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  Abstract 
Our Earth System Science classes conducted a collaborative research project during the fall of 2002.   Our classes were made of a team from the Earth System Science classes at the Model Secondary School for the Deaf in Washington, DC and the Indiana School for the Deaf in Indianapolis, Indiana.

Our project focused on answering the following questions: 
1) Why do leaves change color in autumn?
2) How do factors of temperature and rain affect the colors of the leaves? 
3) What changes occur in the colors and percentages of light reflected from leaves?

We collected data using GLOBE's Green Up/Down Protocols, and the protocols for recording precipitation, minimum temperatures, and maximum temperatures. The students at both of our schools used an ALTA reflectance spectrometer to record the percentages of colors of light reflected from leaves. Those of us in Washington, DC studied Silver Maple leaves, while the rest of us in Indiana studied Sugar Maple leaves. During our research project, we used the Internet and videoconferencing to discuss data, compare results, determine conclusions, and write a final report. 
At the end of our project, we noted differences in precipitation, temperature, geographic location, and changes in percent of light reflected from leaves. We found interesting patterns in the data as the fall season progressed, indicating biological changes happening inside the leaves in response to the environment.
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  Research Question/Hypothesis 
We studied Earth System Science at the Indiana School for the Deaf (ISD) and at the Model Secondary School for the Deaf (MSSD).  We learned about the Earth system and how connections happen between all the spheres.   We studied about the problems with carbon dioxide, and the flow of energy through the Earth system.   We wanted to know if global warming is happening, and if it influences the changing of colors of leaves in autumn.  We wondered if these things are connected. 

We learned about Green Down, and that it is an example of a phenological cycle.  Phenology is the study of how living organisms respond to seasonal and climatic changes in their environment.   We learned that the timing of leaf fall in autumn is influenced by temperature, and that leaf fall can be used to study regional and global vegetation patterns, the changes which occur from year to year, and plants' responses to climate change.  This is the first year we studied autumn leaves at our schools, and some questions can only be answered over the course of several years with a lot of data.   We decided to start collecting data about what happens to the leaves at our schools during autumn.  ISD researched Sugar Maple leaves, while MSSD collected data on Silver Maple leaves, which are similar species. We wanted to compare how the environment in two different areas influences the colors of the leaves. 

Therefore our research question is how does the environment change and how do leaves change during the autumn season, and does the same thing happen at both of our schools?




Background Information

A leaf has three kinds of pigment: chlorophyll, carotenoids, and anthocyanins.   Chlorophyll, the green pigment, is necessary for photosynthesis, which produces sugars within the leaf.  Carotenoids are the yellow, orange, and brown colors you see in corn, bananas, and buttercups.  Carotenoids are always present in leaves, but are masked by the green of chlorophyll during much of the year.  Anthocyanins give red colors to plants such as raspberries and strawberries.  Throughout the growing season, the chlorophyll and carotenoids are present in the leaf cells. During autumn, bright light and an excess of sugar produced by the leaf makes anthocyanins appear.  The drawing below shows the parts of a leaf and how the structures and cells are arranged inside. 
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(Picture from p. 647, Biology, The Dynamics of Life, Glencoe/McGraw-Hill 1998)


The top layer of a leaf is called the cuticle.   A GLOBE scientist taught us that the cuticle is important to how certain wavelengths are reflected.  For example, the thicker the cuticle, the greater the % reflectance in the blue wavelengths.  The cuticle has no effect on reflectance of the red wavelengths.  The thickness of the cuticle does affect the green wavelengths.  We did not attempt to observe changes in the cuticle in this investigation, but cuticle changes might explain some of the results we got. 

Hypothesis

In this investigation we tested the hypothesis that reflectance of red, crimson, and orange wavelengths from a leaf's surface would increase, reflectance of the blue wavelength would stay about the same, and reflectance of the green wavelength would decrease as the fall season progresses and the environment changes.  We expected red, crimson, and orange wavelengths to increase over the fall season as the temperatures decreased, because we read about how cold temperatures produce the brightest fall colors and about how the trees produce anthocyanins in the fall.   We expected the blue wavelengths to stay about the same because the leaf seems to absorb the blue in the upper layers.   We expected the green wavelength to decrease because we know that the chlorophyll is broken down and pulled back into the tree for storage during the coldest months.  We expected the yellow wavelength to be unchanging, since carotenoids are always present in the leaf, and when chlorophyll breaks down the yellows may appear. 
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  Research Method

Our classes (ISD & MSSD) followed GLOBE's Green Down protocols for observing fall senescence in trees near our schools. Both used ALTA Spectrometers to measure reflectance for 9 wavelengths from specific leaves.  MSSD observed a Silver Maple Oct. 21-Dec 2, 2002.   ISD observed a Sugar Maple Oct 11-Nov 6, 2002.   Students at both schools gathered environmental data (daily minimum/maximum temperatures, precipitation, cloud type and cover) using GLOBE's atmospheric protocols.  We collaborated by following the same research questions, sharing web page reports, and discussions in videoconferences. 

Since we wanted to know how leaves change during the fall, we decided to see if we could use leaf reflectance to measure the changes. We measured leaf reflectance using an ALTA Spectrometer (The Lunar and Planetary Institute).  The ALTA is a device for measuring color proportions and light wavelengths from real world objects. The spectrometer uses seven visible colors and two invisible colors (infrared-1 and infrared-2). 
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(Graph from Introduction to Remote Sensing, Campbell 1996)


This graph shows how a leaf reflects light in the visible and near infrared spectrums.  In class we used the ALTA to measure reflectance from green leaves in September and found that they showed very similar profiles, with low reflectance in the blue area, high reflectance of green light and a very high reflectance for infrared light. 
The diagram below helped us understand how the different wavelengths of light are reflected from a leaf.   Based on this information we developed a hypothesis about how the reflectance measurements of the different wavelengths will change as the environmental factors changed. 
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(Picture from Introduction to Remote Sensing, Campbell 1996)
This picture shows red, green, blue, and infrared light interacting with a leaf.  


At MSSD we visited and measured our marked leaves 3 times/week. We chose 4 leaves on a southern side of the tree. A permanent marker put dots on each leaf stem so we could find them again. We used ALTA Spectrometers to measure wavelengths absorbed and reflected from leaves. The ALTA has colored buttons that match lights underneath. A screen shows reflectance coming from the leaf.  We pressed each button, which produced a wavelength, which bounced back from the leaf surface to the ALTA's electric eye. We made a light-blocker for covering the opening on the ALTA to prevent outside light from entering the electric eye.   After measuring a white paper for a standard, we'd return to class and use an online calculator to get % reflectance.  We wanted to do our research in a wooded area, but nothing is near MSSD. We did the measurements about 1130 EST. Other students visited the GLOBE weather-station daily and read the min/max thermometer, measured precipitation, and observed clouds. At ISD we used these same methods, but used black paper on a clipboard rather than a light-blocker. We recorded the data from 2 leaves, instead of 4, 2-3 times a week. 

MSSD Students: 
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Reading the min/max thermometer


	[image: image24.jpg]


 

The opening of the ALTA
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The light-blocker covering the leaf
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Using the ALTA to measure reflectance
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Recording data from our assigned leaves
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The GLOBE Plant color-guide
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Measuring leaf color



Indiana Students:
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Using the ALTA on a black background to measure reflectance
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The ALTA
Spectrometer
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Calibrating the Min/Max Thermometer
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Videoconferencing to discuss our data with MSSD
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  Data Summary 
We have summarized the data in four parts: 
      1.   ALTA Reflectance Data Records from the Indiana School for the Deaf
            (Figures 1.1 to 1.3) 
      2.  GLOBE Green Down Protocol: 
            Tree Descriptions 
            Reflectance Profiles (Figures 2.1 to 2.6)      
      3.   Tree Locations with views in four compass directions (GLOBE Green Down Protocol) 
      4.   Temperature (Figures 3.1 and 3.2)
            Precipitation Graphs (Figures 3.3 and 3.4)            
            Reflectance Graphs (Figures 3.5 to 3.22)
 
ALTA Reflectance and Leaf Color Data Records, Indiana School for the Deaf
October 11 – November 6, 2002
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Figure 1.1
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Figure 1.2
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Figure 1.3
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  Data Summary:  MSSD and ISD, Fall 2002 
Tree Descriptions with GLOBE Green Down Protocol 
School identification and GLOBE Leaf color data  


	
School:  Model Secondary School for the Deaf 
Observers: Blanca, Saba, Connie (Color), 
                  Rachel, Abi, Tommy (Reflectance) and others. 

Plant Common Name:  Silver Maple 
Scientific name:  Acer saccharine 
Green Down cycle:  Fall     Year: 2002  
Location:  Washington, District of Columbia  
Latitude:   38.8950 N      Longitude: 77.0367 W   Altitude: 58 m 

Seasonal Photos:
	
School:  Indiana School for the Deaf 
Observers: Kevin, Bradley, Drew, Justine, Amanda, Dustin, Micaela, 
                  Bethany, Zuzana, Kyle, David, Chelsea, David, Rosetta, 
                  and Ghislaine. 
Plant Common Name:  Sugar Maple  
Scientific name:  Acer saccharum 
Green Down cycle:  Fall     Year: 2002 
Location:  Indianapolis, Indiana 
Latitude:    39.7251 N  Longitude:  86.0841 W   Altitude: 250 m

Seasonal Photos:


	
Silver Maple


Acer saccharinum
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District of Columbia, 

Early October, 2002




	
Sugar Maple 

Acer saccharum
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Indiana,
 
Early October, 2002

	
 




Silver Maple
 
Acer 
saccharinum

District of Columbia,
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November, 
2002





	





Sugar Maple 

Acer saccharum
[image: image112.jpg]



Indiana,

November, 2002

	
Leafless 
Silver Maple

Acer saccharinum

District of Columbia,
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December,    
                                                      2002
	
Leafless 
Sugar Maple
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Acer
 saccharum 

Indiana,

January, 
2003
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  Reflectance Profiles 
 The Blue line on each graph is the fall average for each wavelength.
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Figure 2.1
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Figure 2.2
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Figure 2.4
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Figure 2.5
Notes:  The leaves dropped between 11/26 and 12/2, during Thanksgiving Break.  The ALTA  IR2 bulb 
stopped working by 11/11/02
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Figure 2.6
Notes:  The leaves dropped between 11/7 and 11/8
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   Model Secondary School for the Deaf  [image: image59.png]
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Views from our Tree 

GLOBE Green Down Protocol, Fall 2002
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    Indiana School for the Deaf   [image: image68.png]
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Views of our tree at each direction
GLOBE Green Down Protocol, Fall 2002
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Notes:  A tall grass prairie and small pond is south of our trees.  To the west of our trees, is a hiking trail.  North of our trees is an open area with more trees.  East of our trees is an old abandoned building, which was once utilized as a dormitory for female students.
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   MSSD and ISD Data Summary:  Temperature, Precipitation and Reflectance Graphs  [image: image77.png]
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 Fall 2002 GLOBE Atmospheric Data vs. Time and ALTA Reflectance Data by Wavelength vs. Time
	
MSSD, Washington, D.C.
	
ISD, Indianapolis, Indiana

	Average Daily Temperature, Sept 20 - Nov 20, 2002
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Figure 3.1
	Average Daily Temperature, Oct 8 - Nov 8, 2002
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Figure 3.2

	MSSD, Washington, D.C.
Daily Precipitation, Sept 20 - Nov 20, 2002
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Figure 3.3
	ISD, Indianapolis, Indiana 
Daily Precipitation, Oct 8 to Nov 8, 2002
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Figure 3.4

	** The blue line on each graph is the fall average for that wavelength.

MSSD, Washington, D.C.
Blue Wavelength (460 nm) Reflectance, Oct 11 - Nov 14, 2002
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Figure 3.5
	

ISD, Indianapolis, Indiana 
Blue Wavelength (460 nm) Reflectance, Oct 14 - Nov 6, 2002
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Figure 3.6

	MSSD, Washington, D.C.
Green Wavelength (555 nm) Reflectance, Oct 11 - Nov 14, 2002
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Figure 3.7
	ISD, Indianapolis, Indiana 
Green Wavelength (555 nm) Reflectance, Oct 14 - Nov 6, 2002 
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Figure 3.8

	MSSD, Washington, D.C.
Yellow Wavelength (585 nm) Reflectance,Oct 11 - Nov 14, 2002
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Figure 3.9
	ISD, Indianapolis, Indiana 
Yellow Wavelength (585 nm) Reflectance, Oct 14 - Nov 6, 2002
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Figure 3.10

	

MSSD, Washington, D.C.
Amber Wavelength (605 nm) Reflectance, Oct 11 - Nov 14, 2002
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Figure 3.11
	

ISD, Indianapolis, Indiana 
Amber Wavelength (605 nm) Reflectance, Oct 14 - Nov 6, 2002
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Figure 3.12

	

MSSD, Washington, D.C.
Orange Wavelength (635 nm) Reflectance, Oct 11 - Nov 14, 2002
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Figure 3.13
	

ISD, Indianapolis, Indiana
Orange Wavelength (635 nm) Reflectance, Oct 14 - Nov 6, 2002
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Figure 3.14

	

MSSD, Washington, D.C.
Crimson Wavelength (660 nm) Reflectance, Oct 11 - Nov 14, 2002
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Figure 3.15
	

ISD, Indianapolis, Indiana
Crimson Wavelength (660 nm) Reflectance, Oct 14 - Nov 6, 2002
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Figure 3.16



	MSSD, Washington, D.C.
Red Wavelength (695 nm) Reflectance, Oct 11 - Nov 14, 2002
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Figure 3.17

	ISD, Indianapolis, Indiana 
Red Wavelength (695 nm) Reflectance, Oct 14 - Nov 6, 2002
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Figure 3.18


	MSSD, Washington, D.C.
IR1  Wavelength (880 nm) Reflectance, Oct 11 - Nov 14, 2002
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Figure 3.19
	ISD, Indianapolis, Indiana 
IR1  Wavelength (880 nm) Reflectance, Oct 14 - Nov 6, 2002
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Figure 3.20

	
MSSD, Washington, D.C.
IR2 Wavelength (940 nm) Reflectance, Oct 11 - Nov 14, 2002
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Figure 3.21
	
ISD, Indianapolis, Indiana 
IR2 Wavelength (940 nm) Reflectance, Oct 14 - Nov 6, 2002
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Figure 3.22
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   Data Analysis 

1.  Data records from MSSD & ISD 


We collected reflectance data from leaves using the ALTA Spectrometer.  This data is presented in Figures 1.1 to 1.10.   The ALTA gives a readout of raw data for each wavelength as a voltage.  Both of our schools recorded ALTA readings taken on a thick white sheet of paper, which was used as a control standard. The thick white paper standard reflects 90.95% of the light that hits it, for all wavelengths in the range measured by the ALTA.  In the sample of ISD's recorded data, the second column is the ALTA readings from the white paper standard, the third and fourth columns are the ALTA readings from leaf #1and leaf #2, and then the fifth column is the average of those two leaves.


% Reflectance was calculated with the following formula: 

% Reflectance  =   ( Sample Voltage - Dark Voltage ) ÷ ( Standard Voltage - Dark Voltage )

 
The Sample Voltage is the number reading on the ALTA spectrometer when a color  
             wavelength button is pushed.


 
The Dark Voltage is the number reading on the ALTA spectrometer when it was held 
             against any surface with no buttons pushed.

 
The Standard Voltage is the ALTA readings of each wavelength reflected from the 
             thick white paper.

Each day we recorded the color of the leaves using the GLOBE Plant Color Guide. 

We are confident the ALTA measurements are good for most days. We were careful to hold the ALTA tightly against the background to keep outside light from entering the electric eye and changing the reading. We were careful to read the ALTA in the shade, not in bright sunlight.

2.  GLOBE Green Down Summary 

Both schools followed the protocols for GLOBE's Green Down activities. We used a GPS to find the latitude and longitude at our trees. The seasonal photos from early fall and late fall show the trees’ changes in color until the leaves dropped. ISD stopped measuring well before Thanksgiving while MSSD stopped measuring after Thanksgiving break, when all our test leaves had dropped. 

The Reflectance Profiles are graphs showing the % reflectance for each wavelength. The reflectance profiles for both of our schools seemed reasonable while the leaves were green. They show low blue, higher green, low yellows and red, and very high IR, which is what we expected.  After the leaves changed colors, the profiles are more variable. 

 3.  Tree Locations with Views in Four Compass Directions 

We stood near our trees.  Using a compass MSSD faced each direction, due N, S, E and W, and took photos. ISD students also took photos of the N, S, E and W sides of their trees. 
  
 4.  GLOBE Atmospheric & ALTA Reflectance Data
Graphs are included for environmental data and for nine wavelengths measured by the ALTA. The environmental data we collected at both of our schools included maximum daily temperatures, minimum daily temperatures, and daily precipitation.  Maximum daily temperatures and minimum daily temperatures were used to calculate average daily temperatures.

At MSSD, we collected the data on 11 days,  (Oct. 11-Nov.14) while at ISD, we collected data on 10 days (Oct. 11-Nov.6).  We added the reflectance values from four leaves and used the average so the data would be manageable. In two places we did not have data for all 4 leaves, so the data is the average of only 3 leaves. The IR2 bulb on our ALTA burned out on almost the last day.   At ISD, we averaged the data of our two leaves for our graphs. 

After attempting to deal with the huge volume of data ourselves, we gave up and asked Dr. David Snyder of Gallaudet University to help us with visualization.  He used a program called IDL to make graphs of all our data.  We selected appropriate graphs.  All of the original graphs can be viewed at: http://csc.gallaudet.edu/snyder/altaf02/altaf02.html. 

We wish we had more ALTA measurements.  We stopped at Thanksgiving break, and came back to find the leaves had fallen.  Dr. Barry Rock looked at some of our graphs and was surprised that the green wavelength dropped to zero on November 11 in MSSD's data.  It is unusual for green to drop to zero.  The ALTA may have malfunctioned on that day. He also said the % of green reflectance should not be similar to the % reflectance numbers. These two wavelengths are usually in different ranges (for green, 5.0 to 10.0%; for blue 1.0-3.0 %). The blue is reasonable, but the green is low for all measurements during the fall. This is true for the data from both schools. We cannot explain this problem, but maybe the relative changes are still useful, since it seems like it was a problem the whole time. 
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  Conclusions 
We compared our data and were surprised to discover ISD's leaves changed color earlier (prior to 11/4) than MSSD's (well after 11/7).   Our schools have similar latitudes, so we expected the colors to change about the same date.   Maybe they were different because ISD is inland, and MSSD is close to the Chesapeake Bay and the Atlantic Ocean.   MSSD's fall climate may be milder because of the effect of large bodies of water nearby.   The temperature graphs show the average temperature Oct 8-Nov 8 is a few degrees lower in Indiana.   Indiana's is around 10 degrees C and Washington, D.C's is around 12 degrees C.   The first differences we noticed between our schools are the average temperatures and the timing of leaf fall. 

The temperature graphs show daily variations, but generally show a decrease during the fall for both schools.  ISD and MSSD's graphs show a warm day the end of November.   In Indiana, the temperature increase appeared on the 312th day, and then MSSD's also increased on the 314th day.   This may exhibit air masses moving from west to east. 

The precipitation graphs are episodic, having no changes and then one day it soars high.  ISD and MSSD had similar precipitation patterns.   Weather prior to the reflectance study was dry, especially in Indiana.  Large amounts of rain (12 and 13.3 mm) were recorded October 21 and October 29.   We suspect increases in IR reflectances correspond to increases in precipitation; when the precipitation increases,  IR reflectance increases.   ISD's IR-1 wavelength soared on the 303rd day,  the day after a very large rainfall, and MSSD's IR follows that pattern.   At MSSD, some of our students studied IR and precipitation carefully last spring and they found this correlation.   We think our data shows it too. 

MSSD's graph for blue wavelength shows an increase.   In the blue spectral region, several factors influence leaf reflectance, including chlorophyll and the leaf's cuticle.  The greater the amount of the chlorophyll that is present, the greater the absorption of blue will be.  In Indiana's graph, blue wavelength data is low and steady, and does not show much variation.  That surprised us because the blue reflectance is considered a helper for photosynthesis.  Our hypothesis suggested that the blue wavelength would stay the same.   However, MSSD's blue increases during the fall, which is not explained by our hypothesis.   Now that we've learned more, it makes sense that the blue wavelength would increase.   We asked Dr. Barry Rock about this.   He pointed out that when there is less chlorophyll, the blue is not absorbed, so it will be reflected.   That could explain MSSD's data, but we still have questions about why ISD's blue wavelength did not seem to increase.   We learned that the leaf's cuticle affects the blue wavelength.   The thicker the cuticle is, the greater the % reflectance in blue will be.   We are wondering if ISD's Sugar Maple leaves have a thinner cuticle as the chlorophyll disappears, which might account for ISD's blue reflectance. 

The % reflectance for the color of green decreased on MSSD's graph.   The photosynthesis started to slow, because the tree began to pull in chlorophyll, now that it is winter.   ISD's green graph showed about a 14% increase in reflectance. 

We expected the yellow wavelength to be unchanging, since carotenoids are always present in the leaf, and when chlorophyll breaks down the yellows appear.   The data from both schools shows yellow reflectance increased during autumn.   We were not able to figure out an explanation for that.   We know that the color of MSSD's and ISD's Maple leaves was green and later changed to yellow.   We did not see red color, but Indiana found a 21% increase in the crimson trend during that time.    They also had a 16% increase in the red region.  MSSD's reds show an overall increase, too.  We read that leaves start to produce anthocyanins in the fall, which could explain the increases in the red wavelengths.  This is what our hypothesis predicted we would find. 
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   Discussion 
Our research investigated questions about how the environment changes during the fall, how tree leaves change, and if the same thing happens at both schools. We definitely found differences in the timing of the color change and decided that could be the influence of being near a large body of water. We found changes in leaf reflectance that we could explain (for example, the blue wavelength increased as chlorophyll disappeared from the leaf), and other changes that we could not explain (why Indiana's green wavelength reflectance did not change during autumn?).  What we really learned was how the tree is connected to its environment.   We became more aware of how a leaf is alive, and how it creates its own food by photosynthesizing. The neat thing about this research was that simply measuring the light reflectance could monitor the life of a leaf. 

In Europe, scientists say warmer temperatures are affecting the spring and autumn seasons. This is affecting the growth patterns of plants and delaying the flight of birds from one place to another. There are connections between the seasons and climate change.  Our leaf study found connections between living things, the environment, and the season.   We suspect the warmer the air is, the more delayed the changes of the leaves will be.  Anthocyanins thrive in cool, crisp air, and when it is warm, they take longer to appear. 

We felt our project was a success because we were able to learn how to measure changes and differences in the environment, and in the leaves.  It was great to compare the results from our two schools.  We compared our climate differences, like how ISD is further inland while MSSD is closer to Chesapeake Bay and the Atlantic Ocean. This experiment enabled us to understand what we read in our science textbooks.   We experienced a "real science" project and we probably would not have been able to get this experience anywhere else.  It was wonderful exchanging information with each other by videoconference.   It was an enriching experience to communicate through a camera and a television. We were able to show each other data, graphs, information, and sign all of our questions the way we wanted it to be! 

We learned that we would get better results if we checked equipment to see if it's in working order, every time we went out. The data probably will be more accurate if we measure more often during the week. We should do leaf reflectance measurements two times a year, in the autumn and in the spring.   We could compare results from autumn measurements and spring measurements. If we gathered more years of measurements, maybe we could see the climate changes over the years. Some problems we encountered were the infrared-1 lights breaking on MSSD’s ALTA Spectrometer and the tree we were analyzing was probably too close to the building. The green wavelength dropped to 0.00%, which should never happen, and might be due to equipment problems.  It was hard to have a videoconference because the only time we could do it was during the other school's hours and our time zones and schedules were different. 

We have ideas for further research.  From reading GLOBE's Green Down protocol, we know that the greenness of the leaves could be related to the amount of carbon dioxide in the air, since plants remove the carbon dioxide during photosynthesis. We are wondering how much the carbon dioxide changes around our tree from before the leaves change color until after they change color. We'd like to measure the carbon dioxide and see how it changes during the fall. 

Also, we learned that during photosynthesis, plants release water because of transpiration. We are wondering what happens to that water in the environment during autumn. Does our tree affect the humidity?  We were thinking about how the air temperature affects the color change of the tree's leaves. Does the tree have any effect on the air temperature? 

We obviously have enough questions to continue this research at both of our schools for several years!
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