Barrett et al. International Journal of STEM Education 2014, 1:6
http://www.stemeducationjournal.com/content/1/1/6

RESEARCH

Open Access

Meteorology meets engineering: an
interdisciplinary STEM module for middle and
early secondary school students
Bradford S Barrett1*, Angela L Moran2 and John E Woods1

Abstract
Background: Given the continued need to educate the public on both the meteorological and engineering hazards
posed by the severe winds of a tornado, an interdisciplinary science, technology, engineering, and mathematics (STEM)
module designed by the faculty from the Oceanography and Mechanical Engineering Departments at the United States
Naval Academy (USNA) was developed to engage students ages 12 to 16 in the fields of meteorology and engineering.
Interdisciplinary educational modules such as this one are becoming increasingly common components of academic
outreach programs, but to our knowledge, this is one of the first to combine the fields of meteorology and engineering.
While many studies have examined changes in student engagement and interest in the STEM fields as a result of
participating in interdisciplinary activities such as this one, relatively fewer have focused on quantifying changes
in student content knowledge. The primary purposes of this paper are to (1) describe our interdisciplinary STEM
module in detail and (2) report immediate changes in students' knowledge on basic meteorological and engineering
content as a result of their participation in the module.
Results: Results from a quick, easy-to-administer assessment instrument given to students immediately before and after
their participation in the 1-h module indicated that they learned basic content in both meteorology and engineering.
Mean improvement of scores on the assessment questions was 40.2%, a change that was statistically significant at the
95% confidence level. Other studies that focus on quantifying student learning may wish to lengthen the time between
student participation in the module and the administration of the post-module assessment.
Conclusions: Our interdisciplinary module integrated material from meteorology and engineering and was successful at
promoting student learning. We recommend that other institutions consider developing similar interdisciplinary STEM
activities, and we particularly encourage the development of activities that relate to current events. Finally, we
recommend assessing content learning as another way to measure the success of interdisciplinary STEM activities.
Keywords: Interdisciplinary STEM module; Content learning; Module assessment

Background
Education and outreach campaigns are valuable ways to
increase public knowledge and understanding on the hazards posed by severe storm and tornado events (Simmons
and Sutter 2011). Outreach to school-age children has
been found to be particularly effective (Erickson et al.
2010; National Center for Disaster Preparedness NCDP
2013) in increasing public awareness of severe weather
hazards. However, interdisciplinary outreach that focuses
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on improving public knowledge of not only the hazards
from tornadoes and high wind but also the need for improved structural design is still critically needed (Prevatt
et al. 2012). As one example, it is commonly but incorrectly assumed by the public that tornado casualties cluster with the highest frequency in ‘tornado alley,’ including
areas of Texas, Oklahoma, and Kansas, because of the
relatively higher frequency of late-spring tornado events
there (Erickson et al. 2010). In reality, the region with the
highest rate of casualties is the US south, an area that includes eastern Arkansas, western Tennessee, northern
Mississippi, and northern Alabama (Ashley 2007), and this
is partially a result of both poor engineering design and
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overall population unawareness (Simmons and Sutter
2005; Hall and Ashley 2008; Ashley et al. 2008). Thus,
there remains a need for outreach programs that span
both meteorology and engineering to close the gap in public awareness on the hazards posed by severe weather.
This need motivated the development of an interdisciplinary science, technology, engineering, and mathematics
(STEM) module by the faculty from the Departments of
Oceanography and Mechanical Engineering at the United
States Naval Academy (USNA) for its 2012 summer
STEM camp. The short-term goal of the module was to
present important content in both meteorology and engineering, two fields not often combined in STEM outreach activities, to increase students' knowledge on basic
tornado mechanics and structural engineering principles.
The intent of the module was to present basic concepts
on both fields and then reinforce student learning via the
excitement surrounding the testing of student-built structures in a wind tunnel. The long-term goals of the module
were to improve societal awareness of severe weather hazards (e.g., Nutter et al. 2010) and increase participation in
STEM fields. This present study assessed the ability of the
STEM module to achieve the short-term goal on basic
content learning.
Numerous university-level STEM programs have developed educational outreach activities similar to the one described in this paper. Often, the goal of these activities is to
increase pre-college students' awareness of, and excitement
and participation in, the STEM fields (Jeffers et al. 2004;
Stokes et al. 2007). Outreach programs have also been developed specifically for meteorology (e.g., Roebber et al.
2010; Pandya et al. 2011), including those based on research
showing the positive impact on students' education by their
early involvement in STEM activities and research (e.g.,
Russell et al. 2007). These outreach programs often provide
information about STEM career options and attempt to recruit students to pursue STEM degree programs (Kesidou
and Koppal 2004; Swift and Watkins 2004; Thompson and
Consi 2007). However, many of these programs have focused on a single discipline, leaving the best practices for
interdisciplinary STEM education relatively underdeveloped (Labov et al. 2009). This need to develop and study
interdisciplinary STEM activities was reflected in the US
Department of Education's 2010 report (Atkinson and
Mayo 2010) calling for the National Science Foundation
(NSF) and the National Institutes of Health (NIH) to support the development of interdisciplinary STEM activities.
As these interdisciplinary outreach programs are created, it
is necessary to assess their ability to increase students'
knowledge on important science and engineering content
(e.g., Nadelson and Callahan 2011) and not just assess their
ability to improve student interest in pursuing STEM
careers. There is already a strong evidence that disciplinary
activities for middle and high school students in the STEM
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disciplines are especially effective in increasing participants'
skill levels and awareness on science and engineering concepts and experiment methods (Demetry and Nicoletti
1997; Anderson and Gilbride 2003; Madihally and Maase
2006). However, the effectiveness of STEM activities at increasing students' knowledge on core interdisciplinary content remains relatively understudied. This need, along with
the aforementioned needs to continue to educate society
on the dangers posed by tornadoes and severe winds and
the desire to combine meteorology and engineering in a
novel way, motivated both the development and the assessment of the STEM module described in this paper. In the
remainder of this paper, we first describe the educational
module in greater detail and discuss our methods for its
implementation. Because of the novelty of the interdisciplinary module, we give sufficient details so that others
would be able to replicate the module if they desired. We
then present the results of a targeted assessment instrument that we designed specifically to measure the module's
ability to increase student knowledge on basic meteorology
and engineering principles. We conclude the paper with a
discussion of the results, and we offer suggestions for others
interested in assessing content learning in similar interdisciplinary modules.

Methods
The STEM module, developed as a collaboration between
meteorology faculty from the Oceanography Department
and engineering faculty from the Mechanical Engineering
Department, engaged students in both meteorology and
engineering around an exciting topic of current interest:
the behavior of structures in the high-wind environment
of a tornado. The module's educational objectives were to
(1) increase knowledge among middle and high school
students about meteorological factors that are associated
with tornadoes, especially the climatology and geography
of tornado occurrence, (2) increase student understanding
of engineering principles behind structure behavior in the
kind of high-wind environments common in tornadoes,
and (3) engage students in multiple interactive, hands-on
activities to reinforce their learning. The assessment goal
of the module was to quantify immediate changes in students' knowledge on the core content central to module
objectives (1) and (2).
For the STEM camp, the module consisted of a 20- to
25-min classroom portion followed by a 30- to 35-min
hands-on activity. Each iteration of the module was
attended by between 20 and 25 different students, and
this particular module was offered four times each camp
week over the 2-week summer period, for a total of eight
instances. A total of 160 students participated in the approximately 1-h module over the entire 2-week period.
To put the module in a broader context, the student
participants were part of a week-long residence STEM
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camp in which they arrived on a Monday, resided on
campus in the dormitory from Monday through Saturday
and participated in 24 different 1-h modules designed and
offered by USNA faculty in STEM disciplines. Each day,
students participated in four different modules, two in the
morning and two in the afternoon. Student participants
were aged 12 to 16, and the module population was 35%
female, 9% African American, 3% American Indian or
Native Alaskan, 12% Asian or Pacific American, and 9%
Latino or Hispanic American. Student participants came
from all over the United States; however, no other information regarding the prior content knowledge, antecedent
interest in STEM fields, or socio-economic background of
the student participants was available.
The classroom portion of the module began with the
instructor asking students a series of interactive questions
regarding the formation and geographic climatology of
thunderstorms and tornadoes. Students' hometowns and
individual interests, including personal weather experiences, were used to engage and interact with them.
Students were asked to consider the possible mechanisms
behind the large disparity between thunderstorm occurrence (highest global frequency over tropical land masses)
and tornado occurrence (highest global frequency over the
US east of the Rocky Mountains). In each module, multiple students were called on to interpret graphics from
the National Oceanic and Atmospheric Administration
(NOAA) and Ashley (2007), which showed thunderstorm
occurrence, tornado occurrence, and tornado casualty
occurrence. Discussion of these graphics typically lasted
10-15 minutes. The discussion then turned to the importance of vertical wind shear to the formation of rotating
thunderstorms. A deficit of vertical wind shear over tropical
areas was seen as the reason why the maximum in global
tornado frequency did not align with the maximum in global thunderstorm frequency. The discussion then turned to
the mismatch in the highest rate of tornado casualties (in
the US mid-south) and the highest rate of tornado frequency (stretching from central Oklahoma northwestward to northeast Colorado). Students were shown a
series of photographs of tornado damage, and then they
were called on to suggest parts of structures they considered to be weakest. This led to a discussion of engineering load and joint reinforcement and how they relate
to the task of mitigating structural damage caused by
tornadoes. The engineering portion of the classroom
discussion also lasted between 10 and 15 min. At its
conclusion, students were given the following instructions
and design parameters for the subsequent hands-on activity: in groups of 4 to 5, they were asked to consider how
to build a house out of balsa wood pieces and masking
tape that could withstand 150 mph winds. To mimic realworld economical (price) and social (esthetic) constraints,
students were told that their supplies would be limited
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and their structure needed to still look like a house, with
walls, a roof, a door, and windows.
In the hands-on portion of the module, students were
divided into groups of 4 to 5, asked to sit at tables set up
in the USNA engineering laboratory space, and given 15
to 20 pieces of balsa wood (cut into different rectangular
and square shapes 2 to 5 in in size), 1.5 ft of masking
tape, and a pre-constructed balsa wood base to serve as
the foundation (Figure 1). Before beginning their construction, they were encouraged to be creative in the design of their house. In the building of their house,
students were able to see and implement the concept of
joint reinforcement, which was introduced to them in
the classroom portion. The instructor and undergraduate student aides walked around from table to table, posing questions and encouraging the student teams in
their design. For example, groups were also asked to
think about how the height of their structure would
change its behavior in the wind tunnel. Once a team
completed their house, they gathered around the wind
tunnel and watched their structure as the wind speed increased. The wind tunnel consisted of a motor and fan,
and exhaust output from the fan was narrowed at its exit
to accelerate it and direct it toward the student structures anchored on the base track (Figure 2). A manometer calibrated to wind speeds allowed students to
estimate the winds their structure was receiving, and
flow speeds up to 150 mph were measured at the exit of
the fan exhaust. Students were given 10 to 15 min to

Figure 1 Students built balsa wood houses on a pre-constructed
base to test in a wind tunnel. As part of the 2012 USNA summer
STEM camp.
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design and build a simple house-like structure out of the
allocated balsa wood pieces and tape. Each team then
placed their constructed home in the metal base of the
wind tunnel (Figure 2), and the motor was turned on.
Wind speeds increased approximately 30 mph per 5 s,
taking between 25 and 30 s to reach maximum speed.
While the motor was ramping up to full speed, students
in that team were asked what part of their house they considered to be the weakest. Typically, students responded
that the roof, or the walls, would be the weakest points.
The instructor immediately followed up by asking them
why those locations might be the weakest in their structures, and students typically responded that those would
be the weakest because they have the most connections,
because they would bear the greatest load from the wind,
or because they are joints that have more points of failure.
For safety, students were required to stand behind the
wind tunnel outlet and wear safety goggles during the operation of the wind tunnel. If the structure survived the
motor ramp up to full speed, it was required to stay intact
for an additional 5 to 10 s before the fan was turned off.
During the 2012 module iterations, approximately 50% of
the structures survived their time in the wind tunnel and
50% did not, and some of the structures exhibited exciting
‘catastrophic’ failures, whereby they nearly survived but
then rapidly exploded in the strong wind environment.
Those types of failures proved to be very popular with the
students and resulted in many side conversations about
why the structures nearly survived but then ultimately
failed. If time remained in the module, students were
allowed to modify and re-test their house, either adding
reinforcements to their structure if it failed in the tunnel
or removing reinforcements if their structure survived the
wind tunnel. For the additional rounds of testing, students
were no longer limited by supplies. They sometimes ended
up wrapping their structures in tape and then placing it in
the wind tunnel, an experiment in which they found that
tape was a surprisingly strong adhesive. The entire module,

Figure 2 Overhead view of the wind tunnel.
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including the classroom and hands-on portions, lasted 50
to 55 min.
Assessment: instrument design and implementation

To quantitatively assess student content learning in meteorology and engineering, students took a four-question
quiz upon entering the classroom portion and then retook the quiz upon departing the classroom portion. In
each instance, students were given 5 min to complete
the four questions. All student quizzes were conducted
anonymously and voluntarily, although those who did
complete the quizzes were asked to write their first
names on their papers so that before and after questions
could be matched to the same person. During the 2-week
period, 146 out of 160 question responses were received.
The paper assessment quizzes were destroyed after the
questions were graded, with only non-identifying information such as scores on the assessments retained for research purposes. The two tornado-related questions were
open-ended, and the two engineering-related questions
were multiple choice. Scores on the multiple choice questions were determined objectively (only the correct answer
was awarded three points), and to reduce some of the subjectivity in the scoring of the open-ended questions, they
were scored by two separate instructors, with the responses given a score of 0, 1, 2, or 3, with 3 being the
highest. Scores from the two instructors were then averaged. Partial credit on the open-ended questions was
awarded for answers that partially captured the basics of
tornado formation and climatology. This style of short assessment that takes a minimal amount of time away from
the instructional module itself is similar to the ‘daily quiz’
of Kwan (2010). Although it is one of the shorter assessment instruments available, it has been found to be a way
to immediately assess student learning (Kwan 2010). Because the assessment is administered immediately after an
activity, it is not intended to quantify long-term retention.
Furthermore, the open-ended meteorology assessment
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questions were similar to those of Barrett and Woods
(2012), who designed a short assessment instrument with
open-ended questions and used that instrument to assess
student learning in a meteorology STEM activity. The engineering assessment questions were designed specifically
to address the issues of structural integrity in a high-wind
environment that were tested in the hands-on portion of
the module. The quantitative assessment questions were
created to fit into the ‘recall’ and ‘understanding’ levels of
Bloom's taxonomy of higher-order thinking (Krathwohl
2002; Bloom et al. 1956). The hands-on portion of the
module allowed students to use this knowledge in a new
situation, and thus, it was designed to fit into the ‘application’
level of Bloom's taxonomy. The questions given to students,
as well as the assessment results, are presented in Table 1.

Results
Results of the learning assessment showed that immediate
student knowledge of basic content in both meteorology
and engineering topic areas increased as a result of their
participation in the 1-h module (Table 1). The first two
questions dealt with meteorology and geography, asking
students which parts of the world experienced the most
thunderstorms and tornadoes. At the start of the module,
students scored an average of 36.3% and 41.8%, respectively, out of a maximum score of 100%. After participating
in the module, mean scores improved to 84.2% and 80.1%,
respectively. These differences between the means of each
question were statistically significant at the 95% confidence level using the Student's t test with a sample size n
of 146. The final two questions tested student knowledge
of engineering and structural design. Here also, student
scores at the start of the module were moderate to low,
averaging 68.5% and 30.8%, respectively. Similar to the results of the meteorology questions, after participating in
Table 1 Learning assessment results from a sample of
n = 146
Question

Pre-STEM Post-STEM
score
score

What regions of the world typically have the
most thunderstorms?

36.3%

84.2%

What regions of the world typically have the
most tornadoes?

41.8%

80.1%

What part of a house do you consider to be
the most structurally vulnerable during the
high winds of a tornado? a. Walls, b. Roof, c.
Bathroom, d. Doors, e. Basement

68.5%

83.6%

What is something that can be done to a
house's structure to make it better resistant to
tornado damage? a. Open windows as a
tornado approaches, b. Tie walls and joints to
reduce load, c. Decrease roof slope to allow
winds to pass over at higher speeds, d. Install
garage door, e. Remove ties between house
and its foundation

30.8%

90.4%

Maximum score for each question was 100%.
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the module, student scores increased to 83.6% and 90.4%,
respectively. Here again, the differences in means was statistically significant at the 95% confidence level. When
using a paired test, whereby individual students' improvements were tracked, mean scores improved across all four
questions by 40.2%. Again, this result was statistically significant at the 95% confidence level. The results of these
four questions show that students clearly learned details
of the geography and climatology of thunderstorm and
tornado occurrence, an outcome that directly supports
the first objective of the module. Furthermore, students
also significantly increased their understanding of structural engineering, particularly with respect to the need to
reinforce joints by tying them together to reduce load, an
outcome in direct support of the second objective of the
module. Together, the statistically significant improvement in scores on all four of the questions in the learning
assessment instrument shows that this interdisciplinary
STEM module was successful at increasing students' content knowledge in both meteorology and engineering.
Although the assessment results were statistically significant, it is important to recognize their limitations. First, in
the interest of maximizing student time actually participating in the module, the assessment instrument consisted
of only four questions. This brevity precluded more
substantial inquiry into content learning, particularly
inquiry into any changes in higher-order knowledge
(such as the ‘applying’ or ‘analyzing’ categories of Bloom's
taxonomy). Second, the assessment was administered immediately after the classroom portion of the module. Thus,
while it revealed significant changes in student knowledge
about meteorology and engineering, it only quantified
short-term learning, not long-term retention. However,
since students only participated in the module for approximately 1 h, these results aligned with expectations of
changes in student knowledge at the ‘recall’ and ‘understanding’ levels.

Conclusions
An interdisciplinary STEM module, given eight times to
160 participants aged 12 to 16 during a 2-week period
during the June 2012 USNA summer STEM camp, was
designed to increase student awareness of the basic meteorological and climatological factors associated with
tornadoes and to increase their understanding of the
basic engineering principles that govern structure behavior
in high-wind environments. The module consisted of a
20- to 25-min classroom portion followed by a 30- to
35-min laboratory exercise. The classroom portion was
interactive and personalized to students' hometowns
and individual experiences, and it focused on the climatology and meteorology of tornado formation and
engineering principles behind tornado damage. The
hands-on portion was also interactive and allowed
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students to creatively design a structure that they considered would survive wind speeds up to 150 mph.
Assessment outcomes indicated that students learned
content in both subjects, with mean improvement of paired
samples on the before-and-after questionnaire of 40.2%.
This result is important because many studies that evaluated the success of STEM modules focused on the impact
on students' interest in STEM and the STEM fields, not
necessarily on their learning of STEM content. Here,
we documented content learning as a result of participation in an interdisciplinary STEM activity, a result
that is important because it shows the value of interdisciplinary STEM activities. Because the most exciting result
for the students seemed to be was when a structure failed
in the high-wind environment of the wind tunnel, particularly so after withstanding the winds for several seconds,
future iterations of this module could take advantage of
this enthusiasm by including higher-order thinking
questions related to the hands-on activity in the wind
tunnel. One such way to do this could be to ask students to predict, before testing their structure in the
tunnel, (1) whether, and why, they thought their structure
would fail (perhaps by giving a percentage chance of survival from 0% to 100%), and then (2) using concepts from
the classroom portion of the module, predict what part of
their structure they thought would fail first. Once they
completed these hypotheses, student groups would be able
to test them immediately in the wind tunnel. In the 2012
iterations of the module, students were sometimes asked
these questions, although future iterations could be more
formal with this kind of assessment, as student responses
would be another indication of whether they learned the
key content of the module. Also, when student groups
whose structures were destroyed in the wind tunnel are
given a chance to rebuild and try again, they could be
asked to discuss the reasons for each change to their
structure. Students whose homes survived would be given
new materials and told to renovate and then test again.
Finally, to quantify the impact of the hands-on part of the
module on student learning, another post-module assessment quiz could be given after the hands-on portion that
included higher-order thinking questions created to assess
student learning as a result of the design-build-test phase.
Given the increase in the number of academic institutions offering these types of STEM outreach activities, it is
important to assess their effectiveness. Recent studies have
found that student participation in these activities impacts
them in a variety of ways, including influencing their
choice of undergraduate major, their impression of the
STEM disciplines, and their desire to pursue a STEM career. However, relatively few studies exist that measure the
effectiveness of these types of STEM activities in terms of
student learning of core STEM content. Thus, institutions
that offer these types of STEM outreach programs may
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wish to consider including content-focused assessment
instruments, similar to the one used in this study, in
addition to their other assessment instruments. This study
has shown that content assessment can be a quick, easyto-administer measure of basic student content learning
that offers another way to assess effectiveness of a STEM
activity. We suggest that such assessment instruments include questions specifically tailored for the content of that
particular STEM activity. We also suggest that the postassessment instrument could be administered later than it
was in our study, as knowledge recall is often at its highest
immediately after the information is presented. Finally, we
suggest that institutions consider creating and implementing interdisciplinary outreach activities similar to the one
described here, as a potentially new way to engage students around core disciplinary content.
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