. Due to the increasing absorption of radiation from the earth by the atmosphere, 

the radiation output of the earth and atmosphere decreases. 

48. Due to the increasing absorption of radiation from the earth by the atmosphere, 

the radiation output of the earth and atmosphere increases. 

49. Due to the increasing absorption of radiation from the earth by the atmosphere, 

the radiation output of the earth and atmosphere is not affected. 

50. Due to the increasing absorption of radiation from the sun by the atmosphere, the 

radiation output of the earth and atmosphere decreases. 

 

Concept 19 
 

The decrease in the total radiation output of the earth and atmosphere causes an increase 

in temperature of the earth and atmosphere. 

 

51. The decreased radiation output of the earth and atmosphere causes an increase in 

the temperature of the earth and atmosphere.  

52. The increased radiation output of the earth and atmosphere causes an increase in 

the temperature of the earth and atmosphere.  

53. The decreased radiation output of the earth and atmosphere causes a decrease in 

the temperature of the earth and atmosphere. 

54. Over the past one hundred years, the increasing global temperature is caused by 

the decreased radiation output from the earth and atmosphere.  

55. Over the past one hundred years, the increasing global temperature is caused by 

the increased radiation output from the earth and atmosphere.  

 

 

Misconception 3 

 

Is the greenhouse effect caused by the trapping of reflected solar radiation?  Is the 

greenhouse effect caused by the trapping of greenhouse gases?  No.  The greenhouse 

effect is caused by the absorption and re-emission of infrared radiation from the earth. 

This absorption and re-emission, or trapping, of infrared terrestrial radiation is carried 

out by the greenhouse gas molecules.  The net effect is to recycle or “trap” much of the 

infrared radiation emitted by the earth inside the atmosphere.  This recycling causes the 

earth’s temperature to be 57 degrees Fahrenheit warmer than it would be without an 
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atmosphere, and is known as the natural greenhouse effect.  In the both the natural and 

enhanced greenhouse effects, reflected solar radiation or greenhouse gases are not 

“trapped”.  Infrared radiation from Earth is what is “trapped” or recycled.   

56. The greenhouse effect is due to the trapping of reflected solar radiation by 

greenhouse gases.  

57. The greenhouse effect is due to the trapping of greenhouse gases.  

58. The greenhouse effect is due to the trapping of terrestrial radiation.  

59. The trapping of greenhouse gases in the atmosphere causes global warming.  

60. The trapping of reflected solar radiation in the atmosphere causes global warming.  

61. The trapping of terrestrial radiation in the atmosphere causes global warming.  

62. The greenhouse effect is due to the trapping of radiation from the sun that is 

reflected from the earth.  

63. Trapped solar radiation that is reflected from earth is the cause of the greenhouse 

effect.  

 

Misconception 5 

 
Isn’t water vapor the only important greenhouse gas?  No.  Water vapor is the most 

important gas in the natural greenhouse effect, but it is not the most important gas in the 

enhanced greenhouse effect.  Water vapor does not absorb some wavelengths of infrared 

radiation.  This forms an atmospheric window through which infrared radiation from the 

earth can escape to space.  Greenhouse gases like carbon dioxide and methane that are 

produced by human activities absorb in the atmospheric window, where water vapor 

does not absorb.  These gases reduce the amount of infrared radiation that can escape to 

space, artificially enhancing the greenhouse effect mechanism, resulting in the enhanced 

greenhouse effect (i.e. global warming).  Water vapor is not the primary cause of the 

enhanced greenhouse effect. 

 

64. Water vapor is the only important greenhouse gas.  

65. Since water vapor is the most abundant greenhouse gas and the strongest 

absorber, it is the only important greenhouse gas.  

66. Water vapor is a greenhouse gas that is causing much of the enhanced greenhouse 

effect.  

67. The primary mechanism driving the enhanced greenhouse effect is caused by 

water vapor.  

68. One greenhouse gas that is a major contributor to the enhanced greenhouse effect 

is water vapor.  

69. Water vapor is the most powerful greenhouse gas in the enhanced greenhouse 

effect.  

70. Water vapor is not a major contributor to the enhanced greenhouse effect.  
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Content of Pilot Assessment #2 
 

Choose the appropriate True/False response to the statements below. 

 

 

Concept 2 

 
The sun is the primary source of energy (in the form of radiation) for the earth’s climate 

system.  

1. The major source of energy for Earth’s climate system is the sun.  

2. Most of the radiation incident upon Earth is from the sun.  

3. The sun is just one of many sources of energy that power the Earth’s climate 

system.  

 

Concept 3 

 
The incident solar spectrum is composed primarily of radiation in the visible portion of 

the electromagnetic spectrum, with some infrared and ultraviolet as well.  

4. The incident solar spectrum is composed primarily of visible radiation.  

5. The incident solar spectrum is composed primarily of infrared radiation.  

6. The incident solar spectrum is composed primarily of ultraviolet radiation.  

7. The incident solar spectrum is composed primarily of visible radiation, with some 

infrared and ultraviolet radiation as well.  

8. The incident solar spectrum is composed primarily of infrared radiation, with 

some visible and ultraviolet as radiation well.  

9. The incident solar spectrum is composed primarily of ultraviolet radiation, with 

some visible and infrared radiation as well. 

10. While the incoming solar spectrum is contains infrared and ultraviolet radiation, it 

is composed primarily of visible radiation. 

11. While the incoming solar spectrum is contains visible and ultraviolet radiation, it 

is composed primarily of infrared radiation. 

12. While the incoming solar spectrum is contains visible and infrared radiation, it is 

composed primarily of ultraviolet radiation. 

 

Concept 8 
 

The three gases that contribute most to the greenhouse effect are water vapor, carbon 

dioxide, and methane.  

13. Water vapor, carbon dioxide, and methane are the major contributors to the 

greenhouse effect.  

14. Carbon dioxide, nitrous oxide, and ozone are the major contributors to the 

greenhouse effect.  

15. Water vapor is a greenhouse gas.  

16. Water vapor is not a greenhouse gas.  

17. Carbon dioxide is a greenhouse gas.  
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18. Carbon dioxide is not a greenhouse gas.  

19. Methane is a greenhouse gas.  

20. Methane is not a greenhouse gas.  

 

 

Concept 14 
 

The infrared radiation emitted by the increasing amount of greenhouse gases downward 

decreases the terrestrial radiation output into space, while the infrared radiation emitted 

by the increasing amount of greenhouse gases upward does not affect the radiation 

output into space (see Figure).  

21. The radiation emitted by the increasing amount of greenhouse gases downward 

decreases the total radiation output from Earth into space.  

22. The radiation emitted by the increasing amount of greenhouse gases downward 

increases the total radiation output from Earth into space.  

23. The radiation emitted by the increasing amount of greenhouse gases downward 

does not affect the total radiation output from Earth into space.  

24. The radiation emitted by the increasing amount of greenhouse gases upward 

decreases the total radiation output from Earth into space.  

25. The radiation emitted by the increasing amount of greenhouse gases upward 

increases the total radiation output from Earth into space.  

26. The radiation emitted by the increasing amount of greenhouse gases upward does 

not affect the total radiation output from Earth into space. 

27. The total radiation output from Earth into space is decreased by the radiation 

emitted by the increasing amount of greenhouse gases downward. 

28. The total radiation output from Earth into space is increased by the radiation 

emitted by the increasing amount of greenhouse gases downward. 

29. The total radiation output from Earth into space is not affected by the radiation 

emitted by the increasing amount of greenhouse gases downward. 

 

Concept 15 

 
There is a natural greenhouse effect that makes life on Earth possible by increasing the 

temperature of the earth and atmosphere by 32 degrees centigrade from what it would be 

without the natural greenhouse effect.  

30. The natural greenhouse effect makes life on Earth possible.  

31. The natural greenhouse effect endangers life on Earth.  

32. The natural greenhouse effect is so small that it does not affect life on Earth.  

33. The natural greenhouse effect is bad and should be stopped at all costs.  

34. The natural greenhouse effect makes Earth inhabitable.  

35. The natural greenhouse effect will make Earth uninhabitable.  

36. The natural greenhouse effect is bad.  

37. The natural greenhouse effect is good.  

38. The natural greenhouse effect is damaging the environment.  

39. The natural greenhouse effect is good for survival.  

40. The natural greenhouse effect is bad for survival.  



Texas Tech University, John L. McCuin, May 2011 

 107

 

Concept 16 
 

Certain human activities over the past century have increased the amount of greenhouse 

gases in the atmosphere above their previous natural levels.  

41. Certain human activities have significantly increased the amount of greenhouse 

gases in the atmosphere.  

42. In the past one hundred years, natural events have significantly increased the 

amount of greenhouse gases in the atmosphere.  

43. Volcanoes have significantly increased the amount of greenhouse gases in the 

atmosphere.  

44. Certain human activities have significantly decreased the amount of greenhouse 

gases in the atmosphere.  

45. The amount of greenhouse gases in the atmosphere has remained relatively 

constant over the past hundred years.  

 

Concept 20 

 
The temperature increase of the earth and atmosphere caused by the increased amount of 

greenhouse gases in the atmosphere due to certain human activities is called the 

enhanced greenhouse effect. 

46. The enhanced greenhouse effect is the process by which average global 

temperatures have increased due to the increased amounts of greenhouse gases 

from certain human activities.  

47. The natural greenhouse effect is the process by which average global 

temperatures have increased due to the increased amounts of greenhouse gases 

from certain human activities.  

48. The enhanced greenhouse effect is caused by the increasing amounts of 

greenhouse gases in the atmosphere allowing less radiation from earth to escape 

into space.  

49. The enhanced greenhouse effect is caused by the increasing amounts of 

greenhouse gases in the atmosphere allowing more radiation from earth to escape 

into space.  

50. The enhanced greenhouse effect, caused by certain human activities, leads to 

increased temperatures of the earth and atmosphere.  

51. The increased amounts of greenhouse gases in the atmosphere due to human 

activities have caused an increase in average global temperatures through a 

process known as the enhanced greenhouse effect. 

52. The increased amounts of greenhouse gases in the atmosphere due to human 

activities have caused an increase in average global temperatures through a 

process known as the enhanced greenhouse effect. 

 

Misconceptions 6 and 4 

 

Is the greenhouse effect bad?  No.  The natural greenhouse effect is what makes life on 

this planet possible.  It is not bad.  What scientists are concerned about is the enhanced 
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greenhouse effect caused by human activities.  The enhanced greenhouse effect, or global 

warming, is causing the earth’s surface and atmosphere to warm rapidly.  This rapid 

warming may have severe negative consequences if it continues unchecked. 

 

Is the natural greenhouse effect caused by human activities? No.  The natural greenhouse 

effect is not caused by human activities.  However, the enhanced greenhouse effect is 

caused by human activities that have increased the amounts of greenhouse gases in the 

atmosphere.  Higher greenhouse gas levels decrease the amount of infrared radiation 

that can escape to space through the atmospheric window.  This decrease enhances or 

strengthens the greenhouse effect mechanism, causing more infrared radiation to be 

recycled within the atmosphere.  This decrease in outgoing radiation has disturbed the 

previous natural equilibrium between the incoming and outgoing radiation, causing the 

incoming radiation to exceed the outgoing radiation.  This process has lead to an 

unnatural increase in temperatures and is called the enhanced greenhouse effect. 

 

53. The natural and enhanced greenhouse effects are bad.  

54. The natural and enhanced greenhouse effects are good.  

55. The natural and enhance greenhouse effects are due to greenhouse gases 

absorbing radiation from the earth.  

56. The natural and enhanced greenhouse effects endanger life on this planet.  

57. The natural and enhanced greenhouse effects will likely have severe negative 

consequences.  

58. Neither the natural nor enhanced greenhouse effects will likely have severe 

negative consequences.  

59. Both the natural and enhanced greenhouse effects will cause dangerous 

temperature increases.  

60. The enhanced and natural greenhouse effects are caused by human activities.  

61. The enhanced greenhouse effect is another name for the natural greenhouse effect.  

62. The enhanced greenhouse effect is due to human activity, while the natural 

greenhouse effect is not.  

63. The natural greenhouse effect is due to human activity, while the enhanced 

greenhouse effect is not.  

 

 

Misconception 7 

 

Isn’t all radiation the same?  No.  While radiation of different wavelengths is made of the 

same “stuff”, radiation is distinguishable by wavelength.  The incoming radiation from 

the sun is mostly shorter-wavelength radiation such as visible light.  Not much visible 

light is absorbed by the atmosphere.  Radiation emitted by the earth is longer-wavelength 

infrared radiation.  90% of this infrared radiation is absorbed by the greenhouse gases in 

the atmosphere. 
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64. All radiation has the same wavelength.  

65. Visible light has a different wavelength than infrared radiation.  

66. Visible light has a longer wavelength than infrared radiation.  

67. The peak radiation from the sun is shorter wavelength visible radiation, while 

radiation from the earth is longer wavelength infrared radiation.  

68. Radiation from the sun is mostly longer wavelength radiation such as visible light, 

while radiation from the earth is shorter wavelength infrared radiation.  

69. Radiation from the sun is mostly infrared, while radiation from the earth is mostly 

visible.  

70. There is no difference between radiation from the sun and radiation from the 

earth.  

71. The earth and the sun emit the same radiation spectra (i.e. the peak wavelength is 

the same for the earth and the sun).  

72. The earth and the sun emit different radiation spectra (i.e. the peak wavelength is 

different for the earth and the sun).  



Texas Tech University, John L. McCuin, May 2011 

 110

 

Content of Pilot Assessment #3 
 

Choose the appropriate True/False response to the statements below. 

 

 

Concept 4 
 

Earth’s surface absorbs approximately 50% of the incident solar radiation. 

 

1. Approximately 50% of the incoming radiation from the sun is absorbed by the 

earth.  

2. Approximately 25% of the incoming radiation from the sun is absorbed by the 

earth.  

3. All of the incoming radiation from the sun is absorbed by the earth.  

4. The earth does not absorb incoming radiation from the sun.  

5. The earth reflects approximately 60% of the incoming radiation from the sun.  

 

Concept 5 
 

The radiation from the sun absorbed by the surface of the earth increases its 

temperature.  

6. The solar radiation absorbed by Earth’s surface causes an increase in the 

temperature of Earth’s surface.  

7. The solar radiation absorbed by Earth’s surface does not affect the temperature of 

Earth’s surface.  

8. The radiation absorbed by Earth’s surface causes a decrease in the temperature of 

Earth’s surface.  

9. The temperature of Earth’s surface increases when it absorbs solar radiation.  

10. The temperature of Earth’s surface does not increase when it absorbs solar 

radiation.  

11. The temperature of Earth’s surface decreases when it absorbs solar radiation.  

12. The temperature of Earth’s surface remains constant at all times.  

 

 

Concept 9 
 

Water vapor does not absorb well in certain parts of the infrared portion of the 

electromagnetic spectrum (see Figure). 

13. Water vapor does not absorb across the entire range of infrared radiation.  

14. Water vapor absorbs the entire range of infrared radiation.  

15. Water vapor absorbs all infrared radiation equally.  

16. Water vapor does not absorb all infrared radiation equally.  

17. Water vapor absorbs all radiation equally.  

18. Water vapor does not absorb all radiation equally.  

19. Water vapor can absorb all infrared radiation.  
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20. Water vapor cannot absorb all infrared radiation.  

21. Water vapor absorbs across the electromagnetic radiation spectrum equally.  

22. Water vapor does not absorb across the electromagnetic radiation spectrum 

equally.  

23. Water vapor absorbs some wavelengths of radiation better than other 

wavelengths.  

 

Concept 10 
 

A section of the infrared portion of the electromagnetic spectrum in which water vapor 

does not absorb forms an “atmospheric window” through which much of the terrestrial 

infrared radiation can leave the atmosphere into space (see Figure). 

24. The atmospheric window lies in the infrared portion of the electromagnetic 

spectrum in which water vapor does not absorb.  

25. The atmospheric window lies in the visible portion of the electromagnetic 

spectrum in which water vapor does not absorb.  

26. The atmospheric window lies in the ultraviolet portion of the electromagnetic 

spectrum in which water vapor does not absorb.  

27. Radiation from the earth escapes the earth’s atmosphere through the atmospheric 

window.  

28. Radiation from the earth is trapped by the atmospheric window.  

29. Due to water vapor, no radiation from the earth makes it through the atmosphere 

into outer space. 

30. Since water vapor does not absorb certain wavelengths of infrared radiation well, 

radiation escapes the earth’s atmosphere through the atmospheric window. 

31. Since water vapor does not absorb certain wavelengths of visible radiation well, 

radiation escapes the earth’s atmosphere through the atmospheric window. 

32. Since water vapor does not absorb certain wavelengths of ultraviolet radiation 

well, radiation escapes the earth’s atmosphere through the atmospheric window. 

33. Since water vapor does not absorb certain wavelengths of infrared radiation well, 

radiation is trapped in the earth’s atmosphere by the atmospheric window. 

34. Since water vapor does not absorb certain wavelengths of visible radiation well, 

radiation is trapped in the earth’s atmosphere by the atmospheric window. 

35. Since water vapor does not absorb certain wavelengths of ultraviolet radiation 

well, radiation is trapped in the earth’s atmosphere by the atmospheric window. 

 

Concept 11 
 

Due to their molecular structure, greenhouse gases (not including water vapor) absorb 

infrared radiation which water vapor does not absorb.  

36. Greenhouse gases (excluding water vapor) absorb infrared radiation which water 

vapor does not absorb.  

37. Greenhouse gases (excluding water vapor) absorb visible radiation which water 

vapor does not absorb.  

38. Greenhouse gases (excluding water vapor) absorb ultraviolet radiation which 

water vapor does not absorb.  
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39. Greenhouse gases (excluding water vapor) absorb in the atmospheric window.   

40. Greenhouse gases (excluding water vapor) do not absorb in the atmospheric 

window.  

41. Water vapor aside, greenhouse gases absorb in the atmospheric window due to 

their molecular structure.  

42. Water vapor aside, greenhouse gases absorb in the atmospheric window due to 

their molecular weight.  

43. Water vapor aside, greenhouse gases absorb infrared radiation which water vapor 

does not due to their molecular structure.  

44. Water vapor aside, greenhouse gases absorb infrared radiation which water vapor 

does not due to their molecular weight.  

 

 

Concept 17 
 

The increased amount of greenhouse gases in the atmosphere causes more absorption of 

terrestrial infrared radiation by the atmosphere in the atmospheric window.  

45. Increased amounts of greenhouse gases in the atmosphere cause more absorption 

of radiation from earth.  

46. Increased amounts of greenhouse gases in the atmosphere cause less absorption of 

radiation from earth.  

47. Increased amounts of greenhouse gases in the atmosphere allow more radiation 

from the earth to pass through the atmosphere.  

48. Increased amounts of greenhouse gases in the atmosphere allow less radiation 

from the earth to pass through the atmosphere.  

49. Decreased amounts of greenhouse gases in the atmosphere cause more absorption 

of radiation in the atmospheric window.  

50. The atmosphere is absorbing more radiation from Earth due to increased amounts 

of greenhouse gases.  

51. The atmosphere is absorbing less radiation from Earth due to increased amounts 

of greenhouse gases.  

52. The atmosphere is absorbing more radiation from Earth due to decreased amounts 

of greenhouse gases.  

53. The atmosphere is absorbing less radiation from earth due to decreased amounts 

of greenhouse gases.  

 

 

Concept 21 

 
In the topic of global warming, the concern of scientists is the enhanced greenhouse 

effect. 

 
54. The enhanced greenhouse effect is the main concern in global warming.  

55. The natural greenhouse effect is the main concern in global warming.  

56. The enhanced greenhouse effect has scientists concerned.  

57. The natural greenhouse effect has scientists concerned.  
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Misconception 1 

 
Do the greenhouse gases form a thin layer like the ozone layer?  No.  Greenhouse gases 

are distributed throughout the atmosphere.  They do not occur in a thin layer like the 

ozone layer. 

 
58. Greenhouse gases form a thin layer in the atmosphere.  

59. Greenhouse gases form a thin layer in the atmosphere that traps heat.  

60. The greenhouse gases form a thin layer in the atmosphere that absorbs radiation.  

61. The greenhouse effect is caused by the thin greenhouse gas layer in the 

atmosphere.  

62. The greenhouse gases are spread throughout the atmosphere.  

63. A thin greenhouse gas layer in the atmosphere absorbs radiation. 

64. A thin greenhouse gas layer in the atmosphere traps heat. 

 

Misconception 2 

 
Is the greenhouse effect caused by more solar radiation coming through the hole in the 

ozone layer?  No.  The ozone layer absorbs ultraviolet radiation coming from the sun.  

Greenhouse gases absorb infrared radiation emitted by the earth.  Neither the natural 

nor the enhanced greenhouse effects are caused by a hole in the ozone layer. 

 
65. The greenhouse effect is caused by holes in the greenhouse gases that allow extra 

sunlight to reach the earth.  

66. The greenhouse effect is caused by holes in the greenhouse gases that allow extra 

radiation from the sun to reach the earth.  

67. Holes in the ozone layer allow extra sunlight to pass through and thus 

predominantly cause global warming.  

68. The presence of a hole in the ozone layer is not related to the greenhouse effect.  

69. The presence of a hole in the ozone layer is related to the greenhouse effect.  

70. The enhanced greenhouse effect is due to the hole in the ozone layer.  

71. The enhanced greenhouse effect is not due to the hole in the ozone layer.  

72. The enhanced greenhouse effect is due to a hole in the greenhouse gases.  
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APPENDIX F 

Assessment Materials 
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Appendix G 

A Critical Review of SDSM for Current Downscaling Needs 

 

Anthropogenic emissions of greenhouse gases have been steadily increasing ever 

since the Industrial Revolution, such that the level of carbon dioxide in the atmosphere is 

higher than any time within the past 800,000 years.
81

  Average surface temperatures over 

the past 150 years have risen by 0.76 °C in the Northern Hemisphere, and evidence has 

accumulated from multiple research areas which indicate that it is highly likely that 

human emissions of greenhouse gases have caused these changes.
1
  

Given the rate at which carbon emissions are increasing, it is likely that the next 

fifty years will see progressively more rapid climate change.
82

  In fact, the negative 

effects on the global climate from anthropogenic emissions will likely be unavoidable if 

emissions reductions are not made soon.
83

  While climate may be changing globally, the 

effects experienced by humans are local.  Therefore, the assessment of regional climate-

change impacts on a city, region, sector, or nation becomes increasingly important 

motivations and inputs for climate policies.   

 

The Need for Downscaling: High-Resolution Projections 

While the climate is changing on a global scale, the effects of global climate 

change impact humans on the local scale.  Global climate models, or atmosphere-ocean 

general circulation models (AOGCMs), capture the large-scale changes in climatic 

variables well, but their coarse resolutions (typically of the order 50,000 km
2
) do not 

capture the sub-grid scale changes which take place regionally.
84

  Therefore, some type 
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of downscaling, or adjustment of global climate model output to account for local 

features, is needed to determine the regional changes in the climatic variables.  

Downscaling represents an invaluable tool in assessing the effects that global climate 

change will have on humans living in a specific location.   

There are two types of downscaling: dynamical and empirical statistical.  

Dynamical downscaling, or regional climate modeling, simulates climatic variables at a 

much higher spatial resolution (400 to 2500 km
2
)
84

 over a smaller area, explicitly 

accounting for local factors which modify the global-scale forcings on these variables.  

Empirical statistical downscaling, on the other hand uses statistical methods, such as 

multiple regression equations, to create a functional map between the AOGCM global 

variables and observed local variables.  The differences between these two methods will 

be discussed in the next section. 

For example, in impact assessments of the Great Lakes, California, the Northeast 

United States, Chicago, and the Midwestern United States.
85-89

, a range of statistical 

downscaling had to be employed to transform the AOGCM output into high-resolution 

projections capable of informing the regional climate impacts.  Particularly for Chicago, a 

timescale of how soon similar conditions to Chicago’s deadly heat wave of 1995 are 

likely to return was calculated.
90

  For California it was determined that in the Sierra 

Nevada Mountains more precipitation was likely to fall as rain instead of snow, reducing 

the winter snowpack in the mountains and thus eliminating half of California’s fresh 

water supply.
86

  These were potential impacts that a global climate model could not 

project alone, and these potential impacts demonstrate the valuable information that can 

be gleaned from the higher-spatial-resolution of downscaled climate projections. 
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In summary, global climate models are needed to project the climate changes 

happening on the global-scale, changes which are driven by large-scale forcings on 

climatic variables.  These global forcings act as inputs into regional climate models or 

statistical downscaling methods which adjust the global-scale forcings on climatic 

variables to include the effects of local features (lakes, mountains, rivers, etc.), and 

thereby provide high-spatial-resolution regional climate projections.  This adjustment of 

the global climate data to account for local features, and thus go from low-resolution to 

high-resolution, is called downscaling.  Global climate model outputs can be downscaled 

using either dynamic (regional modeling) or statistical techniques. 

 

Methods of Downscaling 

 Downscaling is defined as “the process of making the link between the state of 

some variable representing a large space … and the state of some variable representing a 

much smaller space.”
91

  As mentioned previously, there are two approaches to 

downscaling: dynamical and empirical-statistical.   

Dynamical downscaling, also called numerical downscaling or nested modeling, 

uses regional climate models (RCMs).  In the same manner that AOGCMs are computer 

models of the earth’s surface and atmosphere and use physical laws to calculate the 

dynamics of such, RCMs are computer models of a region’s surface and atmosphere and 

use physical laws to calculate the dynamics of such while using AOGCM data to provide 

time-varying boundary conditions.  Dynamical downscaling has been used with success, 

but it has some significant drawbacks, such as RCMs are expensive to run and only a few 

integrations can be afforded.  This prohibits the use of these nested models for extensive 
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hypothesis testing over long time periods.  However, the second approach of empirical-

statistical downscaling is much cheaper to run, and therefore can be used with data from 

multiple GCMs as inputs.  

Empirical-statistical downscaling (ESD), which is also referred to as statistical 

downscaling, uses statistical techniques to define relationships between the large-scale 

climate and the local climate.  Sets of simulated historical model output for the large-

scale climate and empirical historical data for the small-scale regional climate covering 

the same time periods are analyzed to derive a functional relationship between the 

spatially-different data sets.  This process of using historical data to establish the optimal 

functional relationship between the large- and small-scale data is called “training” the 

model.  Once the functional relationships have been established using historical data, the 

model can be checked for accuracy using an independent time period of historical data.  

Given a large set of historical data, it is common to choose a subset of years for training 

(every other year, or randomly selected years), and the rest for testing.  Then, if the model 

meets the parameters of accuracy desired, projected future data (the predictor) from the 

AOGCM can be used as an input into the ESD model which will produce the regional 

data as output (the predictand).  Alternately, cross-validation can be used whereby all but 

one year is used to train the method and that year is then simulated using the resulting 

relationship, iterating through from the first to last year of the historical period.  
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Figure 1:  Diagram of the Empirical Statistical Downscaling process.
91

 

 

In this process ESD assumes a functional relationship between the local climate variable 

y and the global climate inputs G, local effects l, and any large-scale regional effects X 

that are not influenced by G, as shown below.
92

 

 

Therefore, ESD essentially substitutes the functional map between the large- and 

small-scale data for a physical model of the exact local features.  In order for such a 

process to work, the following five conditions
91

 must be met: 

1. There must be a strong relationship between the large-scale predictor and 

the small-scale predictand.  It is not necessary that the large-scale variable 

and the small-scale variable represent the same quantity, but it is necessary 

that there is a real, physical link between the large- and small-scale 

variables and not just a statistical anomaly, fluctuation, or a correlation as 

a result of the statistical analysis employed.  The predictor and the 
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predictand must both covary to a large degree and operate dynamically on 

a similar timescale.
91

 

2. The large-scale predictor generated by the AOGCM must be realistic.  If 

the AOGCM input is unrealistic, then the ESD regional output will also be 

unrealistic.  In other words, garbage in, garbage out.   

3. The predictor and the predictand must respond similarly to perturbations.  

If they respond differently, then ESD will incorrectly model the response 

of the predictand to changes. 

4. The statistical relationship between the predictor and the predictand must 

not change significantly over time.
93-94

  This condition is known as 

stationarity.  Some processes which cause violations of stationarity are (a) 

changes in the local landscape or geography, such as deforestation, 

encroaching urbanization, construction of dams to make nearby reservoirs 

of water, etc., and (b) regional climate response to global changes that are 

not captured by the AOGCMs. 

5. There must exist a long and reliable set of observations for both the 

predictor and the predictand for use in training. 

In summary, ESD uses historical observations of large- and small-scale climate variables 

to establish a functional relationship between the two.  Then the functional relationship is 

tested for accuracy on a set of historical observations of the same large- and small-scale 

variables covering a different time period.  Assuming the functional relationship is 

satisfactorily accurate, predicted data from an AOGCM is used as an input to the model 

which outputs the associated predicted regional climate data.  What follows is a table 
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contrasting the relative strengths and weaknesses of statistical and dynamical 

downscaling. 

 

Table 1:  The main strengths and weakness of statistical and dynamical downscaling.
84

 

 

Function of Current Research Project within Larger-Scale Research Project 

The current research project was one element in a larger project that compared 

several existing ESD packages with new downscaling approaches being developed under 

the support of a National Science Foundation Collaboration in Mathematical Geosciences 

grant, “Statistical evaluation of model-based uncertainties leading to improved climate 
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change projections at regional to local scales.”  This research contributed to research on 

other downscaling methods being conducted with colleagues from the University of 

Illinois at Urbana-Champaign, the University of Chicago, and Harvard University.  The 

overall goal of this project was to examine whether it was possible to developed 

improved statistical downscaling methods and demonstrate this improvement relative to 

commonly-used existing methods using the identical AOGCM/scenario inputs.  My part 

of the research focused on the Statistical Downscaling Model (SDSM) developed by 

Wilby and Dawson.
84

 

 

Statistical Downscaling Model (SDSM) 

 Wilby and Dawson have produced, on behalf of the Environmental Agency of 

England and Wales, an ESD software package called Statistical Downscaling Model 

(SDSM).
84

  This Windows-based software is free, was coded in Visual Basic 6.0, and is 

available for download.  The present research used SDSM 4.2.2, which performs the 

following functions involved in the downscaling of daily variables: 

1. Quality control and data transformation: Identifies “gross data errors, 

specification of missing data identifiers and outliers;”
84

 applies transformations 

(e.g. log, power, inverse, lag, binomial, etc.) to data if desired 

2. Screening of predictor variables: Assists user in selection of appropriate 

predictors by identifying empirical relationships between gridded predictors and 

single site predictands
84

 

3. Model calibration: This is the training phase, and is described in detail in the next 

subsection. 
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4. Weather generation: “Generates ensembles of synthetic daily weather series 

given observed (or National Centers for Environmental Prediction, NCEP, re-

analysis) predictor variables.”
84

  This stage is described in a following subsection 

in detail, except that we used AOGCM data instead of observed or NCEP re-

analysis data for the input. 

5. Statistical analyses:  Uses summary statistics and frequency analyses to evaluate 

observed data and downscaled scenarios. 

6. Graphing model output:  Provides a variety of options for graphical analysis of 

the data files. 

7. Scenario generation:  This stage uses AOGCM output to generate local 

projections.  The Weather Generator and the Scenario Generator are identical in 

all ways except that the former automatically uses calendar years while the latter 

uses either 365- or 360-day years (since some AOGCMs only simulate 360 days 

per year, with 30 days each month).   

The following is a graphical flow chart presenting the order and use of each of these 

steps, and thus how to use the software to perform statistical downscaling. 



Texas Tech University, John L. McCuin, May 2011 

 125

 

Figure 2:  A flow chart illustrating the major operations, inputs, and outputs of SDSM 

4.2.
84

 

 

In the current research, the model calibration and scenario generation functions were 

used.  Separate statistical analyses and graphs of the SDSM output were performed using 

R. 
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Model Calibration 

The predictors and predictands used in the model calibration for minimum daily 

temperature and maximum daily temperature were pairs of daily minimum temperatures 

(one for predictor, one for predictand) and pairs of daily maximum temperatures, 

respectively.  The time period used for calibration was 18 non-leap years and 6 leap years 

randomly selected from 1961-2008.  The predictands used were daily maximum and 

minimum temperatures for 20 different weather stations representing a wide variety of 

climates.  The predictors used for calibration were daily minimum and maximum 

temperature outputs for the randomly selected training years from three different 

AOGCMs: the Parallel Climate Model (PCM), the Canadian Global Climate Model 

(CGCM3), and the Geophysical Fluid Dynamics Laboratory climate model (GFDL).   

The model calibration, or training period, established the statistical relationship 

between a simulated historical predictor value and an observed predictand value.  For 

example, to train the model for minimum temperatures for a given weather station, the 

daily minimum temperature values over the years chosen for the training period for the 

predictors (AOGCM output for the grid cell corresponding to that weather station) and 

predictands (the weather station observations) were used by SDSM to compute the 

parameters of multiple regression equations using one of two optimization algorithms 

(dual simplex or ordinary least squares).  The same process was performed for maximum 

temperature.  In this manner, a functional relationship between the predictors and the 

predictands was established within the model. 
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Weather Generation (Simulation) 

Once the model had been calibrated by computing the parameters of multiple 

regression equations via an optimization algorithm (dual simplex or ordinary least 

squares) for the years selected for the training period on a given variable (minimum daily 

temperature, maximum daily temperature) from a given weather station (there were 20 

stations total) and a given AOGCM used as a predictor (one of CGCM3, PCM, GFDL), it 

was time to test how well SDSM worked.  This was performed by using the predictor 

data from the rest of the years from 1961-2008 which were not used to train the model 

during the calibration step.  Therefore, in this testing phase, the input to the model was 

the AOGCM predictor data, and the model output an ensemble of 20 simulated data sets 

for the predictand.  This predictand output was compared statistically to the weather 

station variable observations from the same time period, and from this comparison it was 

possible to determine how well SDSM performed at ESD for the historical period. 

 

Evaluation of SDSM 4.2 Package 

 SDSM 4.2 has several positive and negative features.  This section will discuss 

both the strengths and weaknesses of the SDSM 4.2 software package, as it relates to its 

usage in the larger NSF study. 

 

Strengths 

1. Familiar GUI:  Since SDSM 4.2 uses a Windows graphical user interface, many 

new users of the software can quickly get oriented and begin downscaling for 
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simple, single station applications for which they already have appropriately 

formatted observational data and AOGCM outputs. 

2. Functionality:  SDSM performs several desirable functions for ESD.  For 

example, the option to screen variables and thus assist the user in selection of 

appropriate predictors is useful but uncommon in ESD packages. 

3. Input File Type:  Accepts climate data as simple text files, which are common 

enough. 

4. Documentation:  For a non-commercial, independently-developed piece of 

software, SDSM 4.2 has good documentation.  Most common questions are 

addressed somewhere in the documentation, which is well-organized. 

5. Programmer Support:  The programmers respond via email to questions not 

covered in the documentation. 

6. Sample Data:  SDSM 4.2 has a set of sample data available with which one can 

practice in order to get familiar with using the software package.  This makes it 

easier when one starts using the software in earnest, as one will likely encounter 

problems when using real data.  The first problem likely to be encountered is 

going to be that SDSM 4.2 cannot work with some aspect of ones data file.  This 

can be difficult to troubleshoot, but if one has experience using the sample data, 

then it becomes easier to narrow down the range of possible issues since one has 

successfully used the program on the sample data. 

7. Several Settings Options:  SDSM provides many options that one can tweak for 

each of its functions.  For an inexperienced user, this can be beneficial because 

one does not have to be an expert to get some more advanced features.  For 
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example, SDSM provides two optimization algorithms from which to choose for 

the calibration stage. 

8. Ensembles:  SDSM has the option to calculate an ensemble of results for 

projection scenarios rather that a single projection scenario.  This can be very 

useful for likelihood projections. 

 

Weaknesses 

1. No Running SDSM via Scripts:  SDSM forces users to run the software using the 

GUI, providing no way to run the software via scripts.  This makes SDSM very 

cumbersome to use for multiple settings and with many AOGCMs and weather 

stations.  Basically, SDSM is meant to be used for single station analysis under 

one or two scenarios using one set of settings, and SDMS is not intended to be 

used to generate several regional scenarios for a large number of locations under 

several different AOGCM scenarios as inputs using several different settings.  

This is a severe limitation of the software. 

2. Accepting Only Text Files for Input:  SDSM 4.2 does not accept standard formats 

of climate files for inputs such as the very common netCDF format, thus files 

must be reformatted into a very specific text file format just for use in SDSM. 

3. Forced File Naming Conventions:  Input files must be named according to strict 

and odd conventions in order for the software to use them.  This is not a modern 

approach to software development and seems both unnecessary and unintuitive. 

4. Unnecessary Restrictions on Training Data Sets:  SDSM requires a specific 

starting date of 1/1/1961 for the model calibration stage as well as limits the 
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number of years used for training to 30 consecutive years.  Therefore, if ones 

training data series covers a different time period or randomly chosen 

nonconsecutive years, then one has to fool the software by giving it data from 

different years, but input into SDSM the start date of 1/1/1961.  This process is 

very cumbersome because one must make sure that the leap years match up 

perfectly as if one had used the starting date of 1/1/1961.  There is no way around 

the 30-year training period limitation.  In short, unless one is using only 1/1/1961-

12/31/1990 for training, then one has to carefully construct a data set that matches 

the time properties of 1/1/1961-12/31/1990.  Programmatically there is no reason 

for the starting date, training period length, and consecutive years restrictions in 

SDSM.  The effect these limitations have is that one must spend a considerable 

amount of time battling the unnecessary arbitrary software quirks if one is looking 

to use anything outside of the prescribed 1/1/1961-12/31/1990 training period. 

5. All or Nothing Package:  Since SDSM is a software package and not usable via 

scripts, one cannot conveniently use only certain functions within it, as opposed to 

other ESD packages such as clim.pact, which operates in a statistical software 

environment called R.  In clim.pact, one can easily call only the desired functions 

in the package and build ones own methods upon their functionality. 

6. Repository of Older Data:  The SDSM developer group provides data formatted 

for their software on their server, but it is all from much older scenarios and lower 

resolution model runs as compared to those in current use today. 

7. Error Messages:  Perhaps this is a smaller drawback, but it is frustrating 

nonetheless.  The error messages in SDSM are cryptic, or sometimes simply 
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inaccurate, especially when SDSM does not work with some aspect of a data file.  

This can be confusing and frustrating when trying to figure out why the software 

simply stops working. 

8. Limited Environment Settings:  The defaults for the folders in which SDSM looks 

for files, as well as the advanced settings, should be savable as an option for the 

software environment.  Otherwise one has to click through several folders just to 

find the needed file and set the desired options each time the software is run. 

 

Evaluation of SDSM 4.2 Performance 

 In this section, the results from the evaluation of the performance of SDSM will 

be presented.  The performance of SDSM was evaluated by comparing its simulations of 

the “historical” output with the actual historical observations.  If SDSM performed well, 

then the output generated by SDSM should be statistically similar to the historical 

observations. 

 

Analysis of Mean Bias and Root Mean Squared Error 

 Two stations representing very different climates and the variable of maximum 

temperature were chosen for presentation of SDSM’s performance evaluation.  These 

stations (CA1108447 and MX0003035) were from Canada and Mexico respectively 

(Figure 3).  The observational data from the Mexican station was rounded to the nearest 

half degree Celsius, while the observational data from the Canadian station was rounded 

to the nearest tenth of a degree Celsius.  Figures 3 and 4 below present monthly means 

over the ensemble of 20 simulations of the mean bias and the root mean squared error for 
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CA1108447 and MX0003035 respectively for both the dual simplex (DS) and ordinary 

least squares (OLS) optimization algorithms within SDSM. 
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Figure 3:  Monthly Mean Bias and RMSE for CA1108447 
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Figure 4: Monthly Mean Bias and RMSE for MX0003035 
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For the colder climate of CA1108447, SDMS performed similarly using the DS 

and the OLS algorithms.  Also, for this Canadian climate, SDSM was not consistently 

biased towards warmer or colder maximum daily temperatures during any particular time 

of the year. 

For the warmer climate of MX0003035, the DS optimization algorithm slightly 

outperformed the OLS algorithm.  Also, for the warmer climate, SDSM overestimated 

the fall and winter maximum temperatures and overestimated the spring and summer 

maximum temperatures.  

 

Analysis of QQ-Plots 

Figure 5 presents the qq-plots for SDSM using OLS and DS, as well as qq-plots 

for four other downscaling methods.  In these plots it is evident that each of the models 

have different biases.  For example, using either the OLS or DS optimization, SDSM 

biased the smallest maximum temperatures to be too warm for both CA1108447 and 

MX0003035, and underestimated the largest maximum temperatures for MX0003035.  In 

contrast, the Asynchronous Regression method overestimated the largest maximum 

temperatures for MX0003035, while slightly underestimating the smallest maximum 

temperatures for CA1108447.  The Bias Correction method underestimated the smallest 

maximum temperatures for both stations, and deviated in the mid-range maximum 

temperatures for the Canadian station.  The Delta method exhibited similar, but slightly 

larger, biases to the Asynchronous Regression method.  Finally, the Quantile Mapping 

method overestimated the very largest maximum temperatures while underestimating the 

smallest maximum temperatures. 
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Figure 5:  QQ-Plots of Five Downscaling Methods for CA1108447 and MX0003035 
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From Figure 5 it is clear that SDSM performed slightly better than the Bias Correction 

and Delta methods, but worse than the Asynchronous Regression and Quantile Mapping 

methods. 

 

Analysis of Extreme Multiple-Day Events 

 Regarding weather, while one or two very hot days in a row might not have large 

impacts, several very hot days in a row can have significant consequences (heat waves).  

Therefore, it is important that a downscaling method be able to accurately simulate 

accurately the frequencies of extreme (in this case, very hot since we are simulating 

maximum temperatures) multiple consecutive day events.  Figure 6 compares the 

frequency of SDSMs generation of extreme events with the historical data. 

 For both stations, SDSM using the OLS optimization algorithm drastically 

overestimated the number of 1 day events and grossly underestimated the occurrence of 

the longer events evident in the historical record.  For both stations, SDSM using DS 

underestimated the occurrence of 1 day evens and grossly underestimated the occurrence 

of longer events.  With respect to impacts, the gross underestimation by SDSM of longer 

events is a significant error, since the long events are the ones that can be most damaging 

to human society.  
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Figure 6:  Extreme Multiple Day Events for SDSM using OLS and DS 
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Conclusions 

 The major ways in which SDSM methodology needs to improve to meet the 

needs of modern downscaling uses are to remedy weaknesses 1-4 and 8.  These are the 

weaknesses which cannot or cannot reasonably be worked around.  Specifically, SDSM 

needs to be modified where it can be run via batch files with parameters to specify the 

options under which it is run.  With is adjustment, one script could run several stations 

with all combinations of possible desired settings by running a single script, rather than 

for each of hundreds of runs having to set several options, as well as hunt through folders 

for the right set of three files.  This change would actually fix a major weakness with 

using the software for modern downscaling needs, since much of what makes the 

software burdensome to use is just how many options need to be set and files need to be 

loaded (and thus how many mouse clicks need to be performed) for each run of the 

system.  Right now, generating hundreds of scenarios is very time-consuming, error-

prone, and cumbersome.  For an example of modern usage needs, the current research 

generated 240 scenarios (20 stations * 2 optimization methods * 3 AOGCMs * 2 

variables). 

 Since netCDF is the widest-used standard format for AOGCM data files, SDSM 

needs to either accept *.nc files for input or contain a new feature which creates an 

SDSM input file by extracting the desired information from a netCDF file.  Also, SDSM 

needs to remove the restrictions on the training data of requiring a starting date of 

1/1/1961, of limiting the training period to 30 years, and of forcing the years to be 

consecutive.  It would be easy to program SDSM to identify a year as being a leap year or 

a non-leap year, eliminating the requirement of consecutive years and the need for a rigid 
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starting date.  As well, there is no programmatic reason for limiting the training period to 

30 years.  Removing these limitations during training would not be difficult changes to 

make to the software, but would dramatically increase its usability.  In fact, it would be 

useful if SDSM would add a feature that would randomly select a user-specified number 

of years for training from a large time period of observations. 

Finally, if SDSM’s creators want to keep their program relevant (which they do, 

since they have recently organized a workshop in England recently just for SDSM users), 

then they should provide data for the newer models and newer scenarios on their servers 

rather than only outdated models and scenarios.  This issue would actually be remedied 

automatically if they would modify SDSM to accept netCDF files. 

 As SDSM stands, it is methodologically a good way to use ESD to make 

projections for very low numbers of stations using only a couple of options.  However, 

for large projects requiring hundreds of scenarios to be generated, SDSM is not a 

recommended choice.   

As far as performance, SDSM performed worse than two of the newer methods to 

which it was compared.  SDSM performed better than a simple bias correction or delta 

approach, but worse than the Asynchronous Regression and Quantile Mapping methods.  

SDSM showed a slight performance increase for the DS optimization algorithm over the 

OLS algorithm for the warmer climate of MX0003035, yet for both algorithms SDSM 

overestimated the fall and winter maximum temperatures and underestimated the spring 

and summer maximum temperatures for the warmer climate.  Finally, SDSM 

demonstrated consistent biases towards overestimating the lowest maximum daily 

temperatures and underestimating the highest maximum daily temperatures. 
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In summary, though SDSM is one of the most widely used statistical downscaling 

packages, it has several weaknesses which need to be remedied and limitations which 

need to be understood if it is going to continue to be used.  One important improvement 

which needs to be made is that the input files provided on the SDSM server, which many 

researchers using SDSM employ, need to be updated to the current higher-resolution 

models.  Also, the limitation of SDSM with regard to the biases of extreme values not 

being extreme enough in value or duration either needs to be remedied within the SDSM 

by using different algorithms or needs to be understood and accounted for in the results 

presented by researchers using the software.  Without such changes, the Quantile 

Mapping or Asynchronous Regression models should be preferred with regard to validity 

of results over SDSM. 


