

NASA DEVELOP National Program
[image: ]
Wise County and City of Norton Clerk of Court’s Office
Fall 2016

Grand Canyon Water Resources
Utilizing NASA Earth Observations to Assist the National Park Service in Monitoring Riparian Land Cover Change in the Lower Grand Canyon






[image: ]                 Technical Report 
November 15, 2016

Andrew Phillips (Project Lead)
Sydney Young
Austin Counts
Christine Stevens

Dr. Kenton Ross, NASA Langley Research Center (Science Advisor)
Dr. L. DeWayne Cecil, NOAA National Center for Environmental Information, Global Science & Technology, Inc. (Science Advisor)
Bob VanGundy, The University of Virginia’s College at Wise (Science Advisor)



1. Abstract
Sustained drought conditions have contributed to a significant decrease in the volume of the Colorado River in the Lake Mead reservoir and lower portion of the Grand Canyon. As a result, changes in riparian conditions have occurred in the region, including sediment exposure and highly variable vegetative cover. These changes have negative impacts on ecological health, including water and air quality, aquatic, terrestrial and avian habitat stress, and invasive species introduction. Scientists at Grand Canyon National Park seek to quantify changes in water surface and land cover area in the Lower Grand Canyon from 1998 to 2016 to better understand the effects of changing conditions within the park. Landsat imagery was analyzed to detect changes of the water surface and land cover area across this time period to assess the effects of long-term drought on the riparian zone. The resulting land cover and water surface time-series maps and statistics from this project will assist in monitoring future changes in water, sediment, and vegetation extent, increasing understanding of riparian conditions and the ability of park scientists to create adaptation strategies for the ecosystem in the Lower Grand Canyon.
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Since 1998, below average precipitation amounts and snowmelt inflows have caused a drought in the Colorado River Basin and a negative water balance as withdrawals remain constant (Fulp, 2005). Resulting changes in riparian conditions take the form of sediment exposure and vegetative succession and recession as water extent decreases. This project quantified the degree to which changes in riparian sediments, vegetation and water surface area occurred in the Lower Grand Canyon since the onset of the drought. The spatial and statistical analysis will equip Grand Canyon National Park scientists in monitoring future riparian land cover change, and will serve as motivation for further research into the effects of long-term drought conditions in the Grand Canyon and the Colorado River Basin.

2.1 Background Information
South Cove
Separation Canyon
Figure 1: The study area between Separation Canyon and South Cove in the Lower Grand Canyon. 

The area of interest for this study was a 60 mile stretch of the Colorado River in Mohave County, Arizona and Clark County, Nevada. Bound upstream by Separation Canyon (35°49΄12″, -113°34΄12″) in the Lower Grand Canyon and downstream by South Cove (36°0΄36″, -114°7΄12″ ) in Lake Mead.  The region is located at the western edge of the Grand Canyon National Park along the Arizona-Nevada border. Forty major dams assist in providing a combined reservoir capacity four times the river’s average annual flow throughout the Colorado River Basin’s large, 630,000 km² area (Christensen & Lettenmaier, 2006). The basin is one of the most over-allocated water resources in the world, supplying water to 40 million people and irrigating more than 5.5 million acres (Jiang et al., 2015).

During recent years, water elevation in Lake Mead has dropped over 130 feet to a record low elevation of 1,076 feet in April 2016, placing the reservoir at only 37% of its peak pool capacity (Bureau of Reclamation, 2016).  The Colorado River relies heavily on snowmelt, with 70% of its annual runoff originating as snow in the Rockies. Even the slightest precipitation and temperature changes can have extensive influences on the basin. As changes in the Earth’s climate make noticeable impacts, warming temperatures cause snow accumulated in the winter to melt earlier in the year, leading to drastically drier summer months (Dawadi & Ahmad, 2012). For these reasons, the current drought is not predicted to reverse course in the near future. According to a 2007 interstate agreement, automatic water delivery curtailments take effect once the elevation of Lake Mead falls below 1,075 ft in a January measurement (Jiang et al., 2015; U.S. Department of the Interior, 2007).
As a result of the drought conditions over the last 20 years, the water level in the Colorado River and Lake Mead has declined, exposing hundreds of acres of fluvial sediment along the shoreline. These newly exposed areas facilitate the growth of non-native vegetation, especially Tamarix ramoissima. This invasive desert shrub, commonly known as salt cedar, possesses an advantage over native vegetation in its salinity tolerance, water extraction, and preference to colonization of bare soils (Shafroth et al., 2005; Vandersande, Glenn, & Walworth, 2001). Invasive species alter the riparian ecosystem by threatening the habitat of native fish and wildlife in the lower Grand Canyon (Gloss, Lovich, & Melis, 2005; Sankey, Ralston, Grams, Schmidt, & Cagney, 2015). 
In addition to severe ecological impacts, expanding shoreline areas raise the potential for negative air quality impacts from fugitive dust emissions caused by exposed sediment in the river channel being transmitted in high wind conditions.  These emissions contribute to increased concentrations of air pollutants (Colorado River Interim Surplus Criteria, 2000). The decreased volume in the river and lake results in increases in both water turbidity and concentrations of treated wastewater contaminants (Benotti, Stanford, & Snyder, 2010; Imen, Chang, & Yang, 2015). 
The austere impacts of drought conditions necessitate a better understanding of the temporal and spatial changes in water level and sediment exposure as an integral foundation for further research.

2.2 Project Partners & Objectives

The Grand Canyon Water Resources team partnered with physical scientists at Grand Canyon National Park to create a process for quantifying and visualizing water and land cover change in the region affected by drought.  This project addresses the NASA Applied Sciences Program Water Resources national application area through analysis of satellite imagery to improve the Grand Canyon National Park’s current water and land cover monitoring efforts. This project utilized NASA’s Landsat 5, Landsat 8, and ASTER DEM datasets to create a time series of water surface and land cover maps, graphs, and associated figures to enhance understanding of the effects of drought in the region.  Grand Canyon National Park currently collects field samples and maps vegetation species via the National Park Service (NPS) Vegetation Mapping Inventory.  National Land Cover Database (NLCD) currently creates general 30 m spatial resolution land cover maps at a national scale.  The United States Bureau of Reclamation currently measures water elevation at Hoover dam downstream of the study area and at other dams along the Colorado River.  Water flow volume measurements are also taken at stream gauge sites across the Colorado River basin.  The following water feature extraction and land cover classification process is an efficient, replicable, and adaptable method of measuring riparian land cover and water surface area changes.  This process can serve as a baseline model for future monitoring and analysis.  Its goal is to provide a higher detail, riparian specific, and customizable land cover change maps, water surface area maps, surface area statistics, and classification process than what is currently available via the NPS Vegetation Mapping Inventory and NLCD.
[bookmark: _Toc334198726]3. Methodology
3.1 Data Acquisition 

This project required integration of land cover datasets for a more comprehensive report of land cover and water surface change. United States Geological Survey (USGS) Landsat Surface Reflectance (SR) data products for Landsat 5 Thematic Mapper (TM) and Landsat 8 Operational Land Imager (OLI) were acquired through Google Earth Engine. Landsat SR data products were derived from imagery acquired between March 1 and May 31 at defined intervals between 1998 and 2016. 2012 imagery was not acquired due to a gap between the operation of Landsat 5 TM and Landsat 8 OLI as well as scan line errors. Surface reflectance for Landsat 5 was produced from the Landsat Ecosystem Disturbance Adaptive Processing System (LEDAPS). Landsat 8 surface reflectance was generated from the Landsat Surface Reflectance Code (LaSRC).  Both Landsat image collections are displayed at a 30 m spatial resolution.

	1998
	1999
	2000
	2001
	2002
	2003
	2004
	2005
	2006
	2007

	9
	9
	8
	11
	6
	11
	11
	11
	10
	10

	2008
	2009
	2010
	2011
	2012
	2013
	2014
	2015
	2016

	11
	12
	11
	11
	0
	5
	11
	11
	11


Table 1: Number of Landsat image scenes acquired per year. The complete list of Landsat Scene identifiers can be found in Appendix E.

The Global Digital Elevation Model Version 002, released in 2011, from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) instrument on board the Terra satellite was acquired from the Land Processes Distributed Active Archive Center (LP DAAC). 

3.2 Data Processing

The data were processed within Google Earth Engine to produce the seasonal composite images used to extract water features and classify land cover types on a seasonal temporal scale.

3.2.1 Water Feature Extraction

The water extraction methodology relied on the seasonal composites of three vegetation and water indices. The following steps were repeated for each of 18 years with available data in the study period. First, the team calculated the Normalized Difference Vegetation Index (NDVI), the Normalized Difference Water Index (NDWI), and the Modified Normalized Difference Water Index (MNDWI) for each Landsat scene in the acquired between March 1 and May 31 of the current year. Additionally at this stage, the CFmask band was used to filter out cloud pixels. 
	The team derived composite seasonal indices for each index by selecting the minimum NDVI value for each pixel in the season, and the maximum NDWI and MNDWI value.  The minimums and maximums were selected in order to find maximum extent of water during the period, assuming that water had negative values in NDVI and positive values in NDWI and MNDWI.

 (1)
(2)
(3)

 
 
 where, NIR represents the near-infrared band (0.76µm-0.90µm in Landsat 5 and 0.85µm-0.88µm in Landsat 8), red represents the visible red band (0.63µm-0.69µm in Landsat 5 and 0.64µm-0.67µm in Landsat 8), green represents the visible green band (0.52µm-0.60µm in Landsat 5 and 0.53µm-0.59 µm in Landsat 8), and MIR represents the mid-infrared band(1.55µm-1.75µm in Landsat 5 and 1.57µm-1.65µm in Landsat 8).
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3.2.2 Land Cover Classification

The team performed supervised land cover classification for five of the spring image composites during the study period – 1998, 2003, 2007, 2011, and 2016. Because the drought persisted across the entire study period, the team selected years for image classification at even intervals. A composite seasonal image was created for each of the classification years by selecting the median values for each pixel in each band from all the Landsat images in the season. In the same way as the water feature extraction, clouds were filtered out using the CFmask.  Figure 2: Example of training area selection in Google Earth Engine.  

	Next, a team member selected training areas for each of the six land cover types: water, riparian vegetation, riparian sediment, dead vegetation, exposed lake bed, and bare canyon. Selections were based on a critical examination of the study area and cross-referencing with Google Earth historical imagery and National Agriculture Imagery Program (NAIP) images. In addition to the Landsat bands, visible green, visible red, near infrared, and short-wave infrared, the additional classification inputs of slope, cost distance to water, and NDVI were derived. The complete list of inputs and the value they provide to the classification is provided in Table 1.
 
	Input
	Units
	Reason

	Visible blue
	Surface reflectance
	Soil/vegetation differentiation

	Visible green
	Surface reflectance
	Vegetation growth

	Visible red
	Surface reflectance
	Vegetation slopes

	Near infrared
	Surface reflectance
	Biomass intensity & land/water differences

	Short-wave infrared
	Surface reflectance
	Soil and vegetation moisture

	Elevation
	Meters
	Riparian/non-riparian soil differentiation

	Slope
	Degrees
	Riparian/non-riparian soil differentiation

	Cost Distance to Water
	Weighted distance values
	Riparian/non-riparian soil differentiation

	NDVI
	-1 to 1
	Vegetation density & land/water differences

	1998 Water MaskTable 1: Inputs to the Random Forest Classification. 

	1 or 0
	Water likelihood





3.3 Data Analysis

Once the seasonal image composites had been created, the team applied the water feature extraction and land cover classification methodologies in Google Earth Engine.

3.3.1 Water Feature Extraction

For each of the 18 years, a threshold of zero was applied to the composite indices to create a binary water and non-water distinction. The threshold value was based on the same assumption used to create the seasonal composites, that negative NDVI values and positive NDWI and MNDWI values indicate the presence of water. A final water mask was produced by taking the mode of the three water masks, meaning that two or more of the indices had to report water in a pixel for the final water mask to consider the pixel a water pixel. Once these steps were repeated for each year, the result was a collection of water feature extractions that each represented water extent for every spring (March, April, May) from 1998 - 2016. 

3.3.2 Land Cover Classification

To ensure more comprehensive results, the team implemented a bootstrap aggregation method to the classification process.  For each classification year, the classification was run five times following the steps listed below. Each run relied on a new randomized split between training and testing samples.
First, a pseudo-random number generator assigned a random number between 0 and 1 to all the training area polygons. Based on the assigned numbers, the polygons were then split into a training set and a testing set. The testing set contained at least 10% of the total sampled pixels, but in order to preserve polygon integrity the pixels in a single sample polygon were not split up resulting in an average of 14% of total sample pixels in the testing set. Next, a Random Forest Classifier was trained by the training set of pixels, each of which contained a value for each of the inputs listed in Table 2. The entire seasonal composite image was then submitted to the classifier, which outputted a complete image classified by land cover type. 
[bookmark: _Toc334198730]Finally, the testing set of pixels was used to assess the accuracy of the classification. A confusion matrix was constructed by comparing the land cover type determined through visual interpretation of the testing pixels with the predicted land cover type in the classified image. Various accuracy measurements were computed from the confusion matrix and averaged across the five runs. The final classification image for the year was created by selecting the mode land cover type for each pixel from the collection of the five classified outputs.  These land cover classifications highlighted the changes to the riparian zone in the Lower Grand Canyon between 1998 and 2016.

3.3.3 Change Detection
	
The first step in analyzing satellite-derived land cover images was to create land cover change maps. The team analyzed the data for changing surface area extents over time and patterns of ecological change. This project created a land cover surface area change map, water surface area change map, as well as time-series graphs and figures for the Lower Grand Canyon region, depicting fluctuating water and riparian feature extents during the drought period. Statistics were also calculated to quantify river conditions including water, riparian vegetation, sediment surface area totals, absolute and rates of change, and other derivatives measuring the effects of drought on land cover in the riparian zone.  
Time-series graphs and figures were developed in order to provide Grand Canyon National Park with statistical values of changes in water levels and land cover from 1998 to 2016. This project provided replicable methodology centered on quantifying land and water changes over time for proper monitoring of shoreline changes in Lake Mead and the Colorado River.
4. Results & DiscussionFigure 3: Water extent over the study period. 
Water Extent by Year
1998
2003
2007
2011
2016


4.1 Analysis of Results
	
The results of the water feature extraction and land cover classification show the pattern of environmental changes in the riparian zone during a drought period. 

4.1.1 Water Feature Extraction
	
The results of the water feature extraction showed the rapidly declining water within the Lower Grand Canyon. The steepest rate of decline occurred in the first five years of the study period, most likely as a result of a shallow basin and more intense drought conditions. In 2016, the water surface area was 38% of its extent at the beginning of the drought period. The most dramatic spatial changes to water extent occurred in the Lake Mead Delta region.

Decreases of water extent in the study period matches well with conditions shown by the United States Drought Monitor.  The water surface area decreases are highest between 2000 and 2002 as shown in Figure 4.  Drought monitor records, shown in Figure 5, indicate the drought was most severe between 2002 and 2005, which logically succeeds high water surface area decrease in the preceding years.


Figure 4: Graph of Water Surface Area over the study period showing the drop to 38% extent in 2016.


Figure 5:  United States Drought Monitor showing severe drought (dark red) in the Grand Canyon.



4.1.2 Land Cover Classification
Land Cover Classifications                     False Color  - SWIR, NIR, Red
	     1998				      2007		   	      2016

Figure 6: False Color Images and Classifications from three of the classification years. 


The results of the land cover classification show a continuous ecological change in newly exposed riparian areas. As the water level decreased, the exposed area was first colonized by riparian vegetation.  However, as the water level declined further, the water table dropped and the vegetation was left without direct water access. As a result, by the end of the study period, the vegetation that initially grew had deteriorated.
	
Within the 18 year study period, a 62% decrease in water surface area is observed. Within this area of water loss the appearance of riparian vegetation, riparian sediment, dead vegetation, and exposed lake bed is shown annually in Table 3. Between 1998 and 2003 surface water extent reduced by 41.5%. 2003 had a 151.1% increase of riparian vegetation, 50% increase of riparian sediment.  Between 2003 and 2007 water surface area of 15.6% was lost with a 11.1% decrease in riparian vegetation, 31.9% increase in riparian sediment, and 97.8% increase of exposed lake bed. Between 2007 and 2011 a water surface area of 7.6% was lost with a 4.5% increase of riparian vegetation, 3.2% increase as riparian sediment, 46.8% decrease of exposed lake bed, likely caused by a reduction in the riparian zone. Between 2011 and 2016 a 14.8% decrease in water was shown along with a 54.9% decrease in riparian vegetation, 17.6% increase in riparian sediment, 52.5% increase of dead vegetation, and a 110.4% increase in exposed lake bed.  
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	Water
	Riparian Vegetation
	Riparian Sediment
	Dead Vegetation
	Exposed Lake Bed

	1998-2003
	-41.5%
	151.1%
	5.0%
	-
	-

	2003-2007
	-15.6%
	-11.1%
	31.9%
	-
	97.8%

	2007-2011
	-7.6%
	4.5%
	3.2%
	-
	-46.8%

	2011-2016
	-14.8%
	-54.9%
	17.6%
	52.5%
	110.4%


Table 3: Percentage Change between Classification years by land cover type. 


Water Persists
Water to Riparian Vegetation
Water to Riparian Sediment
Water to Dead Vegetation
Water to Exposed Lake Bed

Figure 7: This chart above shows the percentages of change of water to all land cover classes between 1998 and 2016.  Between 1998 and 2016 only 38% of the study area’s original water surface area remained. In 2016 10% of the 1998 water surface area had become riparian vegetation, 15% had become riparian sediment, 17% had become dead, and 20% transitions to exposed lake bed.









Figure 8: Land Cover Surface Area Changes show the immediate growth of riparian vegetation after water recedes, followed by an increase in exposed lake bed and dead vegetation. 



4.1.3 Accuracy Assessment
	Final Mask
	98.8%

	NDVI 
	98.4%

	NDWI
	98.6%

	MNDWI
	98.6%

	RF Classification
	99.4%


The accuracy of the water feature extraction was assessed by comparing the final water mask to sample regions of water and non-water selected through visual interpretation. Five years were considered for water accuracy – 1998, 2003, 2007, 2011, and 2016. Every index had an accuracy of over 98% and the final water mask had an average accuracy across the five years of 98.8%.Water Feature Extraction Accuracy. Areas of water and non-water compared to results from indices and classification.


Accuracy of the land cover classifications were calculated from the comparison of the classification results with the testing areas withheld from the training set. As a result of bootstrap aggregation, the accuracies were recorded for each of the five iterations in every year and then averaged together. Riparian Producer’s and Consumer’s Accuracy are the producer and consumer accuracies of riparian vegetation, riparian sediment, dead vegetation, and exposed lake bed averaged. The riparian accuracies were higher in the 2011 and 2016 classifications because those years contained the dead vegetation class, which was then included in the averaging. Additionally, while riparian vegetation and riparian sediment were present in the early years of the drought, they were not present in large quantities making the classification more challenging in the riparian zones.
 
	
	1998
	2003
	2007
	2011
	2016
	Average

	Accuracy
	95.10 %
	92.43 %
	88.95 %
	96.22 %
	93.31 %
	93.20 %

	Producer’s Accuracy
	80.11 %
	79.83 %
	78.23 %
	91.80 %
	88.14 %
	83.62 %

	Consumer’s Accuracy
	85.21 %
	80.83 %
	82.59 %
	92.84 %
	88.35 %
	85.96 %

	Riparian Producer’s Accuracy
	62.39 %
	66.51 %
	65.42 %
	89.44 %
	82.93 %
	73.34 %

	Riparian Consumer’s Accuracy
	72.86%
	70.43 %
	74.31 %
	90.20 %
	83.03 %
	78.17 %


Table 5: Land Cover Classification Accuracy. Riparian refers to the average of land cover classes riparian vegetation, riparian sediment, dead vegetation, and exposed lake bed.

4.2 Future Work
This project will serve as a baseline model for future monitoring of water and riparian land cover extent in Grand Canyon National Park as the drought continues.  The change detection process quantifying water and riparian land cover at fixed time intervals, beginning in 1998, can be expanded into future years.  This process can be expanded to incorporate a forecasting model to predict water and land cover change in future years, based on preceding years of classification.  Many data modifications can be made to the classification and water indexing processes due to the customizable nature of the underlying JavaScript source code in Google Earth Engine.  Firstly, higher spatial resolution imagery can be imported to create the spring season image composites for water feature extraction and land cover classification.  These could include Sentinel 2 MSI, Worldview 2, and USDA NAIP imagery.  The spatial resolutions of these image collections vary depending on the spectral band, ranging from 10 meters on Sentinel 2 MSI to .46 meters on Worldview.

Use of imagery derived from these sensors should consider the spectral ranges of wavelengths embedded in the imagery.  Not all sensors measure the reflectance of near infrared (NIR) or shortwave infrared (SWIR) energy inherent to the riparian feature classification process and modified normalized difference water index (MNDWI).  Another expansion includes applying other spectral bands embedded in Landsat and other image collections to increase the accuracy of specific riparian feature classification.  Additional classifier inputs including a LiDAR vegetation derivative can be added to improve differentiation of vegetation and soil classes.  Scientists at Grand Canyon National Park have discussed the utility of measuring water volume change in the Colorado River.  Pollution due to uranium mine runoff, municipal wastewater effluent, and sediment deposition has caused concerns for aquatic organisms, habitat, and drinking water quality in the region.  Volume change measurements would allow them to more precisely identify the influence of water recession on increasing concentrations of water contaminants.  Estimates of water volume change could be conducted using existing imagery extracted water surface areas and satellite derived water heights at various time intervals dependent of data availability and coverage of inland bodies.

Finally direct causes of water surface area decrease can be examined in higher detail.  Investigation could include a zonal analysis of precipitation inflows using PRISM data, groundwater seepage using GRACE data, and point source data of water outflows for drinking water and irrigation.  These analyses could also be supplemented with water volume flow measurements taken at USGS stream gauges throughout the Colorado River Basin.
[bookmark: _Toc334198735]5. Conclusions

Our classification of land cover was highly effective at quantifying the six major feature classes: water, riparian sediment, riparian vegetation, dead vegetation, and exposed lake bed areas of the lower Grand Canyon.  The average total accuracy for all years of classification was 93.2%.  However, these accuracies should be evaluated in more detail to determine the innate benefits of various methods.  The average producer and consumer accuracy range for all land cover classes was 83-86%.  Riparian or non-water feature classes had an average producer and consumer accuracy range of 73-78%.  These values indicate water was classified at a higher degree of accuracy compared with classification of the five riparian feature classes using the Random Forest algorithm.  Furthermore the 93.2% average total accuracy for all classes and years integrates the results of the indexing methods of water feature extraction: NDVI, NDWI, and MNDWI.  The average total accuracy for these methods on all indexed years is 98.5%.  By comparison, Random Forest classification of water was 99.4%.  These accuracy statistics highlight the weighted influence of water feature classification, and indexing methods in particular, on the average total accuracy.
  
Reasons for higher water feature extraction accuracy via the Random Forest depends on feature training sample creation, composition of the source images, classifier input value accuracy, and the inherent nature of the features being classified.  For example, water can vary in reflectance of visible light and near infrared energy depending on turbidity and other factors.  However, water pixels have a high degree of consistency in spectral reflection (especially blue light), a constant elevation at one point in time, near-zero slope values, and a defined NDVI range of 0 to -1, these factors all being inputs into our total water and riparian land cover classification.  These characteristics differ from the vegetation and soil signatures classified.  Riparian and dead vegetation, riparian sediment and exposed lake bed soils all have a higher degree of variation in image textures, spectral reflectance, elevation, slope, and NDVI within the 0-1 range.  More importantly, there is significant overlap of these input values across all riparian feature classes making differentiating classification input values per class difficult.  This class discrimination difficulty is compounded by classifying pixels at a 30 meter spatial resolution requiring a >50% pure class pixel, using the majority function, to feed into the Random Forest algorithm.
Desert climate conditions also seemed to play an important role in the comprehension and accuracy of riparian land cover in the Grand Canyon.  Low soil and vegetation moisture and low vegetative health possibly reduced the effectiveness of shortwave infrared and NDVI as classification inputs.  Finally, water feature extraction surface area values highly correlated with Lake Mead water elevation measurements and United States Drought Monitor records for the study period.  Specifically, classified water surface area decreased 62% versus a proportional 63% Lake Mead water elevation decrease as recorded by the United States Bureau of Reclamation.  Additionally, the large 50 square kilometer decrease in water surface extent precedes severe drought (D3) in the Grand Canyon from 2002-2005 in the United States Drought Monitor records (Figures 4 and 5).  This data reinforces the conclusion that water feature extraction was highly accurate using the Random Forest algorithm and water indexing methods.
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Content Innovation #1
Virtual Poster Session Video
Exposed: Examining Declining Water Levels in the Lower Grand Canyon
Filename: 2016Fall_WC_GrandCanyonWater_v3.mp4
Emailed to Tiffani Miller at tiffani.n.miller@nasa.gov with filename
 
Content Innovation #2
Glossary Viewer
Appendix A

Content Innovation #3
Inline Supplementary Material 
· Figure 1: Study Area
· Table 1: Number of Landsat Scenes Acquired
· Equation 1: Normalized Difference Vegetation Index
· Equation 2: Normalized Difference Water Index
· Equation 3: Modified Normalized Difference Water Index 
· Figure 2: Training Area Selection
· Table 2: Inputs to the Random Forest Classification
· Figure 3: Water Extent Image
· Figure 4: United States Drought Monitor
· Figure 5: Water Surface Area and Lake Mead Elevation
· Figure 6: 1998, 2007, 2016 Land Cover Classifications and False Color
· Table 3: Percent Change in Land Cover Type by Interval
· Figure 7: Land Cover Change Surface Area Graph
· Figure 8: Land Cover Surface Area Graph
· Table 4: Water Feature Extraction Accuracies
· Table 5: Land Cover Classification Accuracy

9. Appendices

Appendix A. Glossary 

· Accuracy - Average Accuracy records the total number of correctly classified pixels divided by the total number of testing pixels.
· Bootstrap Aggregation – This is a technique in machine learning that divides the “true value” areas into training and testing sets randomly and then repeats the process iteratively. This produces resulting classifications from models that have been trained on a different subset of the data. 
· CFmask – An algorithm which identifies water, cloud shadow, snow, and cloud in multi-spectral imagery. It is included as a band in Landsat Surface Reflectance products. 
· Consumer’s Accuracy - Consumer’s Accuracy is the total number of correctly classified pixels divided by the total number of testing pixels classified as that land cover type, averaged across all land cover types.
· Fugitive dust emissions – Particulates in the air as a direct consequence of wind or human activities.
· Google Earth Engine – A web-based platform for analyzing Earth science data.
· Producer’s Accuracy - . Producer’s Accuracy records the total number of correctly classified pixels divided by the total number of testing pixels of that land cover type, average across all land cover types.
· Random Forest – An ensemble machine learning algorithm which builds multiple decision trees. 
· Riparian – Refers to the area on the edge of a river. In this research, riparian meant anything between the river and the canyon wall. 





























Appendix B.  Land Cover Classifications
2011 Land Cover Classification
2003 Land Cover Classification
1998 Land Cover Classification
2007 Land Cover Classification
2016 Land Cover Classification
Water
Riparian Vegetation
Riparian Sediment
Dead Vegetation
Exposed Lake Bed
Bare Canyon

Appendix C. Comparison of Water Feature Extraction and Land Cover Classification
Both Identified Water
Water Identified in Classification and not in Water Extraction
Water Identified in Water Extraction and Not in Classification 
































Appendix D:  Complete Bootstrap Aggregation Results

	
	Seed
	Training
	Testing
	Percent
	Average
	Consumer
	Producer
	RC
	RP

	1998
	1
	1470
	363
	19.80360065
	98.62
	94.51
	94.74
	90
	90

	
	2
	1626
	207
	11.29296236
	90.34
	73.02
	64.8
	50.91
	32.14

	
	3
	1521
	312
	17.0212766
	96.47
	90.24
	87.52
	82.35
	76.92

	
	4
	1567
	266
	14.51172941
	95.86
	96.03
	80.48
	94.44
	64.29

	
	5
	1471
	362
	19.74904528
	94.2
	72.26
	72.99
	46.59
	48.61

	
	Average
	1531
	302
	16.47572286
	95.098
	85.212
	80.106
	72.858
	62.392

	2003
	1
	1106
	182
	14.13043478
	93.96
	88.08
	83.33
	81.82
	72.22

	
	2
	1123
	165
	12.81055901
	90.3
	70.67
	73.54
	51.11
	55.9

	
	3
	1134
	154
	11.95652174
	90.26
	76.54
	75.61
	62.16
	60

	
	4
	1133
	155
	12.03416149
	95.48
	91.78
	90.04
	86.67
	83.41

	
	5
	1097
	191
	14.82919255
	92.15
	77.08
	76.61
	70.37
	61.01

	
	Average
	1118.6
	169.4
	13.15217391
	92.43
	80.83
	79.826
	70.426
	66.508

	2007
	1
	779
	105
	11.87782805
	81.9
	72
	62.89
	66.67
	38.69

	
	2
	778
	106
	11.99095023
	95.28
	95.65
	92.31
	92.75
	87.18

	
	3
	753
	131
	14.81900452
	83.21
	69.11
	65.81
	48.52
	48.15

	
	4
	773
	111
	12.55656109
	90.01
	87.07
	84.33
	81.75
	76.67

	
	5
	778
	106
	11.99095023
	94.34
	89.12
	85.83
	81.86
	76.39

	
	Average
	772.2
	111.8
	12.64705882
	88.948
	82.59
	78.234
	74.31
	65.416

	2011
	1
	1084
	193
	15.11354738
	94.82
	88.38
	88.53
	85.35
	82.8

	
	2
	1113
	164
	12.84259984
	98.17
	98.08
	97.22
	97.11
	95.83

	
	3
	1090
	187
	14.64369616
	93.58
	85.38
	84.9
	80
	77.74

	
	4
	1131
	146
	11.4330462
	94.52
	92.36
	88.33
	88.54
	90.83

	
	5
	1096
	181
	14.17384495
	100
	100
	100
	100
	100

	
	Average
	1102.8
	174.2
	13.64134691
	96.218
	92.84
	91.796
	90.2
	89.44

	2016
	1
	2026
	434
	17.64227642
	93.78
	88.23
	92.21
	82.34
	90.89

	
	2
	2175
	285
	11.58536585
	93.33
	92.36
	87.14
	90.73
	80.71

	
	3
	2071
	389
	15.81300813
	92.03
	82.47
	83.84
	73.7
	76.02

	
	4
	2180
	280
	11.38211382
	95.36
	93.64
	92.36
	90.83
	88.55

	
	5
	2121
	339
	13.7804878
	92.04
	85.04
	85.16
	77.56
	78.49

	
	Average
	2114.6
	345.4
	14.04065041
	93.308
	88.348
	88.142
	83.032
	82.932

	AVERAGES
	
	
	
	13.99139058
	93.2004
	85.964
	83.6208
	78.1652
	73.3376





Appendix E:  Landsat Scenes used for Seasonal Composites

	Appendix D. 1998
	Landsat Scene
	2003
	Landsat Scene
	2008
	Landsat Scene
	2013
	Landsat Scene

	
	LT50380351998103
	
	LT50380352003149
	
	LT50380352008067
	
	LC80390352013119

	
	LT50380351998119
	
	LT50390352003060
	
	LT50380352008093
	
	LC80390352013135

	
	LT50380351998135
	
	LT50390352003092
	
	LT50380352008099
	2014
	LC80380352014067

	
	LT50390351998062
	
	LT50390352003108
	
	LT50380352008115
	
	LC80380352014083

	
	LT50390351998078
	
	LT50390352003124
	
	LT50380352008131
	
	LC80380352014099

	
	LT50390351998094
	
	LT50390352003140
	
	LT50380352008147
	
	LC80380352014115

	
	LT50390351998110
	2004
	LT50380352004072
	
	LT50390352008074
	
	LC80380352014131

	
	LT50390351998126
	
	LT50380352004088
	
	LT50390352008090
	
	LC80380352014147

	
	LT50390351998142
	
	LT50380352004104
	
	LT50390352008106
	
	LC80390352014074

	1999
	LT50380351999090
	
	LT50380352004120
	
	LT50390352008122
	
	LC80390352014090

	
	LT50380351999106
	
	LT50380352004136
	
	LT50390352008138
	
	LC80390352014106

	
	LT50380351999122
	
	LT50390352004063
	2009
	LT50380352009069
	
	LC80390352014122

	
	LT50380351999138
	
	LT50390352004079
	
	LT50380352009085
	
	LC80390352014138

	
	LT50390351999065
	
	LT50390352004095
	
	LT50380352009101
	2015
	LC80380352015070

	
	LT50390351999081
	
	LT50390352004111
	
	LT50380352009117
	
	LC80380352015086

	
	LT50390351999097
	
	LT50390352004127
	
	LT50380352009133
	
	LC80380352015102

	
	LT50390351999129
	
	LT50390352004143
	
	LT50380352009149
	
	LC80380352015118

	
	LT50390351999145
	2005
	LT50380352005074
	
	LT50390352009060
	
	LC80380352015134

	2000
	LT50380352000077
	
	LT50380352005090
	
	LT50390352009076
	
	LC80380352015150

	
	LT50380352000093
	
	LT50380352005106
	
	LT50390352009092
	
	LC80390352015077

	
	LT50380352000109
	
	LT50380352005122
	
	LT50390352009108
	
	LC80390352015093

	
	LT50380352000125
	
	LT50380352005138
	
	LT50390352009124
	
	LC80390352015109

	
	LT50380352000141
	
	LT50390352005065
	
	LT50390352009140
	
	LC80390352015125

	
	LT50390352000116
	
	LT50390352005081
	2010
	LT50380352010072
	
	LC80390352015141

	
	LT50390352000132
	
	LT50390352005097
	
	LT50380352010088
	2016
	LC80380352016073

	
	LT50390352000148
	
	LT50390352005113
	
	LT50380352010104
	
	LC80380352016089

	2001
	LT50380352001063
	
	LT50390352005129
	
	LT50380352010120
	
	LC80380352016105

	
	LT50380352001079
	
	LT50390352005145
	
	LT50380352010136
	
	LC80380352016121

	
	LT50380352001095
	2006
	LT50380352006061
	
	LT50390352010063
	
	LC80380352016137

	
	LT50380352001127
	
	LT50380352006093
	
	LT50390352010079
	
	LC80390352016064

	
	LT50380352001143
	
	LT50380352006109
	
	LT50390352010095
	
	LC80390352016080

	
	LT50390352001070
	
	LT50380352006125
	
	LT50390352010111
	
	LC80390352016096

	
	LT50390352001086
	
	LT50380352006141
	
	LT50390352010127
	
	LC80390352016112

	
	LT50390352001102
	
	LT50390352006068
	
	LT50390352010143
	
	LC80390352016128

	
	LT50390352001118
	
	LT50390352006100
	2011
	LT50380352011075
	
	LC80390352016144

	
	LT50390352001134
	
	LT50390352006116
	
	LT50380352011091
	
	

	
	LT50390352001150
	
	LT50390352006132
	
	LT50380352011107
	
	

	2002
	LT50380352002130
	
	LT50390352006148
	
	LT50380352011123
	
	

	
	LT50380352002146
	2007
	LT50380352007064
	
	LT50380352011139
	
	

	
	LT50390352002089
	
	LT50380352007080
	
	LT50390352011066
	
	

	
	LT50380352002105
	
	LT50380352007096
	
	LT50390352011082
	
	

	
	LT50380352002121
	
	LT50380352007128
	
	LT50390352011098
	
	

	
	LT50380352002137
	
	LT50380352007144
	
	LT50390352011114
	
	

	2003
	LT50380352003069
	
	LT50390352007071
	
	LT50390352011130
	
	

	
	LT50380352003085
	
	LT50390352007087
	
	LT50390352011146
	
	

	
	LT50380352003101
	
	LT50390352007103
	2013
	LC80380352013112
	
	

	
	LT50380352003117
	
	LT50390352007119
	
	LC80380352013144
	
	

	
	LT50380352003133
	
	LT50390352007135
	
	LC803903520131103
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