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     Scientific Process & Scientific Literacy Objectives 

1. Explain how hypotheses are generated and tested using the 
scientific method. 

2. Differentiate the types of scientific studies and define their 
role in understanding natural phenomena. 

3. Explain the peer review process and be able to recognize 
primary, secondary, and tertiary sources of information and 
when it is appropriate to use each source. 

4. Summarize the scientific method through a case study. 



Lecture Objective 1

  

   

Objective 1: Explain how 

hypotheses are generated 

and tested using the scientific 

method. 



     

   
       

     
   

    

    

   

 

Image from Science in HD, Unsplash. 

Science = knowledge and 
understanding of the natural 
universe based on facts 
learned from experiments and 
observations. 
Science as a body of knowledge is 
ALWAYS changing. Facts, data, and our 
understanding of the natural universe 
changes over time as scientists discover 
and learn new things. 

Science is a process of discovery. 

https://unsplash.com/photos/StGNEUWXDBI
Professor Commentary
Sticky Note
To understand how the scientific process works, let’s first look very broadly at science itself. Science is a body of knowledge and understanding of the natural universe based on facts learned from experiments and observations.  Science as a body of knowledge is not static, but rather it is the process of discovery that is in constant motion as our understanding of the natural universe evolves.  Scientists make new observations, conduct new experiments, which yield new data, new knowledge and new understanding. Scientists are constantly testing new hypothesis and theories and making new discoveries about our universe. 




The Scientific Method

       

      

     

       

     

      

    

       

    

 

The Scientific Method 

1. Recognize an unexplained occurrence or ask a question 

2. Develop a hypothesis to explain the occurrence 

• Hypothesis = a proposed explanation for an 

observed phenomenon 

3. Design and perform experiments that test hypothesis 

4. Analyze and interpret data to reach conclusion 

5. Share knowledge with scientific community and public 

• Publish research article in a journal, give 

research presentation at a conference 
Image from Efbrazil, Wikimedia Commons. CC BY SA 4.0 

https://creativecommons.org/licenses/by-sa/3.0/deed.en
Professor Commentary
Sticky Note
The scientific method is an empirical process, which means it is based on observations and/or experiments.  The scientific method typically involves five (or six) steps: 
1.Recognize an unexplained occurrence or ask a question
2.Develop a hypothesis to explain the occurrence
•A hypothesis is a proposed explanation for an observed phenomena
3.Design and perform experiments to test the hypothesis
4.Analyze and interpret data to reach a conclusion
5.Share knowledge with scientific community and the public by publishing research article in a professional journal or giving a scientific presentation at a professional conference.




       
        

        

        
     
 

   
        

   

       Hypothesis = proposed explanation for an observed phenomenon 

Hypotheses lead scientists to new discoveries and understanding about an 
unexplained phenomenon. When developing a hypothesis, scientists often 
begin with a theory. A hypothesis is a statement, not a question. 

Theory = an explanation of a natural phenomenon that is widely 
accepted, is supported by data and has been extensively and 
rigorously tested 

Characteristics of a well-developed hypothesis: 
1. Testable and falsifiable (experiment that disproves the idea in question) 
2. Logical (informed by previous experiments and observations) 
3. Specific 

Professor Commentary
Sticky Note
An important part of the scientific method is developing a hypothesis. Hypotheses lead scientists to new discoveries and understanding about an unexplained phenomenon.  When developing a hypothesis, scientists often begin with a theory.   A theory is a widely accepted explanation of a natural phenomenon that is supported by data and has been extensively and rigorously tested.  Characteristics of a well-developed hypothesis are: hypothesis should be testable and falsifiable, meaning I should be able to conduct an experiment that disproves the idea. Hypothesis should be logical and informed by previous experiments and observations.  Finally, hypothesis should be specific enough to allow a scientist to conduct experiments and collect data, which can be used to accept or reject the idea.  




  

        
     

        
  

    
  

     
    

         

Formulating a Hypothesis 
In order to formulate a hypothesis, scientists make observations and 
collect data about a natural phenomenon. 

Empirical observations are derived from experience or experiments 
and provide us with information that can be detected with our 
senses or with instruments and equipment that enhance our 
senses (e.g., microscopes and telescopes extend our vision). 

Scientists use observations and their analytical ability to ask questions 
to make inferences – conclusions based on observations, evidence 
and reasoning. 

As more information and data are collected, scientists can formulate a 
hypothesis. 

Image modified from OpenStax, CC BY 4.0. 

https://cnx.org/contents/agVo2CPX@15/The-Science-of-Biology
https://creativecommons.org/licenses/by/4.0/
Professor Commentary
Sticky Note
In order to formulate a hypothesis, scientists make observations and collect data about a natural phenomenon.  Empirical observations are derived from experience or experiments and provide us with information that can be detected with our senses, or with instruments and equipment that enhance our senses.  For example, a microscope allows us to see tiny objects that are too small to be seen with the naked eye.   Scientists use observations, measurements, and data and their analytical ability to ask questions to make inferences or draw conclusions based on observations, evidence and reasoning.   As more information and data are collected, scientists can formulate a hypothesis. 




  

       
     
      

      
         

      
     

       
      

      
    

  Testing a Hypothesis 
Scientists design an experiment in order to test 
their hypothesis. There are many different types 
and forms of experiments, but they all have 
formal procedures that the scientists adhere to in 
order to be a “fair test” of their predications. 

At the conclusion of the experiment, scientists 
analyze all the collected data. This process may 
take days or even years. Based on this analysis, 
the scientists will determine if the experiment has 
statistically disproven the hypothesis. If so, it is 
likely they will alter their hypothesis and try 
again. 

Image modified from OpenStax, CC BY 4.0. 

https://cnx.org/contents/agVo2CPX@15/The-Science-of-Biology
https://creativecommons.org/licenses/by/4.0/
Professor Commentary
Sticky Note
After a hypothesis is formulated, scientists design experiments in order to test the hypothesis. There are many different types and forms of experiments, but they all have formal procedures, techniques and methods that scientists follow in order to have a “fair test” of their prediction. 

At the conclusion of the experiment, scientists analyze the data they collected. This process may take days or even years. Based on their analysis, scientists will determine if the experiment has statistically disproven the hypothesis. If so, they will likely modify their original hypothesis and try again.  While a hypothesis may be correct many, many times, its generally accepted that a hypothesis can never be true 100% of the time because its impossible for scientists to test all possible cases.  




      
        

        
      

     
      

    
      

       
     

Level of Certainty 
With more evidence, experimentation, and data, scientists 
can achieve a higher the level of scientific certainty. 

However, science can never achieve 100% absolute proof 
that is unquestionable because science is built around 
asking more questions and conducting more experiments 
to determine if a hypothesis is correct. 

Scientists typically say that hypotheses can be disproven, 
rather than hypotheses can proven. This is because its 
impossible for scientists to test all cases and all conditions 
for a hypothesis. 

Law 

Theory 

Hypothesis 

Observations 

Professor Commentary
Sticky Note
As more evidence, experimentation, and data is obtained for a hypothesis a higher the level of certainty is achieved. 

However, in science we can never achieve 100% absolute proof that a hypothesis is unquestionably true.  Science is built around asking questions and conducting experimentation. 

Scientists often say that a hypothesis can be disproven, rather than hypothesis can be proven. This is because its impossible to test all cases and all conditions for a hypothesis.  

A hypothesis is a tentative explanation of an observation.  A theory is a comprehensive explanation of an observation that is well-supported by a multitude of experimentations, observations and facts gathered over a long period of scientific inquiry.  A law is a rule for how nature will behave, and many laws can be written as mathematical equations.  Even a scientific law can have exceptions and evolve over time with new discoveries.  Thus, science is constantly evolving and constantly in motion.       




   

  

 
  

   
   

   
 

 
   

 

The scientific process is an 
ongoing process. 
Scientists are always 
making observations, 
asking questions, building 
and testing hypotheses and 
revising their findings. This 
never-ending process 
allows for continuous 
discovery about the natural 
world and more reliable 
and informed data. 

Image by ArchonMagnus, Wikimedia Commons. CC BY-SA 4.0. 

https://commons.wikimedia.org/wiki/File:The_Scientific_Method_as_an_Ongoing_Process.svg
https://creativecommons.org/licenses/by-sa/4.0/deed.en
Professor Commentary
Sticky Note
The scientific process is an ongoing process. Scientists are constantly making observations, asking questions, building and testing hypotheses and revising their discoveries. 

This never-ending process allows for continuous discoveries in the natural world and a new understanding of our universe.

Here we see a graphic describing how scientists work to understand the world around us.  Scientists make observations, ask questions, formulate hypotheses, conduct experiments to test predictions, collect and analyze data, refine, alter, expand or reject hypotheses, and develop general theories about how nature behaves.  




 

    

    

Objective 2: Differentiate the types 

of scientific studies and define 

their role in understanding natural 

phenomena. 



Image from NOAA, Unsplash. Image from CDC, Unsplash. 

Scientific studies can take place anywhere 

Field-site research Laboratory research 

     

https://unsplash.com/photos/qOpZhAROF_4
https://unsplash.com/photos/_N7I1JyPYJw
Professor Commentary
Sticky Note
Scientific studies can take place anywhere. Scientists can conduct field research in a natural setting, or a scientist may conduct research in a controlled setting like in a laboratory. Depending on the discipline, one may be more common than the other.  For example, an ecologist who is interested in studying biodiversity will likely be found conducting their research out in the field, like the Amazon Rainforest.  A biochemist studying molecular biology, on the other hand, will likely be found in a laboratory setting where they can conduct research in a very controlled environment.   




Studying the Natural World

    

    
   

     
     
    

   

    
     

    
        

    
Image by Tomwsulcer, Wikimedia Commons. Public Domain. 

Scientific studies are developed to teach us 
about the natural world. The goal is to 
provide more accurate explanations of how 
the universe functions, as well as explain 
how individual components work together to 
create fully functional systems. 

Scientific studies can only be used to 
provide answers to our questions about the 
natural world.  

Science cannot answer philosophical 
questions. Science can’t be used to explain 
supernatural phenomena or entities. 

https://commons.wikimedia.org/wiki/File:California_redwood_trees_giant_tree_looking_straight_up.JPG
https://creativecommons.org/publicdomain/zero/1.0/deed.en
Professor Commentary
Sticky Note
Scientific studies are developed to teach us more about the natural world. The goal is to provide more accurate explanations of how the natural world functions, as well as how nature’s individual components fit together to form fully functional systems. 

However, science does have limitations. Science cannot answer philosophical questions or explain supernatural phenomena or entities. 




 
  

   

  
     

      
     

     
    

   
      

 
 

   
 

   

Image from NOAA, Unsplash. 

Weather Balloon used 
to take instruments 
up into atmosphere 

Atmospheric Scientists attaching 
instruments to balloon 

Observational Study = 
scientists collect data in the 
real world without 
intentionally manipulating 
the subject of the study 
In these studies, scientists gather data, 
collect samples, measure or compare the 
number of sightings, etc. without any 
manipulation of the samples. These 
observations are valuable in environmental 
science as scientists can study natural 
systems that cannot be replicated in a 
laboratory setting. 

https://unsplash.com/photos/5hZJVGPG6vo
Professor Commentary
Sticky Note
Let’s look at one type of scientific study called observational studies.  An observational study occurs when scientists collect data in the real world without intentionally manipulating the subject of the study.  Here we see scientists releasing a weather balloon that will be used to carry instruments aloft to collect and transmit atmospheric data back to scientists working on the ground.

In observational studies, scientists gather data, collect samples, and measure or compare the number of sighting whales, for example, without any manipulation of the sample or environment. Scientists do not change the speed of the wind or the temperature of their surroundings, these variables all remain natural. 

Observational studies are valuable in environmental science, because scientists can study natural systems, which cannot be replicated in a lab.  For example, scientists are not able to realistically replicate a river system in a laboratory setting in order to test a hypothesis on speed of erosion at a riverbank. 




Experimental Study

    

  
    

    
    
     

   
 

    
   

   

 

     

 

 

 

Image by Diana Polekhina, Unsplash. 

Scientists add different chemicals to 
apple and observe changes to apple 

Chemical 1 

Chemical 2 

Chemical 3 

Experimental Study = data is 
collected using intentional 
manipulation of experimental 
conditions 
Experimental studies involve 
manipulating the independent variable. 
The observed change is measured as 
the dependent variable. These studies 
are important in environmental science 
as they allow researchers to test specific 
variables. 

https://unsplash.com/photos/ONuLIzB0UtA
Professor Commentary
Sticky Note
Another type of scientific experiment is an experimental study. In an experimental study, data is collected by scientists after intentionally manipulating the experimental conditions. Here, we see scientists injecting three different chemicals into an apple so they can observe what happens to the apple.  The chemicals could be anything from pesticides and herbicides to preservatives, minerals or vitamins.  

Experimental studies involve manipulating an independent variable. After the independent variable is altered, the observed change is measured as the dependent variable.  In this example, a scientist could change the amount of Chemical 1 added to an apple and observe the change in the apple.  The scientist could measure changes in apple’s size, color, weight, shelf life, dead or living, etc.  In this scenario, chemical 1 is the independent variable and the apple is the dependent variable.  Perhaps the scientists are testing preservatives to determine which preservative keeps apples fresh and extends shelf life.  The scientists would inject apples with different types preservative and different amounts of preservative and then measure the apples’ shelf life, freshness, taste, and color.    

Experimental studies like these, are important to environmental science because they allow scientists to test specific variables. 




        
             

          
              

           
                

               

             
               

              
    

Variables 
Scientists conduct experiments to search for cause-and-effect relationships between variables. 
Variables are traits, factors or conditions that can exist in different amounts, forms, and types. 

The independent variable is the variable in an experiment that is manipulated or changed by 
a scientist. For example, amount of Vitamin C a scientist gives to a child. 

The dependent variable is the part of the experiment that the scientist focuses their attention 
on to observe how it changes, how it is affected by, or how it responds to the independent 
variable. For example, the scientist observes whether a child who takes Vitamin C gets the flu. 

The control variable is the part of the experiment that the scientist wants to remain constant. 
For example, in the study to determine if Vitamin C prevents children from catching the flu, all 
children in the study have the same diet (calories, meats, vegetables, grains). Diet is constant 
for all children. 

Professor Commentary
Sticky Note
Scientists' control, manipulate and observe variables when performing experiments in order to search for cause-and-effect relationships between the variables. 

An independent variable is the variable that the scientist manipulates or changes.  For example, the amount of Vitamin C given to a child.   

The dependent variable is the variable that the scientist observes and measures to see how it changes.  For example, does the child who takes Vitamin C get the flu.   

Control variables are those elements that remain fixed and constant during the experiment.  For example, constant temperature, constant sunlight, constant pH.  

If scientists are trying to determine whether Vitamin C prevents children from getting the flu, the control variables may be that all children have the same diet, all children go to the same school, all children are the same age, etc.   




    

     

        
       

 

      
           

    

        
          

        
      

    

Image by Julia Koblitz, Unsplash. 

Test Group and Control Group 
Experimental studies utilize test groups and control 
groups. 

Test Group (Experimental Group) = the group that is 
exposed to the independent variable and is changed 
or manipulated 

Control Group (Placebo) = the group is separated 
and isolated from the rest of the experiment so that the 
independent variable cannot influence it 

For example, children in the test group drink a small 
can of Coca-Cola containing 100 mg of Vitamin C. 
Children in the control group drink a small can of 
Coca-Cola containing no Vitamin C. 

https://unsplash.com/photos/RlOAwXt2fEA
Professor Commentary
Sticky Note
Much like the independent variable and dependent variables, experimental studies also have a test group, also called an experimental group, and a control group, also called placebo. 

The control group receives a placebo, for example, a small can of Coca-Cola each day. The placebo is an inert treatment or substance that has no effect on the group.  

The test group is given a treatment or substance, for example, a small can of Coca-Cola that also contains 100 mg of Vitamin C each day.  

The test group is then observed by a scientist and compared to the control group.  In our example, scientists may want to know if Vitamin C prevents people from getting the flu.  Therefore, the doctor will observe her patients over a period, maybe 6 months, to see who gets the flu.  From her observations, she can determine if Vitamin C prevents people from getting the flu in her experiment.  




   

         
            

         
     

Importance of Scientific Studies 

Scientific studies are important in that they help us better understand the universe 
and how it functions. Scientific studies allow for new discoveries that can lead to the 
development of new technologies and treatments. Scientific studies can also lead 
to advancements in society, education, policies and laws. 

Image by Donald Giannatti, Unsplash 

https://unsplash.com/photos/Wj1D-qiOseE
Professor Commentary
Sticky Note
Scientific studies are important in that they help us better understand the universe and how it functions. Scientific studies allow for new discoveries that can lead to the development of new technologies and treatments. Scientific studies can also lead to advancements in society, education, policies and laws. 



   

   
     

       
      

        
    

   

   

  

    

Precautionary Principle = 
acting in a cautious way by 
providing a margin of safety 
when outcomes are uncertain, 
or actions can have serious 
consequences 
Governments often rely on this principle 
when enacting policies that impact society or 
the environment. For example, the U.S. 
Food and Drug Administration (FDA) will only 
approve a vaccine for use after it has passed 
through a scientific and regulatory review 
process for quality, safety and effectiveness. 

Image by Maxweiss1, Wikimedia Commons. CC BY-SA 4.0. 

https://commons.wikimedia.org/wiki/File:Precautionary_Principle.png
https://creativecommons.org/licenses/by-sa/4.0/deed.en
Professor Commentary
Sticky Note
Scientific studies provide us with a plethora of data and information. Scientists analyze their data looking for patterns, connections, cause and effect. They publish their findings in scientific journals.  Their findings answer questions like:  What do the results mean? Do the results support a particular hypothesis?  Are the results significant?  Did we discover something new?  Are new experiments required to better understand this process?   

The precautionary principle is a principle that promotes society acting in a cautious way, leaving a safety margin when data are uncertain or severe consequences are possible. 

Governments often rely on the precautionary principle when making policies in cases that could potentially involve harm. As an example, a governing body delays the release of a vaccine to the public until it has passed rigorous scientific review and regulatory review for quality, safety and effectiveness.  In engineering the precautionary principle manifests itself as a safety factor.  For example, engineers determine that an elevator can lift 10,000 pounds, but they limit the elevator’s actual operation to 1,000 pounds (or 10% its maximum load).  

People can sometimes become frustrated by what they view as “slow” speed or “lack” of progress when guided by the precautionary principle. Policy, science and engineering that is guided by the precautionary principle is often slow, tedious and methodical so that we have data that is accurate, precise and thorough, which we can then use to make well-informed decisions.  




   

     
   

      
 

    

     
   

     
   

  Sharing Scientific Results 

The scientific process is complete when a scientist 
reports their findings to the public. 

Scientists share the results of their research with 
the public by: 

1. Publishing research articles in peer-reviewed 
journals 

2. Presenting their research at conferences, 
universities and other professional venues 

3. Publishing their work in other media outlets 
such as books, documentaries, podcasts 

Image by Sigmund, Unsplash. 

https://unsplash.com/photos/QbCGUxaa4So
Professor Commentary
Sticky Note
The scientific process is completed when a scientist shares their findings with the public.  Sharing discoveries, knowledge, understanding, ideas, theories and novel facts with the public is very important.   Sharing results ensures that scientific work can be used to improve people’s lives, improve our quality of life, benefit society and protect and preserve Earth.   

The gold-standard for sharing scientific results is for a scientist to publish a research article in a peer-reviewed journal.   Scientists also present their work at professional conferences, colleges and universities, or publish their work in other media outlets such as books, documentaries or podcasts. 




      

 

      
  

      
   

         
           

  Sharing Scientific Results 

Sharing research benefits the scientific community and the public. 

Communicating research: 

1. Strengthens connections and collaborations among scientists that lead to new 
research projects and discoveries 

2. Promotes critical thinking and understanding and helps individuals, 
governments and society make well-informed decisions 

3. Encourages people to look at a problem differently, explore new avenues to 
solve a problem, and build upon one other’s research to make new discoveries 

Professor Commentary
Sticky Note
Sharing scientific results not only benefits the scientific community and the public. 

Communicating research results:

1.Strengthens connections and collaborations among scientists that lead to new research projects and discoveries
2.Promotes critical thinking and understanding and helps individuals, governments and society make well-informed decisions
3.Encourages people to look at a problem differently, explore new avenues to solve a problem, and build upon one other’s research to make new discoveries 
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Objective 3: Explain the peer review process and 

be able to recognize primary, secondary, and 

tertiary sources of information and know when it 

is appropriate to use each source. 



    

         

       
   

 

Scientific Literacy = the knowledge and understanding of 
scientific concepts and processes required for personal 
decision making, participation in civic and cultural affairs, 
and economic productivity 
Definition from National Academy of Sciences, National Science Education Standards, 1996 

Image from Tengyart, Unsplash. 

https://unsplash.com/photos/QupA-SsjUGY
Professor Commentary
Sticky Note
Scientists conduct experiments, collect data and make observations to advance knowledge and understanding,  However, this information isn’t very useful to us unless we are scientific literate.  Scientific literary is the knowledge and understanding of scientific concepts and processes required to make personal decisions, participate in civic and cultural affairs and be economically productive.  Scientific literacy comes from having a well-rounded education and an appreciation and understanding of primary sources and secondary sources of information.   




 

   

    
 

        

     

 
 

   

Primary Source = a source of information that presents 
original data and original research from a firsthand 
account, in science this is most often a journal article 
Examples: 
• Research article published in a professional journal and authored by 

scientists who conducted the research 
• Patent 
• Eyewitness account (interview, photograph, etc.) 
• Artwork 
• Autobiography In science, a peer-reviewed 
• Organizational record, report or account journal article is considered 
• Recorded data the “gold standard” for 

primary information. 

Professor Commentary
Sticky Note
When thinking about scientific literacy, we need to consider the different sources of information and understand what makes each source different.  We want to get our information from sources that are credible, reliable, reputable, and trustworthy.  In science, the “gold standard” for primary information is a peer-reviewed journal article.  

A peer-reviewed journal article is a primary source that presents original data and firsthand information from the scientists who conducted the research. The data, results and information is coming straight from the source, i.e., the scientist, the information has not been diluted or passed from another source.  

In addition, a journal article published in a professional journal has gone through a rigorous peer review by expert scientists prior to being published to ensure a high-quality of work.  Those articles that fail to meet the journal’s standards are rejected, not published and never read by the general public.  The top journals tend to have high rejection rates, (e.g., 70%), to help ensure high quality.

Other examples of primary sources include patents, eyewitness accounts, artwork, autobiographies, organizational records and accounts, and recorded data.

Primary sources can be difficult to understand because they often contain highly technical language, complicated equations and complex processes that a lay audience may find difficult to understand.   




           
       

       
          

        
      

  
    

   
      

  
    

  

  Scientific Journal Articles 
Scientific journal articles provide first-hand 
accounts of new research. These 
publications function to communicate 
scientific research to the public. There are 
thousands of professional journals 
publishing tens of thousands of new 
articles each year. 

Here we see an article written by Lower et al., 2011, and 
published in the journal, Proceedings of the National 
Academy of Sciences. All journal articles have these 
parts: (a) title, (b) author names, (c) abstract, (d) 
introduction, (e) results & discussion, (f) figure, (g) table, 
(h) materials and methods, (i) acknowledgements and (j) 
references. 

Professor Commentary
Sticky Note
The most common primary source of scientific research is a journal article.  There are thousands of scientific journals, each publishing hundreds of new scientific articles each year.  Most journals are highly specialized and articles that are published have went through a peer-review process to ensure the article meets the journal’s standards for quality, impact and validity.  A journal article is part of the scientific process and represents a scientist’s end-product that describes their research, findings and discoveries.     

Scientific journal articles provide first-hand accounts of new research. These publications function to communicate scientific research to the public.  Articles tend to use highly technical language and can be difficult for a lay audience to understand. 

Here we see an example of a published journal article that was written by Lower et al., 2011 and published in the journal Proceedings of the National Academy of Sciences. 

Journal articles can be quickly distinguished from other sources because they contain several identifiable parts including title, author names, abstract, introduction, results and discussion, figures and tables, material and methods, acknowledgments and references. 



Peer Review

          
         

      

       
           

         
  

 

Peer Review = A process used by scientific journals where 
a scientist’s work is evaluated by experts to determine 
whether it is of a high enough quality to be published in a 
journal as an article. 
Peer review is done to ensure that research is original, that experiments are 
conducted in an appropriate manner, that data support results and conclusions 
and that articles meet quality standards set forth by the publisher. 

Only those articles that successfully pass through the peer-review process 
are published and read by the public. Articles that do not make it through the 
peer review process are rejected, not published and therefore never read by the 
public. 

Professor Commentary
Sticky Note
Scientific journal articles are also different for other primary sources because they go through a peer review process prior to publication. 

Peer review is a process whereby researchers’ work is evaluated by experts to determine whether it is of a high enough quality to publish in a journal. 

Just because a scientist submits a paper to a journal for publication doesn’t mean the paper will be published as an article in the journal. Many papers are rejected and never published and so the public never sees them. 

Before any scientific paper is published it must successfully pass through the peer review process. This consists of a journal editor sending the paper to several experts (typically 2-4 reviewers) to review the paper and give it a thumbs up (i.e., publish the paper) or thumbs down (i.e., reject the paper).  Reviewers can also send the paper back to the authors and request additional work (e.g., additional experiments, clarification, revisions).   

The best journals have high rejection rates and low acceptance rates.  Its typical for high-impact journals to reject 70% or more of the papers they receive so that less than 30% are accepted and published as an article in a journal. 

If a paper is rejected, then the scientist has to “go back to the drawing board” and start over and the public will never read the paper. Rigorous peer review ensures that only the highest quality science is published and read by the public. 




Peer Review diagram  

         The Peer Review Process is part of The Scientific Process 

Observations 

Questions 

Hypothesis 

Prediction 

Test 

Results 

Fail to 
reject
hypothesis 

Reject
hypothesis 

Scientific 
paper 

Publish paper
in scientific 

journal 

Further 
research by 
scientists 

Paper
rejected 

Paper
accepted 

Peer review 
of Paper 

Professor Commentary
Sticky Note
Here we see a diagram of how peer review and publication of a journal article fits into the scientific process.  

Scientific papers are often rejected by peer review.  The most prestigious journals tend to have low acceptance rates (e.g., they accept/publish less than 30% of the papers they receive).  These journals reject the majority (e.g., 70%) of papers they receive.

When a paper is rejected by a journal it means the public will never read this paper and never learn about the research.

It also means that the the authors (that is, the scientists who conducted the research and wrote the paper), must do more work, write a new paper and then submit this new paper to either the same journal or another journal where their paper will go through a whole new peer review process.   

It is possible that this new paper successfully passes through the peer review process and is published by a journal.  

It is also possible that this new paper is repeatedly rejected by journals and never published. 




Peer Review example

        
        

          
           

          
         

             
     

         
          

          
            

         
      

         
         

          

  

  

Peer Review Example 
Step 1. Dr. Brutus Buckeye, professor at OSU, conducts research and 
writes a paper about his research that he wants to publish. 

Step 2. Dr. Buckeye sends his paper to Dr. Tina Traveler who is a 
professor at the University of Southern California (USC) and an editor for 
the Journal of Natural Systems. Dr. Traveler reads the paper to determine 
if the research is original, significant and appropriate for publication. Dr. 
Traveler will either reject the paper outright or send the paper to several 
experts to evaluate. A paper is typically reviewed by 2-4 experts. 

Step 3. Dr. Olivia Oxley (professor at University of Oxford), Dr. Dan 
Bulldog (professor at Yale University) and Dr. Roberto Floresta (professor 
at Universidad de Sao Paulo) agree to review the paper. The three 
professors read the paper and write a thorough and detailed review of the 
paper. They send their reviews to the editor (Dr. Traveler) and recommend 
that the paper be accepted or rejected. 

Step 4. The editor (Dr. Traveler) reads all three reviews, their 
recommendations and then she makes an overall decision to accept or 
reject the paper for publication in the Journal of Natural Systems. 

Professor Commentary
Sticky Note
Let’s look at an example.  

Step 1: Here we have Dr. Brutus Buckeye, a professor at Ohio State University who conducted research, wrote a paper about the research and submitted his paper to the Journal of Natural Systems for peer review and potential publication.

Step 2:  Dr. Tina Traveler, who is a professor at the University of Southern California, is an editor at the Journal of Natural Systems and she oversees Dr. Buckeye’s paper.   As editor, Dr. Traveler reads the paper to determine if the research is original, significant, and appropriate for publication. Dr. Traveler will either reject the paper outright and send it back to Dr. Brutus, or she will send the paper on to the next step for peer review. 

Step 3:  Dr. Traveler sends the paper to experts for review.  She sends the paper to three experts:  (1) Dr. Olivia Oxley, a professor at the University of Oxford, (2) Dr. Dan Bulldog, a professor at Yale University, and (3) Dr. Roberto Floresta, a professor at Universidad de Sao Paulo. These experts agree to review his paper and the three professors read the paper and write a thorough review of the paper. They will send their reviews back to the editor, Dr. Tina Traveler and recommend whether the paper to rejected, modified or accepted. 

Step 4: The editor, Dr. Traveler will read all three reviews and recommendation and then make her final.  Her overall decision will be to accept the paper or reject the paper for publication in the Journal of Natural Systems.  If this is a high-impact journal and all three reviews aren’t excellent, the paper will likely be rejected.
 




Peer Review possibilities 

 

 

 

 

 

Scenario 1 

Scenario 2 

Scenario 3 

Scenario 4 

Scenario 5 
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Here we see several possible outcomes for Dr. Buckeye’s paper as it passed through the peer review process.  Thumbs-up means the reviews recommends accept paper, thumbs-down means the reviewer recommends reject paper.    

In the first three scenarios, all three reviews are negative (thumbs down) and so the paper is rejected, and the public will never read about Dr. Buckeye’s research.  

Scenario 4, the paper may be accepted for publication depending on the quality of the revised paper.

Scenario 5, Dr. Buckeye’s paper received three positive reviews and the paper is accepted for publication in the Journal of Natural Systems.  In a few days to weeks, the paper will be published as an article in the journal where the public can read the article and learn about Dr. Buckeye’s research.   
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Secondary Source = source of information that are not first-
hand accounts but rather have been filtered or interpreted by 
another person, these sources are typically reviewed by an 
editor prior to publication, as opposed to going through a peer-
review process like journal articles. 

Examples: Secondary sources are typically easier to 
• Magazine articles understand than primary sources because 
• Newspaper articles they are written for the general public.  
• Textbooks 
• Documentaries and podcasts Secondary sources are often published more 
• Websites frequently (e.g., newspaper is published 

daily) than primary sources (e.g., journal • Television news reports 
published monthly). 

Professor Commentary
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Secondary sources are sources of information that are not first-hand accounts but rather have been filtered or interpreted by another person.  For example, a journalist writes an article for The New York Times newspaper about a new discovery that was made by scientists working at the U.S. National Institutes of Health (NIH).  These NIH scientists authored a journal article describing their new discovery.  There journal article is a primary source.  The journalist from The New York Times newspaper reads and interprets the journal article and publishes a newspaper article about the research.  The journalist’s newspaper article is a secondary source.  Most people in the general public will read the secondary source rather than the primary source because its easier to read and understand.  

Most people get their scientific information from secondary sources, for example, an hourly news podcast or daily newspaper.  As opposed to getting their information from reading a primary source journal article.  Compared to journal articles, secondary sources, like newspapers, are more popular with the general public to read.  This is because a newspaper article is brief, published rapidly and frequently and is easier to understand.         

Examples of secondary sources are magazines, newspapers, textbooks, podcasts, documentaries, websites, and television news reports. 




    

      
      

   
     

 
     

  
      

     

       
      

   

  

Image by Charisse Kenion, Unsplash. 

Secondary Sources 
• Typically, don’t pass through a peer review 

process prior to publication but rather are 
reviewed by authors, editors and 
producers prior to publication to ensure 
high quality 

• Report on, describe and interpret results 
presented in primary sources 

• Typically, easier to read and understand 
when compared to primary source journal 
articles 

• Typically, do not provide the level of 
technical detail that is reported in a 
primary source (e.g., journal article) 

https://unsplash.com/photos/cJkVMAKDYl0
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Secondary sources are different from primary sources in several ways.  Secondary sources typically don’t pass through an expert peer review process prior to publication like primary source journal articles do.  Prior to publication, secondary sources are reviewed by editors, authors, and producers to ensure to the quality of the piece before its published. 

Secondary sources are typically easier to read and understand when compared to primary source journal articles. They typically do not provide the level of technical detail that is included in a primary source journal article.

Getting credible information from several different well-respected, ethical and trusted secondary sources is important to ensuring the information you receive is verified and accurate.  Trustworthy secondary sources promote accuracy, are transparent by disclosing conflicts of interests, employ well educated and trained people, and abide by a code of journalistic ethics and standards.  Obtaining information from multiple secondary sources, as opposed to just one source, is a great way to avoid bias, gain a better understanding and make well-informed decisions.    




  

  
   

   
 

   
  

   
      

 

       
    

    
  

   
  

   
 

   
    

    
 

   
  

     

Tertiary Sources = sources of information that 
further digest, interpret and report information 
from primary and secondary sources *Scientific standards 

don’t accept tertiary 
Examples: sources. However, some 

tertiary sources can help • Wikipedia itself 
a person find primary • (*however, many topics covered in 
and secondary sources. Wikipedia contain links to secondary 

sources and primary sources) For example, search 
• Guidebooks/directories Wikipedia with the word 
• Blogs “chemistry” scroll to the 
• Social media itself bottom of the page and 

you’ll find links to many • (*however, many publishers of secondary 
credible primary and sources and primary sources have their secondary sources. own social media sites with links to their 

articles) 
Image from Wikimedia Foundation, CC BY-SA 3.0. 

https://commons.wikimedia.org/wiki/File:Wikipedia-logo-v2-en.svg
https://creativecommons.org/licenses/by-sa/3.0/deed.en
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The final sources that we will examine are tertiary sources. These are sources of information that further digest primary and secondary sources to interpret and report information. Tertiary sources aren’t often reviewed by a science editor or expert prior to publication.  Tertiary sources may contain information from reputable sources.  And tertiary sources may contain information from untrustworthy sources.  A person should be cautious when using tertiary sources.  Examples of tertiary sources include Wikipedia, guidebooks or directories, blogs or social media sites. 

Scientific standards don’t accept tertiary sources because they haven’t passed through a rigorous review process prior to publication.  However, when used wisely, some tertiary sources can help a person find well-respected primary and secondary sources.  For example, when you search Wikipedia with the word “chemistry” and scroll to the References section at the bottom of the page you will find links to numerous primary sources and secondary sources.  




   

   
    

    

     
     

     
 

  
       

    

   
       

   

  

 

 

 

 

 

 
 

 
  

Credibility of Sources 
Primary, secondary, and tertiary sources 
have varying levels of credibility and 
should be used differently. 

Tertiary sources have little to no review, 
can be published frequently (e.g., minutes) 
by anyone, including those with little 
scientific background. 

Secondary sources typically go through 
editor review prior to publishing and are 
published frequently (e.g., hourly, daily). 

Primary sources go through rigorous editor 
review and expert peer review and take 
months to years before they are published. 

Tertiary Source 

Secondary Source 

Reviewers are 
typically editors 
and/or authors 

Primary Source 

Reviewers are 
editors and 
scientists who 
are experts in 
the field 

Image modified from Portland Community College Library, CC BY-NC-SA 4.0. 

https://www.pcc.edu/library/scripts/know-your-sources/index.html
https://creativecommons.org/licenses/by-nc-sa/4.0/
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Primary, secondary, and tertiary sources go through varying levels of review and have different levels of credibility.  It is important to recognize the limitations of each source, particularly tertiary sources, so that we obtain the highest quality information that allow us to make well-informed decisions in our lives. 

Tertiary sources, for example, often are published after little to no review.  Anyone can publish tertiary information with just a few clicks on social media.  Therefore, tertiary sources should be used with healthy skepticism.   

Secondary sources pass through a review process that typically involves editorial review, prior to publishing. Trustworthy secondary sources promote accuracy, are transparent by disclosing conflicts of interests, employ well educated and trained people, and abide by a code of journalistic ethics and standards.  

Primary sources are the most scrutinized prior to publication as these pass-through both editorial review and expert scientific review prior to publication. Reviews of primary materials are extensive and can take months to years before an article is accepted and published for the pubic to read. Primary sources are always the most credible source of information (compared to secondary and tertiary sources) because of the rigorous review process through which a primary source must successfully pass before it will be published for the public to read.  




Which Source to Use?

    

   
       

    

   
    

     
      

       

   
      

    
      

   
 

 

   

Which source to use? 
When obtaining scientific information, it’s 
important to consider the source and get 
information from multiple sources. 

Primary sources are always the most 
reliable, because they contain firsthand 
information and go through a rigorous 
review process. Their technical language 
can be difficult to read and understand. 

Secondary and tertiary sources are easier 
to understand and can provide sound 
information. However, they are several 
steps removed from the original data and 
pass-through a less rigorous review 
process. 

Image by Jreferee, Wikimedia Commons. CC BY-SA 3.0. 

https://commons.wikimedia.org/wiki/File:Topic_sources_of_information_diagram.png
https://creativecommons.org/licenses/by-sa/3.0/deed.en
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When you are searching for answers to a question, it is important to consider the source.  A bit of healthy skepticism and obtaining information from multiple well-respected sources can help you arrive at a logical conclusion.  Healthy skepticism means that you don’t necessarily assume what you are told to be the truth and you don’t doubt something just for the sake of doubting it.     

Primary sources are always going to be the most reliable and trust-worthy sources of information because they contain firsthand information from the scientists who conducted the research.  However, primary sources contain a lot of technical jargon and can be difficult to read and understand.  Secondary sources can help you understand the research that is contained within the primary source because they are written for a broad audience in a manner that can be understood.  Therefore, well-respected secondary sources can be a great source of sound and accurate scientific information.     

As a college student completing a scientific paper or scientific poster, you should strive to use primary sources as your main information source. 
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Objective 4: Summarize 
the scientific method 
through a case study. 



Using the Scientific Method

  

      
      

     
        

        
       

      
         

     
     

       
       
     

     
  

      

 

Using the Scientific Method – The Disappearing Ozone 
Ozone formation is a natural process that occurs in Earth’s 
stratosphere. High energy ultraviolet (UV) radiation from 
the sun breaks apart molecular oxygen (O2) into two 
oxygen atoms. One of the oxygen atoms (O) then 
combines with an oxygen molecule (O2) producing a new 
molecule with three atoms of oxygen, called ozone (O3). 

Our Sun produces UV radiation, which travels through 
space to Earth. Ultraviolet (UV) radiation emitted from the 
Sun, is particularly dangerous to living organisms. UV 
radiation damages DNA and causes cancer. Earth’s ozone 
(O3) layer occurs in the stratosphere, approximately 30 km 
(20 miles) above Earth’s surface. The ozone layer absorbs 
and blocks nearly all the Sun’s UV radiation thereby 
shielding and protecting all Earth’s organisms from UV’s 
harmful effects. 

Animation from NASA. 

https://svs.gsfc.nasa.gov/vis/a000000/a000800/a000823/index.html
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Ozone formation is a natural process that occurs in a layer of Earth’s atmosphere called the stratosphere. High energy ultraviolet or UV radiation from the sun breaks apart molecular oxygen into two oxygen atoms. One of these individual O atoms then combines with an oxygen molecule to produce a new molecule containing three atoms of oxygen, called ozone or O3. 

Our Sun produces UV radiation, which travels from the Sun through space to Earth.  UV radiation is very dangerous to all life on Earth because it damages DNA and causes cancer. 

Earth’s ozone layer is found in the stratosphere, approximately 30 kilometers (or 20 miles) above Earth’s surface.  The ozone later absorbs nearly all the Sun’s UV radiation and thereby shields and protects all organisms from UV’s harmful effects.  




Ozone Layer
Image from NASA.  

 

https://www.nasa.gov/larc/celebrate-world-ozone-day/index.html
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The ozone later is found in Earth’s atmosphere and shown here as a blue band surrounding our planet.  The formation of ozone (O3) is a slow natural process that occurs in the stratosphere.  Ozone absorbs the Sun’s ultraviolet light and shields living organisms from its harmful effects. Earth’s ozone layer is absolutely important for life on Earth.  Without it, life likely wouldn’t exist on our planet.  

Unfortunately, ozone can also be destroyed, which results in a thinning of the ozone layer.  A thin ozone layer allows more of the Sun’s UV light to reach the Earth’s surface where it comes in contact with living organisms and damages DNA and causes cancer.  The thinning ozone layer is often observed as a hole, which we refer to as the hole in Earth’s ozone layer. 

It took many scientists about 30-years to figure out how and why Earth’s ozone was being destroyed.  After decades of research, scientists determined that human-made chemicals called chlorofluorocarbons, or CFCs, were responsible for destroying ozone molecules in Earth’s stratosphere.  CFCs were discovered in the 1920s and manufactured by humans to be used as refrigerants in air conditioners, refrigerators and freezers.  CFCs were also be used as propellants in aerosol sprays and to make foams for packing material.  Unfortunately, when CFC are used by humans they float up to the stratosphere where they react with and destroy ozone.   

The destruction of ozone by CFCs is an anthropogenic process (i.e., caused by human activity), while the creation of ozone in Earth’s stratosphere is a natural process. 



   

         
       
      

          
       

         
       

  
  

         
           

          
         

  
   

    Using the Scientific Method – Research 
Dr. Susan Solomon is a world-class scientist who, along with 
her colleagues, helped settle a long-standing debate about 
the causes of disappearing ozone over Antarctica. 

In the 1980s, Dr. Solomon led an expedition to Antarctica to 
research the disappearing ozone, in which her team 
measured levels of chlorine in Earth’s stratosphere that were 
100-times higher than normal. Dr. Solomon successfully 
demonstrated that the chlorine was coming from manmade 
CFCs. 

Other scientists showed that chlorine destroys ozone. And 
thus Dr. Solomon was able to combine her research with their 
research to solve the puzzle. She showed that chlorine 
released from CFC in the stratosphere was responsible for 
destroying ozone and creating a large ozone hole over 
Antarctica. 

Image from NOAA, Public Domain. 

https://en.wikipedia.org/wiki/Susan_Solomon
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The first part of the scientific process is asking questions and conducting research to answer those questions.  Dr. Solomon and her team of scientists from the National Oceanic and Atmospheric Administration (NOAA) observed a hole in Earth’s ozone layer over Antarctica.  They hypothesized that the Antarctic ozone hole was caused when ozone molecules reacted with and were destroyed by chlorine atoms that came from chlorofluorocarbons (CFCs).  

Dr. Solomon led an expedition to Antarctica to research the disappearing ozone.  Her team collected data in Earth’s atmosphere using weather balloons and measured concentrations of chlorine that were 100-times higher than expected.  Dr. Solomon’s team completed their research in Antarctica and helped to settle a long-standing debate regarding the cause of the ozone hole above the South Pole.  In 1986, her research team published an article in the journal Nature titled “On the depletion of Antarctic ozone”.  

Their article successfully demonstrated that the Antarctic ozone hole was created when ozone molecules reacted with chlorine atoms on the surface of ice particles floating in high altitude clouds in the stratosphere above Antarctica.  Their primary source journal article “On the depletion of Antarctic ozone” was read by the public, it was picked up by secondary sources like newspapers and evening news programs and in just a few days, the entire world learned about their research and discovery.    
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McMurdo Station 
Antarctica 
Station Live 
Webcams 

Image by Gaelen Marsden, Wikimedia Commons. CC BY SA 3.0. 

https://en.wikipedia.org/wiki/McMurdo_Station
https://creativecommons.org/licenses/by-sa/3.0/
https://www.usap.gov/videoclipsandmaps/mcmwebcam.cfm
Professor Commentary
Sticky Note
This is McMurdo Station in Antarctica where Dr. Solomon and her team completed their research on the Antarctic ozone hole.  Year-round research projects are still completed here at McMurdo Station, which is the major hub for research activities on the continent. 





           
    

         
       

          
   

           
     

        
      

    Using the Scientific Method – Research 
1. In the 1970’s scientists began noticing that ozone concentrations had decreased 33% in the 

Antarctic stratosphere during the Antarctic spring (September-October). 

2. Observations and measurements were made from two Antarctic research sites over a dozen 
seasons. Scientists collected data at these sites. 

3. The data showed increases in CFCs (chlorofluorocarbons), which were also known to 
produce atmospheric chlorine (Cl). 

4. The data suggests that ozone depletion over Antarctica is connected to the increased 
presence of chlorine compounds produced by CFCs. 

5. Based on this evidence, scientists proposed a hypothesis to explain why this was happening 
and developed experiments to test their hypothesis. 

Professor Commentary
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In the 1970’s scientists noticed that the ozone layer had thinned about 33% over Antarctica during their springtime in September and October. These observations were made from two research sites in Antarctica over more than a dozen seasons.  Scientists collected data, which showed increases in CFCs (chlorofluorocarbons), which were also known to produce atmospheric chlorine. 

An inference that ozone depletion in Antarctica is connected to the increased presence of chlorine compounds produced by CFCs. 

Based on this evidence, scientists proposed a hypothesis to explain why this was happening and developed experiments to test their hypothesis. 




     

     
     

     
       

   
    

      
    

   
   

     
      
      

     
     

       
    

    

CFCs contain chlorine (Cl) What are Chlorofluorocarbons (CFCs)? atoms that destroys ozone (O3) 
molecules in the ozone layer CFCs (e.g., CFC-12, CFC-11) were first 

developed in the 1930s as a commercial 
coolant for refrigerators and air conditioners. By 
the 1970s, they were also used in aerosol 
hairspray and to manufacture fast-food 
packages. CFCs were considered safe until 
1974 when scientists published a journal article 
demonstrating that CFCs could destroy ozone. 

CFC-12 CFC-11 
In the 1970s-1980s, Scientists detected CFC 
molecules in the atmosphere. Scientists 
observed that the CFC molecules were 
remaining in the atmosphere for very long 
periods of time and releasing chlorine (Cl) 
atoms when CFC molecules were broken apart 
by UV light from the Sun. 

Image by Josell7, Wikimedia Commons. Public Domain. Graphs modified from NOAA. 

https://en.wikipedia.org/wiki/Chlorofluorocarbon
https://creativecommons.org/publicdomain/zero/1.0/deed.en
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CFCs were made by humans and first developed in the 1930s as a commercial coolant that was used in refrigerators and air conditioners.  By the 1970s, CFCs were used in many consumer products including aerosol hairspray and fast-food packages. CFCs were considered safe until 1974 when scientists published a journal article demonstrating that CFCs could destroy ozone. 

As more and more countries used CFCs to manufacture different products, CFC molecules began to enter the atmosphere in greater and greater concentrations.  In the 1970s to 1980s, scientists detected CFC molecules in Earth’s atmosphere, and they observed that the CFC molecules remained in the atmosphere for very long periods of time. 

The scientists discovered that when CFCs were exposed to UV light from the Sun, the CFC molecules would break apart and release chlorine atoms.  These chlorine atoms are very reactive and destructive. Scientists found that 1 chlorine atom could destroy 100,000 molecules of ozone.  Such destructive potential could cause a large hole in Earth’s ozone layer.   





  

    
      

      
         

    
       

       
     

        
         

    

     
     

 

    

 Ozone 
Hole 

Using the Scientific Method – Hypothesis 
Hypothesis: During the Antarctic springtime 
(September-October) the Sun begins to shine again 
over Antarctica. Polar stratospheric clouds form from 
ice particles floating high in the stratosphere. These ice 
particles provided ideal surfaces for chemical reactions 
to occur. The springtime sunlight releases chlorine 
atoms from CFCs floating in the stratosphere. The 
chlorine atoms reacted with and destroy ozone 
molecules that are also floating in the stratosphere. As 
a result, a hole in the ozone layer develops over 
Antarctica in September-October. 

The scientific process allowed scientists to test their 
hypothesis so they could better understand these 
reactions. October 1985 

NASA Ozone Watch 

Professor Commentary
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Scientist spent many years collecting data on Antarctica about the thinning ozone layer and the increasing concentration of CFCs in the atmosphere. They developed a hypothesis to explain the connection between increasing levels of CFCs and decreasing levels of ozone in the atmosphere over Antarctica. 

Their hypothesis was that in the Antarctic springtime (September – October), polar stratospheric clouds would form from ice cloud particles floating in the stratosphere. These ice particles provided ideal surfaces for the chemical reactions to occur that freed chlorine atoms from CFCs.  The springtime sunlight caused the chlorine atoms to react with and destroy ozone molecules causing a hole to form over Antarctica in the ozone layer.  




Using the Scientific Method - Experiment

   

     
          

 

   
         

      

        
      

   

     
 

    

   

 

Using the Scientific Method – Experiment 
Scientists knew Earth’s ozone layer blocks UV light 
from the Sun and that UV light causes skin cancer in 
humans. 

Observational experiments were conducted by 
scientists to determine if a thinner ozone layer led to 
increased incidences of skin cancer in humans. 

Skin cancer rates prior to and after ozone depletion 
were compared. Scientists found skin cancer 
increased with ozone depletion. 

Alternative hypotheses were tested but not 
supported by data. 

Image from NASA. Public Domain. 

Ozone Layer
10-40 km 

https://en.m.wikipedia.org/wiki/File:Ozone_altitude_UV_graph.svg
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Using the scientific method, scientists wanted to test their hypothesis that a thinner ozone layer would lead to increased incidences of skin cancer in humans.  These experiments were conducted in the 1980s-1990s. Skin cancer rates prior to and after ozone depletion were compared and shown to be statistically different.  Data collected by scientists indicated that the incidence of skin cancer would increase by 2% for each percent ozone reduction.  Thus, a thinner ozone layer leads to increased incidences of skin cancer in humans.  Alternative hypotheses were also tested but were not supported. 




  
    

       
     

      

    
   

     
     

      
       

         
      

    Using the Scientific Method – Data NASA Ozone Watch 
As the body of scientific evidence has grown 
over the past 40 years supporting the CFC 
hypothesis for ozone depletion, it has become 
the accepted explanation for Earth’s ozone hole. 

Data is continuously collected by satellites, and 
Earth’s ozone layer is continuously monitored. 
NASA has Ozone Watch Maps dating back to 
1979. NASA’s observations over the past decade 
have shown CFC levels declining, and evidence 
that the ozone layer is recovering. NASA is 
hopeful that the ozone hole will be gone and fully 
healed by 2080, over 100-years after it was first 
detected. 

https://ozonewatch.gsfc.nasa.gov/
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As the body of scientific evidence has grown over the past 40 years supporting the CFC hypothesis for ozone depletion, it has become the accepted explanation for Earth’s ozone hole. 

Data is continuously collected by satellites, and Earth’s ozone layer is continuously monitored. NASA has Ozone Watch Maps dating back to 1979. NASA’s observations over the past decade have shown CFC levels declining, and evidence that the ozone layer is recovering.  NASA is hopeful that the ozone hole will be gone and fully healed by 2080, over 100-years after it was first detected.

The reason it has taken so long for Earth’s ozone hole to recover is because humans manufactured and used a lot of CFCs before the Montreal Protocol took effect in 1989, which slowly phased out the production and use of CFCs.  And, CFCs have very long lifetimes from 50 to 100 years.  Therefore, CFCs linger in Earth’s atmosphere for a long-time destroying ozone.  




    
    

    

      
     

  
     

        
      

    
  

 
    

    Using the Scientific Method – Conclusion 
By the mid-1980s, evidence from many 
different scientists had demonstrated that 
CFCs were responsible for ozone depletion. 

• In 1985, experts meet in Vienna to discuss 
ways to solve the problem by regulating 
ozone-depleting substances. 

• In 1987, the international community came 
together in Montreal to produce a plan to 
solve ozone depletion by phasing out the 
production and use of CFCs. 

• Montreal Protocol was signed in 1987 
• In 2009, the Montreal Protocol was 

ratified by all 196 countries. 
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As more and more research was conducted by many different scientists, and more and more journal articles were published, the evidence became overwhelming, and governments were forced to act.  In 1987, the international community came together and signed the Montreal Protocol which phased out the production and use of CFCs.  In 2009, all 196 countries ratified the Montreal Protocol.    

The original 1987 Montreal Protocol has been revised several times.  Several of these revisions are shown on this graph, which shows the abundance of CFCs in Earth’s atmosphere from 1960 to 2100.  You can see the level of CFCs with no protocol versus the levels of CFCs under the original 1987 Montreal Protocol and 2007 Revised Montreal Protocol.

The Montreal Protocol has been successful at bringing the international community together to solve a global problem.  In 1988, President Ronald Regan described the Montreal Protocol as “the result of an extraordinary process of scientific study, negotiations among representatives of the business and environmental communities, and international diplomacy. It is a monumental achievement”.  




   
 

  
   

    
  

   

 
 

 

  

  

Scientists 
detect ozone 
hole and 
determine 
CFCs destroy 
ozone Montreal 

Protocol 
signed 
1987 

Largest ozone hole 
over Antarctica 

Ozone layer fully recovered 

CFCs destroyed ozone 
causing thinning of 

Earth’s ozone layer to a 
minimum concentration 
around the year 2005 
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Here we see a graph that shows the concentration of stratospheric ozone above the Arctic, Antarctic and Globally.  As humans manufactured in used chlorofluorocarbons (CFCs) you can see the concentration of stratospheric ozone decreased from 1970 to a minimum concentration of stratospheric ozone around 2005.  Since 2005, the concentration of stratospheric ozone has been slowly increasing due to the success of the Montreal Protocol.  Scientists are hopeful that Earth’s ozone layer will fully recover over the Arctic by the year 2030, globally by 2050 and over Antarctica by 2100.

Earth’s ozone hole began to form in the late 1960s as humans manufactured and used more and more CFCs for air conditioners, refrigerators, aerosol sprays and packaging materials.  The international community came together to act in the late 1980s, signing the Montreal Protocol in 1987 to phase out the production and use of CFCs.  Earth’s ozone layer is expected to be fully recovered by 2050 to 2080, approximately 100-years after the hole first formed.





