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Context

· The audience for this activity is an undergraduate class on introductory physical geology or quantitative reasoning.
· The skills and concepts that students must have mastered include a basic understanding of natural and anthropogenic influences on climate, using Excel to create and format charts, and interpreting graphic data.
· This activity follows several lectures on Pleistocene and Holocene climate changes. It is the final laboratory exercise in the course.


Goals

· The content and concept goals for this activity include examining historical measurements of temperature and graph temperature anomalies, analyzing and interpreting data related to the sunspot cycle and total solar irradiance, and comparing solar activity and atmospheric composition to the global temperature record.
· The higher order thinking skills goals for this activity involve calculating rates of change for carbon dioxide through time, comparing the patterns of carbon dioxide increase, solar activity, insolation, and the global temperature record, and determining which variable best accounts for the observed increase in mean annual global temperature.
· Other skills goals for this activity consist of analyzing maps of Arctic sea ice extent and regional sea level rise, summarizing variations in carbon dioxide concentrations and global temperatures, and synthesizing and interpreting the data from this activity in a short essay.


Reference

Gilbert N. Plass, G. N., J.R. Fleming and G. Schmidt, 2010, American Scientist Classics: Carbon Dioxide and the Climate: American Scientist, vol. 98, no. 1, pp. 58-67.
https://www.americanscientist.org

Working with Climate Change Data
Part I: The Role of the Sun

Overview

	In this exercise, you examine the history of some natural variations in the energy emitted by the Sun and compare them with temperature changes on Earth.

Learning Objectives

· Examine historical measurements of temperature and graph temperature anomalies
· Analyze and interpret data related to the sunspot cycle and total solar irradiance
· Compare solar activity and atmospheric composition to the global temperature record

Our Sun: The Ultimate Source of Energy for Earth

	All of the energy that we detect as light and heat and other types of radiation originates from nuclear reactions deep inside the Sun's high-temperature "core." This core extends about one quarter of the way from the center of Sun (T ~28 million °F) to its surface (T ~ 10,000 °F). The Sun is mostly made up of hydrogen and helium, plus ~0.1% other elements. The Sun is neither a solid nor a gas but is in a state called plasma. This plasma is tenuous and gaseous near the surface, but becomes denser down towards the Sun's fusion core. (See http://sohowww.nascom.nasa.gov/classroom/classroom.html for more details.)

[image: ]

Figure 1.1. This image, taken 8 January 2002, shows a widely spreading eruption of plasma from the Sun, blasting out into space.
https://www.esa.int/spaceinimages/Images/2018/11/Coronal_mass_ejection


Measuring Earth's Temperature

	Thermometers similar to modern mercury instruments were invented in the 1600s, and people began to measure air temperatures almost immediately. The longest continuous record of average monthly temperatures extends from 1659 to the present for an area in central England.
	A few other places hold intermittent records almost as old, but more widespread and regular temperature measurements did not become common until the 1880s. A temperature record spanning 100-300 years may seem like a large data set, although it is only a small fraction of Earth's history. The instrumental record is, however, long enough to reveal a trend, which has been called by various names: climate change, global warming, climate chaos, or “global weirding.”
	Climate trends may be summarized using average global temperatures, but determining an average surface temperature for the Earth as a whole is a nontrivial process. Thermometers are not distributed evenly across the land surface, and even fewer measurements exist across the oceans. 
	Figure 1.2 illustrates average annual temperatures and trends for the continental United States (excluding Alaska and Hawaii), as calculated from historical temperature measurements. The purple line shows yearly averages for 1895-2018, and the green line plots 5-year averages, which smooths out some of the variability. The horizontal gray line is the average value for the entire twentieth century (1901-2000). Finally, the blue line is the best-fit trendline, which reveals that overall average temperatures for the lower 48 states have increased ~1 °C (1.8 °F) over the past 100+ years.

[image: ]
Figure 1.2. Temperature measurements and trends for the lower 48 states of the US.
https://www.ncdc.noaa.gov/cag/national/time-series


What is a Temperature Anomaly?

	Scientists usually express regional or global average temperatures as anomalies, which are deviations from a chosen reference value. Whenever you see data plotted in terms of anomalies, always check the reference value. In climate studies, the reference value is often the 20th-century average (i.e., the gray line in Fig. 1.2), but the reference period may be 1951-1980 or some other interval, and the specific choice affects how a graph looks.
	Like magnetic anomalies, temperature anomalies may be either positive (warmer than average) or negative (cooler than average). On Fig. 1.2, the vertical difference between the gray line (= reference value) and an annual average (a point on the purple line) represents the anomaly. 
	What causes temperature anomalies? Part of the answer is natural changeability: temperature varies from year to year, and on almost every day, the actual temperature differs from the average value for that day.  In this exercise, however, and in all discussions about global warming, it is important to distinguish between weather (daily and seasonal changes) and climate (average weather over decades or centuries). Look again at the blue line on Fig. 1.2, which is rising through time. Can we explain the observed warming trend by natural variability alone? This question is addressed here.


1. Open the workbook file for this exercise, and click on the “Data” worksheet tab. Columns A and B contain annual average temperature anomalies for the whole world from instrumental measurements. The base period is 1951-1980. Highlight the data in column B for these years, copy, and paste the numbers into cell A1 of the “Temperature” worksheet. Calculate the average value of these numbers, and round your average to two decimal places. What is the average anomaly for 1951-1980?


[bookmark: OLE_LINK5][bookmark: OLE_LINK6]2. Return to the “Data” worksheet, and highlight the instrumental temperature anomaly data (A49:B187). Insert a straight lined scatter chart. Move the chart to the “Temperatures” worksheet. (On a Windows computer, right-click on the chart, select “Move Chart” in the list and then in the popup window, select “Object in” and choose “Temperature” in the dropdown menu. On a Mac, select the chart; in the menu bar, click on “Chart”, then “Move Chart”; in the popup window, select “Object in” and choose “Temperature” in the dropdown menu.)
	Format the chart as follows:
· Change the chart size to approximately twice as long as it is high and delete the legend.
· Change the scale on the Y-axis so that the horizontal axis crosses at -0.6.
· Change the scale on the X-axis so that the minimum value is 1880.
· Click on the data line and change its color to purple.
· Add a linear trendline to your chart and change its color to blue.
· Draw a horizontal line across the graph at Y=0 and change its color to red. (On a Windows computer, click on “Insert” on the ribbon, then “Illustrations”, and finally “Shapes”. On a Mac, click on “Insert”, then “Shape…” or open the Media Browser and choose “Shapes”.)
	In approximately what year does the blue trendline cross the red baseline?


3. Compare your anomaly chart with Fig. 1.2. Are the two graphs identical, similar, different, or opposite? Why are the two graphs related in this way? 



Earth's Temperature and the Sun
 
	Changes in solar activity affect the amount of radiation that reaches the Earth, and thus they can affect temperature and climate. One type of solar variation comes from sunspots. These are exactly what their name implies: darker areas that appear and disappear on the surface of the Sun. They are caused by temporary bursts of intense magnetic activity, which lower the temperature of the Sun's surface. The number of sunspots varies from year to year, increasing and decreasing in a regular pattern. Astronomers have been recording their observations of sunspots systematically starting back in the year 1750. Total solar irradiation (insolation) increases when sunspots are numerous and frequent, i.e., when solar activity is high. In contrast, when sunspots are few, total solar irradiation decreases. Although the changes are small, they can affect Earth’s energy budget.


4. Go to the “Sunspots” worksheet. Follow these steps to add historical sunspot data to the chart on this worksheet:
· Select the chart. On a Windows computer, right-click on the chart and choose “Select Data”. On a Mac, click on “Chart” in the menu bar and choose “Source Data” in the dropdown menu.
· Select the “Blank” series and copy the entire formula in the box labeled “X values”. 
· Add a new series and name it “Sunspots”. 
· Paste the copied formula into the box labeled “X values”. 
· Paste the copied formula again, this time into the box labeled “Y values”, and change both “Ms” to “Ns”.
· Click on “OK” to plot the data.
· Format the data series according to your own choice.
	How many complete sunspot cycles have occurred since record keeping began?


5. What is the approximate average number of years between maxima in sunspot numbers?  Alternatively, you could look at the approximate average number of years between minima.


6. How did sunspot activity change between 1920 and 1950? Compare successive cycles.


7. Click on the tab for your temperature chart. How did temperature change from 1920 to 1950?


8. How did sunspot activity change between 2000 and 2018?


9. Based on questions #6-8, what impact should this pattern of sunspot activity have had on average global temperature from 2000 to 2018?


10. Compare the correct answer to the previous question with the temperature graph for 2000-2018. Is this in fact what happened to temperatures from 2000 to 2018?






Working with Climate Change Data
Part II: The Role of Carbon Dioxide

Overview

	In this exercise, you briefly examine the history of climate science, analyze data for greenhouse gases (carbon dioxide and methane), and assess the possible causes of observed warming.

Learning Objectives

· Calculate rates of change for carbon dioxide through time
· Compare the patterns of carbon dioxide increase, solar activity, insolation, and the global temperature record
· Determine which variable best accounts for the observed increase in mean annual global temperature

Earth’s Atmosphere

	Clearly, many different factors affect climate. The geological record reveals many variations in climate, from world-spanning glaciers (“Snowball Earth”) to ice-free polar regions (“Hothouse Earth”), but the current trends are different from past ones. Scientists have concluded that solar activity alone cannot explain recent global temperature changes. Stable isotopes of oxygen from deep-sea sediments and of hydrogen from ice cores have been used as proxies for temperature to determine that Milankovitch cycles caused glacials and interglacials during the Pleistocene Epoch. Both solar activity and orbital changes affect insolation, but the atmosphere of the Earth also plays a role in climate, and changes in atmospheric composition can affect temperatures at the surface.

[image: ]
Figure 2.1. Major and trace gases in the atmosphere.



A Timeline of Climate Science

	“A very large number of different theories of climatic change has been proposed. As more evidence about past climatic change is obtained, each theory has to meet continually more rigorous tests in order to explain the known facts. Each of the major theories of climatic change predicts a different temperature trend during the remainder of this century. A comparison of these predictions with the actual record at the end of the century [2100] will provide an important text of these theories.” 
	The theories mentioned above include variability of the Sun, changes in the average elevation of the continents, the effects of volcanic dust, and increasing carbon dioxide concentration. Climate studies and the development of these theories began much earlier than many people think (Fig. 2.2); in other words, climate change is not a new or unexpected problem.

[image: ]
Figure 2.2. An abbreviated timeline of climate studies. See the PDF that accompanies this activity for a larger version of this figure.
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]Adapted from https://www.americanscientist.org (vol. 98, no. 1, pg. 58-67)


1. Open the PDF that accompanies this exercise and read through the entries on the timeline. In what year did each of the events in climate science occur?

		 The World Meteorological Society organizes the first world climate conference.

	  	 The annual mean atmospheric carbon dioxide concentration first reaches 400 ppm.

		 J-B. J. Fourier compares the atmosphere to a greenhouse.

		 T. C. Chamberlin links glacial periods to atmospheric composition.

		 The Intergovernmental Panel on Climate Change publishes its first assessment report.


Carbon Dioxide and Other Trace Gases

	The air consists mainly of the gases nitrogen (N2, 78%) and oxygen (O2, 21%), and the other 1% is mostly argon (Fig. 2.1). The remaining 0.04% of the atmosphere comprises many trace components, including carbon dioxide (CO2). Carbon dioxide makes up only a tiny fraction of the atmosphere, so it is measured in parts per million (ppm). For comparison, 1% = 1/100 = 10,000/1,000,000 = 10,000 ppm. However, CO2 is important because it is a powerful greenhouse gas, which means that it functions like the glass of a greenhouse. Short-wavelength radiation from the Sun easily penetrates the atmosphere to warm the ground, but long-wavelength heat energy radiated from the Earth back toward space is absorbed by molecules of CO2 in the atmosphere.  Other gases, such as methane (CH4) and water vapor (H2O), also trap heat, but climatologists estimate that about half of the observed warming has been caused by CO2.
	The carbon dioxide concentration in the atmosphere varies with time due to various natural and anthropogenic processes. Air bubbles trapped in glaciers preserve samples of the atmosphere as it existed when the ice formed, and scientists can measure the CO2 concentrations in these bubbles. Simultaneously, the annual layers of ice (Fig. 2.2, where a pair of light and dark layers represents one year) indicate the age of the bubbles. Thus, it is possible to observe how the amounts of CO2 and other greenhouse gases in the atmosphere have changed through time. 

[image: ]

[bookmark: _GoBack]Figure 2.2. These sections come from different parts of an ice core. The top section was collected from 53-54 m below the surface, and its annual layers are faint. The middle section was collected from 1836-1837 m below the surface, where the weight of overlying ice had compacted the annual layers into easily distinguished stripes. The bottom section was collected from 3050-3051 m below the surface, where silt, sand and rocks are mixed with the ice and annual layers are hard to see.
https://earthobservatory.nasa.gov/Features/Paleoclimatology_IceCores


2. Ice cores reveal that the atmospheric CO2 concentration was 265 ppm in 1500 and 285 ppm in 1900. What was the rate of change in CO2 during this interval?



Measuring Current CO2

	Scientists measure atmospheric carbon dioxide at the Mauna Loa Observatory (MLO) on the Big Island of Hawaii. Due to its remote location in the Pacific Ocean, its high elevation (3397 meters, or 11,135 feet above sea level), and its great distance from major pollution sources, the MLO is a prime spot for collecting well-mixed samples of the planet's air.
	The MLO began continuously monitoring and collecting data related to climate change, atmospheric composition, and air quality in the 1950s. Today, the observatory is best known for documenting the changing CO2 concentrations in the atmosphere. Other research programs measure aerosols (particles or droplets in the air), solar radiation, ozone, and chemicals that destroy ozone (such as chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs)). Information from the MLO is also used to calibrate and verify data from satellites and from stations around the world and helps to quantify changes in the global carbon cycle.


3. Measurements at the MLO have shown that the atmospheric CO2 concentration was 365 ppm in 2000 and 408 ppm in 2018. What was the rate of change in CO2 during this interval?


4. In 2018, the atmospheric concentration of CO2 was 408 ppm, and the concentration of methane was 1858 parts per billion (ppb). What was the amount of methane relative to the amount of CO2? Round your answer to three decimal places.


5. Over a period of 100 years, one molecule of methane traps ~29 times more heat than one molecule of CO2. Given the answer to the previous question, what was the amount of heating from methane relative to the amount of heating from CO2? Round your answer to the nearest whole number.


6. Go to the “Ice Cores” worksheet to see a graph of variations in temperature and atmospheric carbon dioxide over the past 0.8 Ma. This graph is based on data from Antarctica. How well do the curves for temperature and CO2 match?


7. What was the CO2 level just before the last glacial advance (~120,000 YBP)?


[bookmark: OLE_LINK3][bookmark: OLE_LINK4]8. Go online to web page at <http://www.esrl.noaa.gov/gmd/ccgg/trends/>.  What was the average concentration of atmospheric carbon dioxide for the most recent month, as measured at the Mauna Loa Observatory?


9. Go to the “Recent” worksheet, where temperature anomalies, sunspots, insolation, and CO2 are plotted together for the past 200 years. Follow these steps to add historical CO2 to the bottom chart on this worksheet:
· Select the chart. On a Windows computer, right-click on the chart and choose “Select Data”. On a Mac, click on “Chart” in the menu bar and choose “Source Data” in the dropdown menu.
· Select the “Ice Cores” series and copy the entire formula in the box labeled “X values”. 
· Add a new series and paste the copied formula into the box labeled “X values”. 
· Paste the copied formula again, this time into the box labeled “Y values”, and change both “Fs” to “Gs”.
· Click on “OK” to plot the data.
Compare changes in the three variables – insolation, sunspots, and CO2 – with changes in the temperature anomaly. Would the expected impact of changes in each variable on global average temperature be a cooling effect, a warming effect, or an inconsistent effect over these 200 years?


10. Which variable best explains observed changes in global average temperatures?




Working with Climate Change Data
Part III: Global Warming Effects

Overview

	In this exercise, you view at several sequences of images from NASA that illustrate climate changes leading up to the present and projecting into the future.

Learning Objectives

· Analyze maps of Arctic sea ice extent and regional sea level rise
· Summarize variations in carbon dioxide concentrations and global temperatures
· Synthesize and interpret the data from this activity in a short essay

The Climate Is Changing

	Many people think of climate change as something that might cause problems, in the distant future or some place far away. However, as the image below shows, we are already experiencing some of the predicted results of increased temperatures. The National Oceanic and Atmospheric Administration produced this summary map for the US, and they post similar ones for the entire globe at the NOAA website <http://www.ncdc.noaa.gov/sotc/>. 

[image: ]
Figure 3.1. Significant weather and climate events in the United States in 2018.
https://www.ncei.noaa.gov/sites/default/files/Annual-2018-US-Significant-Climate-Events-Map.png

The Global Change Research Program and the Earth Observing System

	In the early 1980s, the National Space and Aeronautics Association (NASA) began working on an expansive Earth science program plan called Global Habitability, and this program eventually became the Mission to Planet Earth. NASA’s role in the U.S. Global Change Research Program has been to provide global data from space.
	Fast-forward to 2007, and NASA had 17 space missions collecting climate data, although the Earth Observing System remains the agency's primary contribution to American climate science.
Instruments on NASA’s Terra and Aqua satellites have provided the first global measurements of aerosols in our atmosphere, which come from natural sources such as volcanoes and dust storms, and man-made sources such as the burning of fossil fuels. Other instruments on board the Aura satellite study the processes that regulate the abundance of ozone in the atmosphere.
	Data from the GRACE mission show unexpectedly rapid changes in the Earth's great ice sheets. The OSTM/Jason-2 and Jason-1 missions are recording sea level rise at an increasing rate. All of these satellites and missions have collected a vast number of images and measurements. In this activity, you will look at a subset of images that illustrate changes that are already happening on Earth.
	Decades of satellite-based solar and atmospheric temperature data helped the Intergovernmental Panel on Climate Change come to the conclusion in 2014 that “[h]uman influence on the climate system is clear, and recent anthropogenic emissions of greenhouse gases are the highest in history. Recent climate changes have had widespread impacts on human and natural systems.”
But there is still much to learn about what the consequences will be. How much warmer will it get? How will sea level rise progress? What will happen to soil moisture, and therefore agricultural production, in a warmer world? NASA scientists and engineers will help answer these and other critical questions in the future.

[image: ]
Figure 3.2 Paths of NASA satellites.
https://climate.nasa.gov/nasa_science/history/
The NASA Climate Time Machine

	This website contains a collection of images helps you to visualize how some of the crucial factors in Earth's climate have been changing in recent years. The Time Machine is part of a joint project between educators and agency scientists to use NASA resources but allow you to study the issues independently and propose solutions based on objective information. The selected NASA images are organized into four modules. Each one illustrates an aspect of climate on a map of the world:
· Arctic sea ice 
· Effect of rising sea level on coastal regions
· Carbon Emissions 
· Average global temperature 
Each map has a slider that you can use to move forward and backward in time, while you watch the changes occur. Open the Time Machine at <https://climate.nasa.gov/interactives/climate-time-machine/> and move through all of the menu options.


1. In the Sea Ice module, visually compare the minimum extent of sea ice in 1979 with that in 2012 and describe the overall change.


2. In the Sea Level module, view the maps for the southeastern United States and northern Europe. Select all cities that would be flooded if sea level rose 6 meters.

		 Amsterdam, Holland				 London, England	

		 Miami, United States 			 New Orleans, United States


3. In the Sea Level module, view the maps for the Amazon Delta and Southeast Asia. Select all cities that would be flooded if sea level rose 6 meters.

		 Georgetown, Guyana  			 Jakarta, Indonesia

		 Kuala Lampur, Malaysia			 Macapa, Brazil


4. What altitude range within the atmosphere is illustrated by the data in the Carbon Dioxide module?


5. Scroll slowly through the Carbon Dioxide module. Why does the area of highest readings shift back and forth between the Southern and Northern Hemispheres?


6. In the Global Temperature module, when does the record begin?


7. Describe the appearance of the world map at the beginning of the temperature record.
8. Watch through the sequence of images again, focusing on the Pacific Ocean just west of South America. The ocean water offshore northwestern South America experiences intervals of warming known as “El Niño” episodes. How many separate El Niño episodes have occurred during the time span illustrated, and how do the early episodes compare with the later ones?


9. Which part of the globe has undergone the greatest temperature change during the period illustrated, and how large is this change?


10. After you have studied all four sequences, summarize what you have learned from the Climate Time Machine. Your answer should consist of 250-300 words. Consider these questions as you develop your answer:
· Did these images help you to understand the types of observations that lead to conclusions about anthropogenic global warming?
· Did you learn something you did not know before?
· Did viewing these images raise any new questions for you?
· Do you think the observed increase in temperature is due entirely to natural cycles, entirely to human activity, or to a combination? Consider Fig. 3.3 as you answer this question. 







[image: ]
Figure 3.3. The carbon cycle: heavy arrows represent paths enhanced by human activity.
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