ABSTRACT

The cognitive apprenticeship method is used to promote
conceptual learning in climate science by encouraging
student inquiry, which literature shows to be conducive
to learning a multi-faceted topic. A course was taught
with this apl}:roach, whereby students conducted their
own research using an up-to-date user-friendly climate
model. Five topics addressed in this class are
investigated here: Earth Radiation Budget and Clouds,
Greenhouse Effect, Ozone, Aerosols and Surface
Processes. Assigned reading served as the basis for
individual questions, while lectures and discussions
helped to define group research questions and associated
projects whose results were presented in class. Our
analysis of students' questions shows improvement in
students' ability to formulate questions in terms of the
variable's applicability to the model. Mid-range and
low-scoring students showed abrupt and gradual
improvement, respectively, while higher-scoring
students tended to immediately and consistently
perform well. Due to the limited data set for this pilot
study, these ﬁatterns of improvement are used only as an
indication that conceptual learning has taken place.
Nevertheless, the results of this study will aid in the
experimental design of the next class offering.

INTRODUCTION

While climate change research is evolving rapidly with
the growing recognition of the importance and urgenc
of the topic, the teaching of climate change science is still
in its infancy. Whereas climate change science
encompasses many disciplines, it has some specific
aspects that warrant addressing its instructional needs
separately from other disciplines. Those separate aspects
mostly cover the treatment of the Earth as a system, and
the integration of inquiries into areas that span a broad
spectrum from the physical and human sides of Earth
science and geography, including socioeconomic and
policy aspects. No curriculum has yet been endorsed by
the emerging climate change education community, and
much of the climate chan%e science teaching is still
experimental with few publications specific to climate
change science instruction available in the literature.

Climate change science is clearly developing as a
socially situated scientific practice with the value of
knowledge claims being regularly argued and
negotiated within the scientific community. The best
example of this social construction is the regular
publication of the scientific assessment of the state of the
climate by a large (thousands) and broad international
roup of experts reporting to the United Nations
Intergovernmental Panel for Climate Change - IPCC,
1992, 1996, 2001).

When viewing scientific practice as a socially
situated practice and when dealing with a field that is
rapidly evolving, one approach to learning is the model

of cognitive apprenticeship (Collins, Brown, & Newman,
1989, Collins, Hawkins and Carver, 1991). With this
approach, to learn science is to be apprenticed into the
reasoning and discursive practices of particular scientific
communities, and the responsibility of the instructor is to
facilitate knowledge construction in the ways that are
most relevant to the learner. The key features of cognitive
apprenticeship are: modeling, coaching, authentic
performance of knowledge and skills, and student
reflection (metacognition). One of the expected outcomes
of cognitive apprenticeship in science is students trained
to ask and tﬁink like scientists, through exposure to
scientific practices, without these practices explicitly
being taught to them. The expectation is that repeated
exposure to scientific practices will allow students to go
beyond learning science content to experiencing and
learning about the processes of science. The belief is that
the more authentic the scientific practice, the more likely
students will learn about aspects of scientific inquiry
(Barab & Hay, 2001; Ritchie & Rigano, 1996).

One of the critical practices of science in general that
also exists in climate change science is that of asking
questions. Asking questions is arguably the most
important part of the scientific process as it is the starting
point of scientific inquiry. In scientific education,
including climate change science education, however,
more often than not teachers are those who ask questions
and students those who answer them. When the goal of
our scientific instruction is to prepare students to act and
think like scientists, structuring activities that put
students in a position to ask scientific questions is likely
to help them acquire climate change knowledge while
developing this important heuristic of the scientific
inquiry process.

One aspect that may differentiate climate change
science questions from those of other scientific
disciplines is that, if one wants a valued answer, the
central question must almost invariably be of a
quantitative nature. Certainly, quantitative questions are
of the essence in science but the quantification they
involve often addresses issues of precision and accuracy



not be knowable. Thus the existence of uncertainty in
each of the processes and of the combined processes is at
the core of climate change research. And reducing that
uncertainty is the main goal of many climate change
research programs.

One of the most common practices for addressing
quantitative questions in climate change science is the
use of a model, be it process-oriented or predictive. This
stems from the fact that direct experimentation and
controlled experiments are usually impossible to
perform in this field. The only way to perform controlled
climate experiments is through using a process model
with which experiments can be run to isolate the effect of
a specific process on a particular climate parameter. For
instance, one can perform an experiment, usually called a
sensitivity experiment, in which the carbon dioxide
concentration is doubled and use the model to evaluate
the consequence of such a doubling on the atmospheric
heating rate and eventually atmospheric temperature
(e.g., ener balance models, radiative-convective
models, McGuffie and Henderson-Sellers, 1997). These
process models are simpler than climate models, as they
isolate one or at most a few components of the climate
s?/stem and therefore do not have the complexity of
climate models. They are extremely useful to experts as
tools to understand individual processes and simpler
interactions between processes. It is expected that they
have the same learning potential for students.

In this paper we report results from a classroom pilot
experiment in which students were asked to come up
with their own quantitative scientific questions on six
different topics central to climate change and all centered
on the topic of radiative forcing. Students were also
asked to design and perform experiments to address
their scientific questions and to list subsequent questions
that were raised by their experiment. Section 2 of this
paper reviews the literature about asking scientific
questions. Section 3 describes the entire course and the
model, and how the activities centered on asking
scientific questions were integrated within the course.
Section 4 is devoted to a description of our analysis of the
various questions students asked throughout the course
while in Section 5 we discuss the results in terms of
evolution of questioning abilities and nature of
questions. Finally, Section 6 offers some observations
based on our preliminary results and some more

reliminary conclusions and educative implications
rom this classroom experiment.

STUDENTS' SCIENTIFIC QUESTIONS

The first important issue to address is the role of asking
questions. Overall, the literature suggests that
encouraging and emphasizing question asking can play
many roles in students' learning and understanding.
First of all, it serves to convey the message to students
that it is the fundamental component of the inquiry
nature of science (Marbach-Ad and Sokolove, 2000) and
to help students retain material better gDavey and
MacBride, 1986, Marbach-Ad and Sokolove, 2000).
Improved question-asking ability can also be an effective
strategy to foster improved problem solving (Dori and
Herscovitz, 1999, King, 1991, Heady, 1993) and promote
supporting the deve%o ment of independent learners
(Marbach-Ad and Sokolove, 2000).

From the instructor's perspective listening to or
reading students' questions can provide insight into
students' thinking and understanding, can help identify
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misconceptions and can provide information about
difficulties students might be experiencing (Woodward,
1992). The instructor can subsequently modify his/her
instruction (Etkina, 2000; Etkina and Harper, 2002,
Heady, 1993) to address these misconceptions.

Tﬁe process of asking questions also allows one to
verbalize his/her current understanding of a topic and
connect that element of knowledge with other ideas
(Marbach-Ad and Sokolove, 2000). Questioning
behavior depends on the relation of the material about
which the questions are asked to one's incoming
knowledge. Harper, Etkina and Lin (2003) found that
students who are lacking in conceptual knowledge and
ask questions to fill in the gaps score better than students
who do not, and that students with prior knowledge ask
deeper questions and continue learning.

In terms of the connection between conceptual
performance and the kinds of questions asked, a few
studies (e.g., Harper, Etkina and Lin 2003) suggest that
asking medium to high-level questions relates to better
conceptual understanding (measured with common test)
with the higher level questions relating to a deeper
understanding of the subject matter. This high level
questioning behavior of students is not limited to an
improved acquisition of conceptual understanding but
rather to a total package of simple problem solving
abilities.

Regarding the general type of questions students
ask, the literature suggests that spontaneous questions
by students in a classroom are relatively infrequent and
seldom designed for improving their understanding or
personal knowledge. Some questions asked by students
are inquiries about what particularly interests them
(Cuccio-Schirripa and Steiner, 2000, Rop, 2003) but more
often the questions are procedural, informational or
focused on the content covered in the next test (Dillon,
1988). However, despite their low frequency, high-level
spontaneous questions might represent indicators of
interest, conceptual engagement and conceptual change
(Watts et al., 1997), and also of student thinking
(Marbach-Ad and Sokolove, 2000).

Shepardspon and Pizzini, (1991) have categorized
the cognitive level of questions in three types: input, pro-
cessing, and output. The input-level questions require
students to recall information, the processing-level ques-
tions are associated with students drawing relationships
among data that have been recalled, while the out-
put-level questions relate to students going beyond the
data in new ways to hypothesize, speculate, generalize,
create and evaluate.

Van Zee, Iwasyk, Kurose, Simpson and Wild, (2001)
suggest that several types of contexts appear to be
favorable to students asking high-level questions. The
first obvious one is when instructors set up discourse
structures that explicitly elicit these questions. A second
favorable situation occurs when students are engaged in
conversations about familiar contexts in which they have
made many observations over a long time period. Third,
student questions occur when comfortable discourse
environments are created in which students could try to
understand one another's thinking. Fourth, student
questions occur when small groups are established
where students collaborate with one another.

Asking a meaningful question implies a knowledge
structure to formulate it and to understand the answer
(Miyake and Norman, 1979). One must have some basic
understanding of or belief about a topic before he or she
can ask questions regarding that topic. One must know
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Individual Question Topics

1. Radiation Budget
2. Clouds

3. Greenhouse Gases
4. Ozone

5. Aerosols

6. Surface Processes

Table 1. Individual Question Topics.

what one doesn't know to ask a meaningful question that
has the potential to induce learning. And so, each of these
three components of knowledge (Beyer, 1987) might
have to be involved in asking meaningful questions.

COURSE DESCRIPTION

This course was a 10-week geography course entitled:
"Earth System Science: The Science of Global Change"
offered to junior and senior undergraduate students who
had taken at least two prior upper division
environmental, geoscience or geography courses. The
first 6-week component of the Cgass focused on radiative
processes (which we thereafter refer to as radiative
forcing) as they represent the initial forcing to which the
climate system is submitted and responds through
dynamical (circulation) and thermodynamic changes.
This first part of the class is the focus of this paper.

The course had several components: 1) required
readings; 2) short lectures to complement the readings
and clarify issues; 3) student-generated major scientific
concepts learned from, and scientific questions based on
the readings; 4) climate model experiments, based on
scientific questions, designed and run by students whose
results are presented and discussed in class; 5)
conceptual maps to integrate knowledge; and 6) a final
scientific paper built around a student-selected climate
model experiment. Here we address those components
in which scientific questions are asked.

The six topics presented in Table 1 were addressed
within the first six weeks of course. The students
formulated questions about each of them and conducted
experiments relating to each of them (with the first two
topics being regrouped into one module for the first
experiment).

The course was an inquiry-based course in which
guestions were explicitl?l solicited from students in

ifferent forms, with all the questions asked by the
students contributing to the final grade. On each weekly
topic, students were required to: 1) individually provide,
prior to class, a scientific question based on assigned
reading that can be addressed by the model, 2) design a
group experiment around a question centered on the
weekly topic, 3) come up with additional questions that
have arisen from their experimental work, and 4)
prepare a final paper that addresses a quantitative
scientific question of their choice, in some depth.

The five climate modeling experiments performed
by the students were run in a computer lab and
performed in groups of 3 or 4 with each student having
access to hisﬁ;er own computer that could run the
model. Two instructors (professor and TA) were
available to answer questions and provide feedback
about the nature and value of the experiment and the
approach the students were considering. This created a
comfortable lab environment in which students could
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Figure 1. SBDART-EDU Interface a) solar geometry
and filter inputs; b) cloud parameters inputs.

work with each other, collaborate on their weekly
modeling group project and check with the instructors to
see if they were on the right track.

The class was composed of thirty-seven students
with an average undergraduate grade point average of
291 with a range of 1.76 to 3.82, indicating a rather
average-performing class. While the majority of the
students (76%) in the class were geography majors
studying for either a BA (13) or a BS (15, i.e., requiring
many more quantitative courses), the students in the
class were associated with a diversity of majors: aquatic
biology (2), anthropology (1), crustal studies (1), and
environmental studies, and two geography students
from Britain. There were 24 males and 13 females, with
the females having a slightly higher grade point average

2.94).
( An up-to-date, accurate radiative transfer model, the
SBDART model (Ricchiazzi et al., 2000), was used with
the objective of fully exploring the radiative forcing
concept. SBDART has been originally designed for
research purposes and has been validated by different
groups (Halthore et al., 2005) in different locations and
under different atmospheric and surface conditions (e.g.,
Dufresnes et al., 2002, Gadahvi and Jadaraman, 2004).
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Variable - Application to
SBDART

Outcome - Application to
SBDART

Outcome - Quantification

Content

6 Variable is exceptionall
well defined/specific an
can be directly input into
SBDART model

3 Outcome is exceptionally
well defined, can be directly
found by the model, clearly
states the area of interest is
(e.g. surface, TOA...), and if
concerned with long-wave,
short wave, net flux, or
heating rate

3 Outcome is quantitative
(e.g. By how much does
radiation decrease?)

3 Question shows creativity
and understanding of the
topic, and is interesting in
terms of science or it's effect
on people

4-5Variable is well defined
and has a direct relation to
the inputs of the model,
increments may be
generalized or vague, or the
variable is implied or
vaguely defined as
something that has a direct
relation to the inputs of the
model

2 Outcome is well defined
and has a direct relation to
the outputs of the SBDART
model

2 Outcome is indirectly
uantitative (e.g. Comparing
the effects of two factors)

2 Question shows creativity,
but is not one of the most
interesting/important issues
for the topic in terms of
science or it's effect on
people, may be a generic
question for the topic

2-3 Variable has an indirect
relation to the inputs of the
model, or is only vaguely
defined or implied as
something that has an
indirect relation to the
inputs of the model

1 Outcome has an indirect
relation to the outputs of the
SBDART model, or the
outcome is only vaguely
defined (e.g. climate or
temperature)

1 Question implies a
quantitative outcome (e.g.
What is the impact of_? Will
it increase or decrease?)

1 Question is important, but
may have been taken
directly from the
reading/not very creative,
or it is creative but difficult
to read /understand

0-1 Variable has no relation
to the inputs of the model, or
it is not defined or

0 Outcome has no relation to
the outputs of the SBDART
model, or the outcome is not

0 Outcome is not sufficiently
quantitative (e.g. How do

0 Question refers to a
situation that is not possible,
does not make sense, is
taken directly from an

understandable defined or decipherable

you find out...?) equation, or does not
demonstrate sufficient

knowledge of the topic

Table 2. Rubric for individual Question Coding.

The model was recently redesigned for educational
purposes and renamed SBDART-EDU, by adding a
user-friendly interface. The various versions of the
model have been formatively assessed in classroom
settings, and its capabilities and user-friendliness have
been improved in each new version in response to
student and TA feedback. The interface allows users to
chose model inputs via a simple menu system (see Figure
la and b), to obtain information about the model and its
inputs, to run the model under any configuration
(including performing repeated runs with one varyin
parameters such as those done for sensitivity studies
and to visualize the results in any combination. The data
are also available in tabular form to allow users to
perform extra computations not feasible within the
model interface.

Modeling and cognitive apprenticeship of the
scientific investigation process was done using the
model in order to help students produce high level
quantitative scientific questions, ang in the spirit of the
apprenticeship approach, the type of question and model
experiments that were expected from them were
demonstrated in class by the two instructors. To that
effect two presentations were given to the students
during the ftirst week of class, after the SBDART-EDU
model had been introduced to them in some detail (with
regards to how it works and how to use it). The students
also performed some preliminary computations with it
to familiarize themselves with its functions, including
graphic production and interpretation, prior to using it
or their own experiments. In both presentations, the
various processes of the scientific investigation were
explicitly modeled and explained: 1) asking a scientific
question; 2) dproviding a scientific rationale for that
question; 3) designing an investigation that allows the
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investigator to answer the question; 4) making a
hypothesis or providing prediction for what is expected;
5) running the experiment; 6) analyzing the results; 7)
concluding about the question and 8) coming up with
additional questions that were raised as a result of the
experiment.

In performing this modeling of what is expected
from the students, which we recognize to be a major
element of the scientific cognitive apprenticeship, we
intended to make our thinking process explicit and
demonstrate several attributes of the scientific inquiry
process. The first demonstration was of the steps of the
scientific Frocess with an emphasis on the general
heuristic of asking questions. A description of these steps
was made available to the students in a presentation
rubric. The second attribute was the analysis of the
results by comparisons with explicit (or implicit)
Eredictions/ hypotheses, with the predictions based on

oth the knowledge of the subject area and the internal
model the experimenter has (which relates to the
interpretative nature of knowledge). A third attribute
demonstrated by our approach was the tentative nature
of knowledge by showing how further quantitative
questions commonly arise from experiments.

Presentations were required of students to both
evaluate their work and to help them learn through the
contribution of other students. Every week each group
was required to prepare a presentation on the topic of the
week in which the students reported the results of their
experiment. A rubric for those presentations was
provided to the groups to ensure that they included all
the required elements. The contribution by each student,
and their individual comments, was required to be
included on the presentation notes associated with each
slide although this was not consistently done by the
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Question (accessibility
and detail)

Outcome Relation to
SBDART (stated or
extrapolated question, as
needed)

Outcome Quantification
(stated or extrapolated
question, as needed)

Depth (stated or
extrapolated question, as
needed)

4 Question is clearly
presented, uses appropriate
terminology (demonstrates
sufficient knowledge of the
topic), is in enough detail
(the experimental design can

3 Outcome is exceptionally
well defined and can be
directly found by the model,
clearly states the area of
interest is (e.g. surface,
TOA...), and if they are
concerned with long wave,

3 Outcome is quantitative
(ie. By how much does
radiation decrease?)

2 Question requires an
in-depth analysis (beyond
the use of the model)

short wave, net flux, or

be extrapolated)
heating rate

Table 3. Maximum scores of rubric for coding model experimental questions.

or implicitly specified without mention

provided

0: the experiment has no relation to what can be done with the model
1: the experiment and its interpretation display a lack of understanding of the underlying science
2: the experiment could be performed with the model but it requires additional assumptions or relationships not specified

3: the experiment could be performed with the model but the results require more advanced interpretation than is

4: the experiment is well adapted to what can be done with the model

5: the experiment is well adapted to what can be done with the model and some data extraction is performed that quantify
the variability of a radiative parameter that can be computed by the model (heating rate, fluxes) as a function of an
atmospheric parameter (e.g., cloud optical depth) or environmental parameter

6: the experiment is well adapted to what can be done with the model and some data extraction is performed that quantify
the variability of a radiative parameter that can be computed by the model (heating rate, fluxes) as a function of an
atmospheric (e.g., cloud optical depth) or environmental parameter and advanced analysis and interpretation of results

Table 4. Scoring criteria for experiment quality.

students. The students were also required to include
sources used in the preparation of their presentations.

ANALYSIS OF STUDENTS' SCIENTIFIC
QUESTIONS

Overview and Issues - Our classroom offered three of
the favorable contexts proposed by Van Zee, Iwasyk,
Kurose, Simpson and Wild (2001): explicit discourse
structure, comfortable discourse environment and small
collaborative groups. The questions asked by students
can be put into Shepardson and Pizzini's (19g1) highest
category of questions - the output-level. While our

classroom activities supported student-generated
inquiry discussions, student questions differed from
typical classroom questions, which are often

spontaneous and mostly open-ended. The questions our
students were requested to ask were guided in term of
their format and content. The instructional context in
which these questions were asked was relatively rigid
and the type of questions requested from the students
(and therefore those that obtained the highest grade) was
those that were researchable and answerable.

Two types of questions were requested - individual
and group questions - and they were all centered around
the topic of the week. Individual questions were asked
immediately after students had read some material but
prior to class. Group questions were produced after
students had received a short lecture and had discussed
the topic with each other and may or may not have been
based on the questions asked by the individual group
members.

The two types of questions were part of the grade,
with individuanuestions counting for 10% and group
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question being a component of the model experiment
resentation grade of 35%. The rest of the grade comes
rom concepts (10%) and concept maps (10%),

participation (10%) and a final paper (25%).

The analyses we performed here are based on the
recorded works from students who took the class. No
other form of recording was performed during the class,
so we are limited to: the questions submitted weekly by
the students via an internet form and the written version
of the presentation of their experiments prepared for the
class. Scientific questions serving as the starting point of
their final research paper are not used in the present
analysis. This overall data limitation impacts the
analyses we can perform for this experiment and
obviously limits the extent of the conclusions that can be
drawn from those analyses.

One of the goals of the present study is to investigate
whether a cognitive apprenticeship program, whereby
students are expected to perform activities like scientists,
leads to conceptual learning. This is explored by looking
at changes in how students ask questions, and in the
quality of the questions they ask. We are also interested
in investigating if and how the quantitative nature of the
students' question relates to the quality of the experiment
they perform.

Coding - For the individual questions, we were
interested in the ability of students to come up with
quality quantitative questions that would suggest a
climate model experiment relating to the topic of the
week (after having done an assigned reading). To
analyze these abilities we designed a rubric based on an
examination of the data and selected the following
criteria: 1) the extent to which the variable addressed by
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the question was applicable to our model; 2) the extent to
which the outcome from answering the question could
be obtained by running the model; 3) the extent of the
quantitative nature of the outcome; and 4) the level of the
question's content with regards to the importance and
creativity of the question. The first criterion can be
interpreted as the conceptual understanding of the
scientific concept being investigated in the context of the
model's capabilities, while the next two are more related
to the model outcome and its quantitative nature. The
last criterion is an evaluation of the extra thinking that
students have put into defining their question. The
coding involvecF assigning a score to each of the rubric
cateﬁories in order to arrive at a quantifiable total. This
total serves to categorize students' questions in order for
us to better understand the progression of learning and
question formulation throughout the first six weeks of
class. It also allows us to perform averages for the class
and to compare groups and individual students. The
rubric used for this coding is presented in Table 2.

For the group questions asked by students in
support of their modeling experiment, we are also
interested in the quantitative nature of the questions and
its evolution over time. We are interested in two
additional issues: the impact of the group dynamic on
the final question selected and on its quantitative nature
and whether or not the questions relate to the quality of
the experiment performed. To analyze these issues we
first ensured that we had questions for each presentation.
When the questions were not clearly articulated, we
inferred them from the experiment described in the
students' presentation. And despite the fact that we
analyzed the vocabulary used in the question, we
decided to proceed this way (inferring a question from
the presentation itself) since our purpose was to perform
an overall analysis of the scientific value of the questions
and not a complete semantic or linguistic analysis of the
questions. Our coding for these group questions was
based on the following criteria presented in Table 3,
which only displays the rubric for the top scores of each
scoring category.

A coding of the group model experiment was also
performed in the context of asking quantitative
questions. This time, the purpose of the coding was to
evaluate the quality of the experiment. The coding was
performed on the presentation material submitted by
each group. The coding criteria used for evaluation are
presented in Table 4.

Variance Between Coders - Inter-rater Reliability - For
the individual questions three rounds of coding were
performed (based upon the rubric). The student
researcher (second author on this paper) performed two
independent rounds of coding and averaged them,
assigning these scores to Round 1. In order to evaluate
the validity of Round 1 coding, another student, who was
given coding instructions from the first student,
performed the same coding. In both instances the
students performing the coding had taken the class the
1}zrevious quarter and therefore both  were
nowledgeable of the weekly topics, the variety of
questions possible, and the assigned reading. They were
selected to work on this project because they were the to
students in the class and interested in this researc
project.
Average coding scores were computed for each
student, for each category and for each round of coding.
These averages were then used for the analysis of the
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questions. The average variance for all categories for
each round of coding, which is taken as a measure of
inter-coder reliability, was found in order to find the
impact of each round on the average scores. This
variance, 0.19, was computed as the average squared
standard  deviation = from the mean  (in
data/rubric-weighted units). It is equivalent to a
normalized variance of 0.268, or 26.8 percent from the
mean.

Furthermore, the instructor of the course (first
author on this paper) completed one round of coding for
three distinct groups of three students each (high,
middle, and low scoring students). The formulation of
these groups is discussed in more detail in the results
section of this paper. This round of coding was
completed in order to have the coding of a representative
sample to compare with those performed by the
students. The variance for the first two rounds of coding
was computed for the selective group of students as 0.16
(in data units), or 19.8 percent. With the addition of the
third round of coding, the variances for the selective
group for rounds one through three were 0.22 (26.5 %),
0.27 (31.1 %), and 0.31 (34%), respectively. The variances
for the category of the formulation of a variable were
very similar for all three rounds (0.29, 0.33, and 0.30,
respectively), indicating an overall agreement between
the coders within the category. The variances for the
other categories were less similar between the three
rounds of coding (0.18, 0.20, and 0.39, respectively for the
outcome application category; 0.32, 0.31, and 041,
respectively for the outcome quantification category; and
0.25,0.40, and 0.31, respectively for the content category).
However, these categories were scored out of three
points, rather than six for the variable category, and the
differences between the variances for each round of
coding reflect this range of possible scores as well as the
inevitable flexibility of the rubric. In general, the
instructor's scores seemed to agree with the first two
rounds of coding. This validates the use of those scores as
a good source of information on which to base our
analysis of the improvement of the class' question asking
ability, especially for the category concerning the
formulation of the variable. Though the rubric was
written in an attempt to be comprehensive, the
possibilities for each category could not be exhausted,
and the variance between coders is most likely due to the
limitations on rubric intervals.

For the two sets of group scoring (questions and
model experiments), the coding was done differently for
reason of efficiency. The questions were coded by the
main student coder of the individual questions (this
paper's second author) as she had acquired an experience
with such coding. The model experiments were coded by
the two co-authors independently, reconciling their
coding results through discussions and final agreement
on each of the scores for which there was an original
disagreement. The reconciliation was relatively easy as
each question was discussed and found or agreed upon
to fit into a particular category.

RESULTS

Evolution of Individual Questions - Overall our results
show a significant improvement in the ability of students
to develop questions that relate to their chosen variable
under investigation but only a slight change with regards
to the other three areas of evaluation. So we first present
the results concerning the variable, which, as stated
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Figure 2. Evolution of Questions for all Categories of
the Rubric - Class average expressed in Percent of the
Total Possible Score.

earlier, we interpret as an expression of conceptual
understanding. The other results are discussed briefly
later in this paper. Figure 2 indicates that, globally, the
class continually improved in the formulation of
variables that were applicable to the model during the
first three weeks, and then stabilized over the next three
weeks. In the first week, the majority of the students were
formulating questions with variables that were only
vaguely defined as something that has an indirect
application within the model. The students did not seem
to have full comprehension of the radiative forcing
concept. In the second week, the majority of students had
begun to explicitly define their variables, though these
variables still had an indirect relation to the inputs of the
model. Beginning on the third and continuing through
the sixth week, the majority of students were formulating
variables that were directly applicable to the model. This
result comes out even more clearly when examining the
change that took place for each category after the
completion of each module (results not shown here). We
found that a significant increase took place in the class
average after the first module and that it decreased
thereafter. For the variable, over 85% of the students in
the class had an average improvement after the first
week. This is not totally surprising for a repeated
complex activity for which one expects a ramping phase
and eventually a plateau once students have understood
what is required of them and/or the concept they are
learning. This plateau is indeed seen in our data for the
class average.

Overall our results indicate that the class actually
began to formulate appropriate questions in terms of the
variable in three weeks. This may only reflect an ability
of students to perform what is expected from them. As
we shall see later this explanation can be, at least, partly
refuted as the same is not true for the §rou]f3 modeling
questions whereby the groups asked differentiate
questions and all required further research. So, we argue
here that there likely is also some incorporation of new
information into preexisting students' schema that has
taken place.

The results for the other three categories used in our
coding did not display as much change and will not be
discussed in details except to state that, with respect to
the individual questions, the majority of students did not
act like curious scientists.
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In-depth Analysis of Individual Questions for Three
Students' Categories - As the evolution of the class
average reflects the evolution of the mean score, it does
not represent the score of any particular type of student.
We decided therefore to investigate in more detail
specific categories of students. To that effect, we
regrouped students into three categories (high, medium
and low scoring) and took a sample of three students for
each category whose improvement we analyzed in more
depth. The three students assigned to the high scorin
category were found by taking those students who ha
the highest rank and had completed all assigned
questions. For the medium scoring group, the
individuals who had an average percentile closest to 50%
and had completed all assigned questions were chosen.
And for the low scoring group, students with the lowest
rank and full completion of assigned questions were
chosen. Our students' selection biases our results
towards greater achievement than in reality as those
students who finished all the assignments are already in
a category of higher achieving students (only 35% of the
class completed all modules). Our rationale for this
choice was that it was most important to have enough
samples in the analysis in order to be able to arrive at
statistically valid conclusions and that we would keep in
mind the potential bias in our results.

The results of analyzing the students' performance in
these groups (Figure 3) supported the results previously
found based on class averages for the variable
application to the model. Our new results show that
there is a differentiation in characteristics of
improvement between the high, medium, and low
scoring groups. The high scoring group tended to do
well throughout the first six weeks and little quantitative
improvement was even possible to find since they were
already obtaining high scores near the beginning of class.
The medium scoring group showed a sharp increase
whereas the low scoring group showed a steady
increase.

Analysis of Group Experiments and Questions - The
second set of issues analyzed relate to the group
experiments. The first analysis concerned the quality of
the question as it relates to the experiment (see Table 3).
Figure 4 presents a histogram of scores (expressed in
percentage) that summarizes the overall quality of the
questions asked by the group of students who let us use
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surface? 9

1. How does the optical thickness of low altitude clouds affect the amount of incoming solar radiation reaching the

2. How does the Earth's emitted longwave radiation change when atmospheric CO2 concentration increases? How does
this change affect the overall tropospheric temperature? 8

3.  What is the duration of time a person can be exposed to the sun (UV-B) in Santa Barbara without sunblock before
burning? How is maximum exposure time affected by light cloud cover and by clear sky? 12

4. How does a change in urban aerosol concentrations gound in the troposphere) affect the incoming shortwave
radiation flux at the Earth's surface? How does this change in radiation flux affect the energy output of a solar cell? 10

5.  What is the duration of time a person can be exposed to the sun (UV-B) in Santa Barbara without sunblock before
burning, taking into account reflectance properties of the surface? 12

Table 5. Group questions from the top-scoring group.

their work for this study for the full set of experiments (a
total of 37 students). A score of 67% (or a score of 4 out of
maximum of 6) corresponds to an acceptable experiment.
This figure indicates that 56% of the time student groups
came up with questions that had a score equal to or
above that cut-off. This percentage does not seem to
change with time, i.e., it remains about the same if we
limit our analysis to the questions for the last three topics.
One possible explanation is that after the third week,
students had reached their maximum skill ability and
might then have been experiencing some difficulty with
the topic. This was particularly the case for the last topic,
surface processes, as we shall see later.

The next question we addressed was how the quality
of the experiment and the questions evolved over time
for each group in order to evaluate whether the class
activities were leading to chan%e in students' modeling
experiment ability, as defined by the ability to perform
experiments that led to quantitative results. The results
of that analysis are presented on Figure 5 and suggest a
rather erratic picture somewhat reminiscent of our
results for the individual questions for the three
categories beside the variable, with the last topic
definitely presenting some difficulties to the students.

So, overall, the nature of the experiment did not
significantly evolve over time. It is possible that the
modeling that was performed in front of the students in
the first week of class might have been sufficient for most
of them to grasp what was expected of them in terms of
experimentation skills.
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In Depth-analysis of Group Questions - As with the
individual questions, we analyzed in more depth the
type of questions and experiments performed by
different categories of groups in order to better
characterize the similarities and differences between
their performances. For this, based on the quantitative
nature of the experiments, we selected a top scoring
group, a medium-scoring group and a low-scorin
group and analyzed in more detail the questions aske
by each of these groups. Not surprisingly, two out of the
three students in the top-scoring group were also among
the top-scoring students for individual questions
discussed earlier.

The five questions from the top-scoring group are
presented in Table 5 together with the total score
obtained for each question. These questions reveal a high
level of scientific maturity not only because they are clear
and lend themselves to direct answers using the model,
but also because they address complex issues whose
resolution demands advanced understanding of both the
scientific concepts and the model capabilities. For
instance to address question #3, the students had to
understand the concept of biological action spectrum,
and how the biological effect of the sun on the skin would
be obtained by convolving (multiplying) the action
spectrum by the spectrally-resolved UV radiation
computed by the model for the particular conditions
studied. Also, one of their questions (#5) builds upon a
previous one (#3), as a qualified scientist would do,
integrating another effect, that of the surface, in their
already complex experiment. Finally, the questions
asked by the students in this group reflect some
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1. What is the effect of various water vapor concentrations on the heating rate in the Santa Barbara area? 8

2. What significant impact does varying water vapor concentration have on the greenhouse effect? 4

3. How does ozone depletion affect absorption in the UV spectrum in the Antarctic region during Spring? 7

4. How do black carbon emissions over the Indian sub-continent affect the net flux and heating rate over the Indian ocean? 8

5. Urban Heat islands 6

Table 6. Group questions from the medium-scoring group.

1. How does fog affect night heating in Santa Barbara? 4
2.CHjy and the greenhouse effect 4

3.0zone as a function of latitude and atmospheric profile? 6
4. How does soot interact with shortwave radiation? 6

5. How does deforestation affect surface albedo in the Amazon forest? 5

Table 7. Group questions from the low-scoring group.

imﬁarovement, albeit small, in the clarity of the question.
While the first question represents a sensitivity study,
the latter questions are more specific in that they clearly
suggest the experiment that could be done.

he five guestions from the medium scoring group
are presented in Table 6. In this case the students
performances are more erratic indicating either a
difficulty for the students to clearly articulate their
question (or to even ask a specific question- see question
#5? for all topics or that different students took a leadin
role for each experiment. While one question (# 2
indicates some fuzziness in the thinking about the topic,
another question (#4) is more focused and suggests a
better-defined experiment. With this group, we o%served
in the lab that one of the students took the lead for the
best-articulated questions, but was absent for the other
ones.

The five questions from the selected low scoring
group are presented in Table 7. The questions asked by
this %roup are in the form of generic titles or require
significant interpretation to perform an experiment from
the question/title itself. For instance, the first question
requires an interpretation of fog (altitude and droplet
size) while the second one does not suggest anything
specific about what will be investigated besides
generically suggesting the effect of methane on the
greenhouse effect. However, the last two questions
suggest that this group had begun to finally understand
what was expected from them in terms of asking a
question.

Overall, the more in-depth analysis of the
experiment questions indicates a significant difference
between the top scoring and the other two groups, but a
minimal difference between the two lower scoring
groups. After the first experiment the higher scoring
group displayed a level of question that can be
interpreted as "asking questions like a scientist". Despite
some interesting questions, the medium-scoring group
was unable, unlike the higher-scoring group, to maintain
its ?uestionin§ ability. The low-scoring group had
similar variability in the quality of its questions.

Influence of Individuals on Group Questions - As

group activities were a major aspect of this class and are
generally a key approach of cognitive apprenticeship, we
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wanted to assess how the work and behavior of the
various members of a group affected the overall output
of that group. While it would have been optimal to have
recorded the group discussions and activities, our
limited data set allowed us, nevertheless, to look at two
issues. The first issue was the relationship between the
original questions of each individual and the group
question, and the second issue was whether or not an
individual was always at the origin of the group question
selected.

With regards to the relationship between
individual's questions and group's questions we found
the following connections for the five presentations (9
?roups). Twenty percent of the 1st presentations came

rom a related question asked by one individual in the
roup. For the other presentations the percentages are:
0% (2nd presentation), 50% (3rd presentation), 70% (4th
presentation) and 10% (5th presentation). This suggests
that slightly less than half the total number of
presentations originated in part from the question of one
or more student in the group.

In order to address the second question of whether
one student in the group had a tendency to unduly
influence the group's decision, based on the topics of the
group's question selected for each group, we looked at
whose question could be considered, at least in Fart, at
the origin of the group's question. We found that for two
groups, one person had been at the origin of two
questions (out of a total of five) while for the remaining
groups, either different students were the originators of
the topic or the group's question had a totally different
topic from any individual's question. The dynamic of the
group, therefore, worked in such a way that even when
some students led the group (as we observed in lab),
their influence was more in guidin% and coaching the
group than imposing their point of view or scientific
direction.

Relationship Between Group Question and Quality of
Experiment - It has been demonstrated that higher-level
student questions are related to a deeper understanding
of the subject matter (Harper, Etkina and Lin, 2003). As
we do not have the data to perform a comprehensive
evaluation of the students understanding we have
investigated a related issue - that of the relationship
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between the quality level of the group questions and of
the corresponding experiment. This should provide us
with a first step towards assessing how the level of a
question can reflect a student's conceptual learning. To
that effect we have analyzed the correlation between the
score of the group questions and that of the experiment
quality. First we have looked at the correlation between
the total score for the questions (using the sum of all the

uestion scores Fresented in Table 4) and the quality of
the experiment for the entire class. The value obtained
for the correlation (0.39 for a sample of 37) suggests a
limited relationship between the two. Looking at the
correlation for each component of the question, scoring
only improved the correlation for the outcome category
(0.49 for the same sample size which is significant at the
95% level) while the correlation dropped to about 0 for
the quantification category suggesting that more
quantified questions were not associated with better
experiments.

On the other hand when we looked at the three
individual groups previously investigated and analyzed
their questions together, the correlation between the total
question score and the model experiment score found
has a high value of 0.74 even as the sample has decreased
to 15 and is significant at the 95% level. This suggests that
for these three groups taken together, the quality of the

uestion could either be a good diagnostic for predicting
the quality of the experiment (i.e., possibly indicating
causality) or that some non-causal process might have
been occurring whereby good questions and good work
were produced together.

OBSERVATIONS, PRELIMINARY
CONCLUSIONS AND INSTRUCTIONAL
IMPLICATIONS

Observations - This class has been structured to
encourage students to ask quantitative questions about
climate change and, more specifically about the issue of
radiative forcing. However, simply encouraging
students to ask questions does not automatically result in
learning. So one of the interesting questions is: what and
how have students learned as a result of the particular
treatment provided by this course? While we have
analyzed the students' work collected as part of the class
we recognize that this data set is limited and does not
allow us to draw firm conclusions about conceptual
learning. Nevertheless, the preliminary results that we
have extracted from our limited data sets (and those
discussed above) provide us with a body of observations
and initial conclusions from which we can infer
instructional implications.

Conceptual Learning and Understanding - The class
activities were designed to offer students authentic
experiences in the area of climate radiative forcing and
require them to ask high-level quantitative questions.
The questions asked could, in principle, demonstrate the
degree of understandinﬁ necessary for the concept of
radiative forcing. Overall our analysis has shown that the
majority of students has improved its way of asking
quantitative questions about radiative processes over
this six-week period of the class, suggesting that some
conceptual learning might have taken place. While the
highest scoring students may have simply refined their
ability to ask high-level questions, the medium scoring
students' questions improved relatively quickly. The
low-scoring students' questions improved more slowly
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over time and to a lesser extent, barely reaching, by the
last module, the level attained by all the other students.
This result reflects at a minimum the adoption of a
heuristic by students. However, accomplishing the task
of asking meaningful (i.e., leading to learning) questions
to be addressable by a climate model requires thinkin
and integration skills that represent conceptua
understanding. Whether conceptual change has taken
place cannot be uniquely demonstrated and other
assessment data collected from this class (final project
and conceptual maps) will be helpful in further
evaluating this.

"Acting like a scientist" - Based on our observations,
we can make a few comments about the students' ability
to act as scientists. In searching for a question, many
students acted like scientists, particularly after having
worked on a couple of topics. While due to time
constraints each individual member of each team did not
necessary follow all the steps of the scientific process in
running an experiment and preparing a presentation, the
groups overall behaved like novice research groups. This
behavior however varied a great deal between the higher
scoring and the lower-scoring groups. In general, most of
the students performed some on-line research to search
for good questions and ran some 1}‘alrelimineury sensitivity
study studies to investigate whether their potential
questions would provide interesting answers ("good
looking graphs" as one student put it). The
higher-scoring students, however, explored a number of
possibly interesting questions, searched for how they
could come up with interesting additional computations
and brainstormed as a group, and with the instructors,
before settling on a particular question. Only a few
students atppeared to select their question for the main
purpose of satisfying the professor's request. Most seem
to have investigated the topics that interested them.

Addressing Discrepancies Between Predictions and
Results - With regards to how to address the
discrepancies between predictions and results, only a
few groups went directly to the instructors. Most
students attempted to resolve the issue by themselves,
first re-running their experiment and then checking their
inputs, and only resorting to asking the instructors when
they could not find the origin of the problems. Students
frequently changed questions when they were unable to
come up with the answer expected and, therefore,
by-passed trying to resolve the problem. While this may
be a side effect of the limited time allotted for each
experiment, it may also reflect the attitude of some
students who, when confronted with difficulties, either
give up or avoid the problem altogether. This could be
one of the limitations of this teaching strategy as students
can always find a way out difficult situations and are not
forced to confront them. The highest-scoring students
had either no unexpected results (because of their
thorough experimentation prior to selecting a question)
or attended to any discrepancies until they were
resolved.

Group Work - As students worked in groups in lab, we
observed some students leading the discussions.
However, our data do not show a preponderance of
model questions derived from one particular
individual's questions. This indicates that while some
students assumed organizational leadership positions
none of the students overtook the group's scientific
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direction. On the other hand, it was clear to us that a few
students were passive and contributed minimally in lab
to their group.

Question Context - The context in which the questions
were asked was quite limiting as the type of questions
students could ask had relatively strict guidelines: to
come up with a question that could be addressed by
running an experiment with the model. However, this
context could be considered similar to that which climate
modelers face whereby the investigator asks a question
that can be answered by running one or more
experiments with the model. This indicates that students
were immersed in an authentic research situation
conducive to self-inquiry. However, the motivation of
each student was generally different from that of the
researchers. Many undergraduate students are primarily
intent on achieving a good grade in the class and
therefore might look at the activities offered in this class
as just another way for the instructor to make them do
the work. The researchers, on the other hand, are
engaged in the exploration of new research avenues and
therefore feel free to delve into the topic and examine
many possibilities. Our results suggests that, while a few
students felt confident that a good grade was ensured to
them (and who indeed ended up getting the highest
grades in the class) and other students may have
experienced some apprehension, a degree of knowledge
construction took place through the model-driven
inquiry as it was proposed to them allowing a large
group of students to reach some conceptual
understanding in a relatively efficient manner.

Preliminary Conclusions and Instructional
Implications - Based on our experience with this pilot
study we can draw some preliminary conclusions and
implications for further instruction of such future classes.
First, when exposed to a model and sufficiently
scaffolded to using it for quantitative inquiry, junior and
senior students with about a high C grade average can
rise to the task. After two presentations, about 65% of the
students were performing at the expected level despite
their initial apprehensions about coming up with their
own scientific questions for a model with which they had
little familiarity. We believe that this was the result of
tight scaffolding and feedback in the lab by the
instructors. We trust that in a first phase for a class like
this one, it is important to provide the students with tasks
(e.g., asking questions) that are clearly articulated, and to
support the achievement of those tasks. In our class, a
more open-ended type of exploration was offered to the
students only as part of their final paper, that is, once
they had achieved a certain level of familiarity with the
process of asking scientific questions.

Second, our modeling of the research process has
provided students with a good overview of what was
eépected from them. However, it may not have
adequately described our thinking process. One of the
elements of the cognitive apprenticeship is thinkin
aloud through the expert process. As this is not a natura
teaching habit, for the future we plan to practice, prior to
the class offering that process of thinking aloud among
instructors and researchers involved in the preparation
and offering of the class.

Overall, our data set was too limited to draw
conclusions about conceptual changes, as we did not
collect data that described the cognitive processes
through which students went as they worked on their
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model experiments. A number of explanations for our
results were proposed which need to be verified in
subsequent offerings of this class. For our next offering,
we are planning to record the discussions that occur in
the lab among students so that we can better analyze the
evolution of the discussions in hopes of characterizing
cognitive changes as they occur. We also plan to develop
Ere and post-tests to assess the content of students'
nowledge.

Finally, this class offered a taste of the climate change
modeling scientific process to a wide range of students.
Some of them had already been exposed to that process
and therefore were almost immediately at ease with it;
taking advantage to explore aspects of the topics that
interested them and those that they thought would earn
them a high grade. Most of the other students initially
struggled with the requests but eventually came out with
an enhanced appreciation of the scientific process. A
couple students, unfortunately, gave up in the last few
weeks of the class when it was time to put their learning
together and produce a research paper. We will do our
best to entrain those as well in the exciting journey of our
next class offering.
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