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ABSTRACT 

All across the Western portion of the United States water is an increasing topic of 

concern. A majority of the mainstream discussion revolves around Lake Mead and Lake 

Powel the two largest reservoirs in the United States. This project aims to shed light on 

the “Mega Drought” impacting three reservoirs in Southwest Colorado, McPhee 

Reservoir, Lemon Reservoir, and Vallecito Reservoir. The way the impact of the “Mega 

Drought” will be monitored is by generating a Normalized Difference Water Index 

(NDWI) every year from 2013-2021. The NDWIs were generated by using Landsat 8 

OLI data. The data was compiled into ArcGIS Pro software. That data was compiled into 

a multidimensional raster format so a time series analysis could be performed as well as 

the generation of a change detection raster. To quantify the results of the NDWI sample 

points were generated to extract the pixel values. The results of this study showed that 

over the nine-year study that reservoir levels rose to the highest value in 2016 and have 

continued to fall to the year 2021. In 2021 all their reservoirs are registered with an 

average NDWI value that is classified as a moderate drought, non-aqueous surfaces. 

The results of this research are showing that these 3 reservoirs in Southwest Colorado 

are decreasing in volume year after year. Mostly caused by decreasing snowpack, 

warmer spring and summer temperatures, and increasingly unproductive monsoon 

seasons.  

Keywords: NDWI, Landsat 8, Change Detection, Time Series, Remote Sensing 
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ETHICS STATEMENT 

Geographic information systems are one of the most powerful ways to share 

spatial data with large groups of people. Humans interpret visual data much more 

quickly than data in text format. Humans also tend to trust maps and visual data more 

than they would if that data was displayed in a table or text. Certain cultural groups can 

be inadvertently exploited by geographic information. Maps have been used historically 

to influence audiences. In some maps, data has been misrepresented to tell false 

narratives that will lead audiences to certain conclusions. These facts combined mean 

that visual geographic data can have a very profound effect on people. Since this data 

can influence and inform people it is extremely important that ethics are accounted for in 

the process.  

As the person who compiled that data and produced the maps, certain steps 

were taken to ensure that ethical practices were followed. First, I as the author will take 

full responsibility for the visual data in this project. Another is attempting to make the 

purpose of the map and data as straightforward as possible. This was done to make 

sure the maps and data require no interpretation from the reader. Also, the maps and 

data in this project were not created to mislead the viewers and a few steps were 

followed to ensure this. One is that all relevant data was shown in the maps and data, 

and nothing was intentionally left out. No symbology in the visual data was manipulated 

to imply falsifications in this project. All maps in this project were created to portray the 

data accurately. This project was specifically designed with a repeatable methodology 

and would allow future researchers the ability to follow the same steps and get the 

same results. Steps were performed during this project to make sure none of the work 
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was plagiarized. Care was taken to ensure that the scope of this research respects the 

values of sensitive groups. 
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INTRODUCTION  

In the arid southwest United States, water has always been a topic of concern. The 

concern of water in the southwest United States is being discussed more frequently. 

The leading cause of this increased discussion of water is the current megadrought. 

The Megadrought is defined as being the driest 22-year period in the last 1200 years 

(Harvey 2022). It is speculated that the main cause of this megadrought is human-

caused climate change (Osborne 2022). This current mega drought is not predicated to 

end for a least another year or more (Osborne 2022). Experts predict that megadrought 

events will become more and more common due to the increasing impacts of human-

caused climate change. 

The mainstream discussion on water in the southwest United States revolves 

around Lake Powell and Lake Mead. Lake Powell, the second-largest reservoir in the 

country is currently at 24% of its capacity and was last full in 1999 (Tracy 2022). Lake 

Mead, the largest reservoir in the country is currently around 30% of capacity (Navarro 

2022). 40 million people rely on these two reservoirs for drinking water and irrigation 

(Rothberg 2022). If water levels continue this downward trend, these two reservoirs are 

at risk of becoming dead pools (Rothberg 2022). The term dead pool means that water 

levels fall below the lowest outlet so the water will no longer be able to flow out from the 

reservoirs.  

Although Lake Powell and Lake Mead are at the center of the discussion of the 

megadrought there are other reservoirs throughout the southwest that are impacted by 

the current megadrought. The reservoirs of interest for this study are McPhee, Lemon, 

and the Vallecito reservoirs. All three of these reservoirs are located in southwest 

Colorado. McPhee Reservoir is the largest of three, and its water is primarily used for 
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irrigation of farmland and municipal drinking water for the nearby towns (Cope 2021). 

This year farmers who rely on the McPhee reservoir for irrigation are expected only to 

get 10% of their normal water allotment (Cope 2021). The water in all reservoirs across 

the southwest is being impacted by above-normal temperatures which are leading to 

increased evaporation rates, as well as below-average amounts of winter perception 

(Snider 2022). For the megadrought to come to an end it would require at least 1-2 

years of above-average winter precipitation (Snider 2022). 

The primary goal of this research is to study the change in the three reservoirs of 

interest over a nine-year period (2013-202). The goal of this research is not only to 

visualize the change in the three reservoirs but to quantify them. To quantify the change 

in these reservoirs water must first be identified. There are multiple ways in which water 

can be identified using satellite imagery. The most accurate and reliable methods are 

Normalized Difference Vegetation Index (NDVI), Normalized Difference Water Index 

(NDWI), Modified Normalized Difference Water Index (MNDWI), and Automated Water 

Extraction Index (AWEI) (Acharya et al. 2018). Previous research found that the NDWI 

and NDVI methods are the most accurate for the detection of pure water bodies 

(Acharya et al. 2018). For this project, the NDWI method was selected to be used to 

identify water in the study area.  

The NDWI method identifies water by using surface reflection from the green and 

near-infrared portions of the electromagnetic spectrum (Sahu 2014). NDWI can be 

generated from a couple of different satellites but for this study on scenes from Landsat 

8.  The way that NDWI is generated from Landsat 8 imagery is by subtracting band 5 

(near-infrared) from band 3 (green) and then dividing that by the result of adding band 5 
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(near-infrared) to band 3 (green) (Sahu 2014). While NDWI generally has the highest 

accuracy when it comes to surface water identification it does have some known flaws. 

One of the known issues with NDWI is that shadows from mountainous terrain can 

cause skewed values (Acharya et al. 2018). Another known issue is that clouds present 

near areas of interest can cause flawed reflectance values (Acharya et al. 2018) (Sahu 

2014). 

To reiterate, the primary purpose of this research is to examine the change in the 

three reservoirs in southwest Colorado. The changes will be monitored on a yearly 

basis for a nine-year period. For every scene, an NDWI will be generated to measure 

the changes in three reservoirs. This project aims to answer the question of how the 

current megadrought is impacting these three reservoirs. Is the water level in the 

reservoirs decreasing every year or do they increase some years? 
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 METHODS 

Study Area 

Climate 

The geographic area in which this analysis will take place is Southwest Colorado. 

Explicitly focusing on three counties La Plata, Montezuma, and Dolores. Located in 

these three counties are Vallecito, Lemon, and McPhee reservoirs. The climate of 

Southwest Colorado has cold winters and hot summers with variable weather in the 

higher elevations (Doesken et al. 2003). The majority of precipitation in Southwest 

Colorado comes in the form of snow in the winter and monsoons in late summer 

(Doesken et al. 2003). Southwest Colorado is experiencing climate change much like 

other places in the world. Over the past thirty years, Southwest Colorado has warmed 

two degrees Fahrenheit with projected increasing temperatures over the few decades 

(Mountain Studies Institute 2014). Due to this warming, water is evaporating at an 

increasing rate (Mountain Studies Institute 2014). This increase in evaporation will lead 

to more forest fires and decreased reservoir capacity (Mountain Studies Institute 2014). 

Reservoirs of Interest 

 Located in La Plata County Colorado are Lemon and Vallecito reservoirs. 

Starting with the Vallecito reservoir which was finished in 1941 (Bureau of Reclamation 

Pine River Project 2022). Vallecito Reservoir is filled from the pine river and has a 

storage capacity of 125,000 acre-feet (Bureau of Reclamation Pine River Project 2022). 

Its intended purpose was to help control flooding in the pine river valley and to also help 

with irrigation in the dry summer months (Bureau of Reclamation Pine River Project 

2022). The Construction of the Lemon reservoir was finished in 1964 (Bureau of 

Reclamation Florida Project 2022). Lemon reservoir is filled from the Florida River and 
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has a storage capacity of 39,030 acre-feet (Bureau of Reclamation Florida Project 

2022). Lemon Reservoir was built with the purpose to control the Florida river from 

flooding caused by snowmelt (Bureau of Reclamation Florida Project 2022). It also 

provides drinking water and irrigation for nearby communities (Bureau of Reclamation 

Florida Project 2022). The final reservoir in the study area is the McPhee reservoir 

which is located in Montezuma County and Dolores County. The construction of the 

McPhee Reservoir was completed in 1984 (Bureau of Reclamation Dolores Project 

2022). McPhee reservoir has a storage capacity of 229,200 acre-feet with its primary 

water source being the Dolores River (Bureau of Reclamation Dolores Project 2022) 

The intended purpose of the McPhee Reservoir was the irrigation of farmland, and 

municipal drinking water, flood control, and the generation of hydroelectric power 

(Bureau of Reclamation Dolores Project 2022). Below is a map of the study area and a 

map displaying the geographic locations of the three reservoirs. 
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Figure 2-1. A map displaying the location of the three reservoirs of interest and their 
location within the state of Colorado. 
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Data 

Raster Data 

All data that was used in this research is publicly available. Starting with the 

satellite imagery that was used for this research, all satellite imagery used in this project 

was from the USGS Earth Explorer Data Portal. A total of nine satellite scene bundles 

were downloaded. A few search filters were used to narrow down viable data to be 

used. The first filter is that only Landsat 8 imagery was used. The reason that only 

Landsat 8 imagery was selected is to keep data consistent. Also, only level 2 collection 

2 scenes were used in this analysis. The reason for level 2 collection data is that 

surface reflectance is already generated which will save on storage space and data 

processing and the scaling factor will only need to be applied. 

 Next, the path and row were specified as path 35 and row 34. These paths & 

rows were selected due to the fact that they fully encompassed the study area. The 

Image capture date was also used as a search criterion. The image capture date range 

was used from June 1st through August 31st for the years 2013-2021. The date range 

was selected due to it being after the spring runoff season and the area has fewer 

clouds during that time of the year. The year range was selected for that is when 

Landsat 8 Started capturing data (2013) to the most recent scene captured (2021) in the 

data range. The below tables show the metadata for the Landsat 8 scenes and a figure 

displaying the spatial extent of the scenes. 
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Table 2-1. Shows the metadata for the Landsat 8 scene collected on 06-20-2013 Path 
35, Row 34. 

 

Table 2-2. Shows the metadata for the Landsat 8 scene collected on 07-06-2014 Path 
35, Row 34. 

 

Table 2-3. Shows the metadata for the Landsat 8 scene collected on 06-26-2015 Path 
35, Row 34. 

 

Table 2-4. Shows the metadata for the Landsat 8 scene collected on 07-14-2016 Path 
35, Row 34. 

 

Offical Name of Data Set LC08_L2SP_035034_20130620_20200912_02_T1
Satellite Landsat 8
Path 35
Row 34
Image Acquisition Date 2013-06-20
Date of publication/last update 2020-09-12
Author and/or Owner U.S. Geological Survey (USGS) Earth Resources Observation and Science Ceneter (EROS)

URL of FTP address of the Repository https://earthexplorer.usgs.gov

Description
Level 2 scenes are available from the USGS Earth Explorer Website. Level 2 scenes
have improved radiometric calibration and pre-generated surface reflectance bands.

Coordinate System WGS84
Projection System UTM
Spatial Resolution 30M

Offical Name of Data Set LC08_L2SP_035034_20140709_20200911_02_T1
Satellite Landsat 8
Path 35
Row 34
Image Acquisition Date 2014-07-09
Date of publication/last update 2020-09-11
Author and/or Owner U.S. Geological Survey (USGS) Earth Resources Observation and Science Ceneter (EROS)
URL of FTP address of the Repository https://earthexplorer.usgs.gov

Description
Level 2 scenes are available from the USGS Earth Explorer Website. Level 2 scenes
have improved radiometric calibration and pre-generated surface reflectance bands.

Coordinate System WGS84
Projection System UTM
Spatial Resolution 30M

Offical Name of Data Set LC08_L2SP_035034_20150626_20200909_02_T1
Satellite Landsat 8
Path 35
Row 34
Image Acquisition Date 2015-06-26
Date of publication/last update 2020-09-09
Author and/or Owner U.S. Geological Survey (USGS) Earth Resources Observation and Science Ceneter (EROS)
URL of FTP address of the Repository https://earthexplorer.usgs.gov

Description
Level 2 scenes are available from the USGS Earth Explorer Website. Level 2 scenes
have improved radiometric calibration and pre-generated surface reflectance bands.

Coordinate System WGS84
Projection System UTM
Spatial Resolution 30M

Offical Name of Data Set LC08_L2SP_035034_20160714_20200906_02_T1
Satellite Landsat 8
Path 35
Row 34
Image Acquisition Date 2016-07-14
Date of publication/last update 2020-09-06
Author and/or Owner U.S. Geological Survey (USGS) Earth Resources Observation and Science Ceneter (EROS)
URL of FTP address of the Repository https://earthexplorer.usgs.gov

Description
Level 2 scenes are available from the USGS Earth Explorer Website. Level 2 scenes
have improved radiometric calibration and pre-generated surface reflectance bands.

Coordinate System WGS84
Projection System UTM
Spatial Resolution 30M
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Table 2-5. Shows the metadata for the Landsat 8 scene collected on 07-01-2017 Path 
35, Row 34. 

 

Table 2-6. Shows the metadata for the Landsat 8 scene collected on 07-04-2018 Path 
35, Row 34. 

 

Table 2-7. Shows the metadata for the Landsat 8 scene collected on 07-23-2019 Path 
35, Row 34. 

 

Table 2-8. Shows the metadata for the Landsat 8 scene collected on 07-09-2020 Path 
35, Row 34. 

 

Offical Name of Data Set LC08_L2SP_035034_20170701_20201015_02_T1
Satellite Landsat 8
Path 35
Row 34
Image Acquisition Date 2017-07-01
Date of publication/last update 2020-10-15
Author and/or Owner U.S. Geological Survey (USGS) Earth Resources Observation and Science Ceneter (EROS)
URL of FTP address of the Repository https://earthexplorer.usgs.gov

Description
Level 2 scenes are available from the USGS Earth Explorer Website. Level 2 scenes
have improved radiometric calibration and pre-generated surface reflectance bands.

Coordinate System WGS84
Projection System UTM
Spatial Resolution 30M

Offical Name of Data Set LC08_L2SP_035034_20180704_20200831_02_T1
Satellite Landsat 8
Path 35
Row 34
Image Acquisition Date 2018-07-04
Date of publication/last update 2020-08-31
Author and/or Owner U.S. Geological Survey (USGS) Earth Resources Observation and Science Ceneter (EROS)
URL of FTP address of the Repository https://earthexplorer.usgs.gov

Description
Level 2 scenes are available from the USGS Earth Explorer Website. Level 2 scenes
have improved radiometric calibration and pre-generated surface reflectance bands.

Coordinate System WGS84
Projection System UTM
Spatial Resolution 30M

Offical Name of Data Set LC08_L2SP_035034_20190723_20200827_02_T1
Satellite Landsat 8
Path 35
Row 34
Image Acquisition Date 2019-07-23
Date of publication/last update 2020-08-27
Author and/or Owner U.S. Geological Survey (USGS) Earth Resources Observation and Science Ceneter (EROS)
URL of FTP address of the Repository https://earthexplorer.usgs.gov

Description
Level 2 scenes are available from the USGS Earth Explorer Website. Level 2 scenes
have improved radiometric calibration and pre-generated surface reflectance bands.

Coordinate System WGS84
Projection System UTM
Spatial Resolution 30M

Offical Name of Data Set LC08_L2SP_035034_20200709_20200912_02_T1
Satellite Landsat 8
Path 35
Row 34
Image Acquisition Date 2020-07-09
Date of publication/last update 2020-09-12
Author and/or Owner U.S. Geological Survey (USGS) Earth Resources Observation and Science Ceneter (EROS)
URL of FTP address of the Repository https://earthexplorer.usgs.gov

Description
Level 2 scenes are available from the USGS Earth Explorer Website. Level 2 scenes
have improved radiometric calibration and pre-generated surface reflectance bands.

Coordinate System WGS84
Projection System UTM
Spatial Resolution 30M
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Table 2-9. Shows the metadata for the Landsat 8 scene collected on 07-12-2021 Path 
35, Row 34. 

 

 

Figure 2-2. Shows the Landsat 8 bands that were used in this analysis and their spatial 
extent. 

Offical Name of Data Set LC08_L2SP_035034_20210712_20210721_02_T1
Satellite Landsat 8
Path 35
Row 34
Image Acquisition Date 2021-07-12
Date of publication/last update 2021-07-21
Author and/or Owner U.S. Geological Survey (USGS) Earth Resources Observation and Science Ceneter (EROS)
URL of FTP address of the Repository https://earthexplorer.usgs.gov

Description
Level 2 scenes are available from the USGS Earth Explorer Website. Level 2 scenes
have improved radiometric calibration and pre-generated surface reflectance bands.

Coordinate System WGS84
Projection System UTM
Spatial Resolution 30M
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Vector Data 

Only one vector data set was used in this analysis. The vector data set that was 

used shows the boundaries of all water bodies in the United States. This vector dataset 

is a polygon and was created by ESRI Data and Maps. This water body dataset was 

chosen over others due to its frequent updates and managing authority. The metadata 

for this vector data set is shown below as well as the spatial extent. 

Table 2-10. Shows the metadata for the vector data set displaying water bodies 
throughout the United States.  

 

 

Official Name of Data Set USA Detailed water Bodies
Date of publication and/or last updat2021-10-05
Author and/or Owner esri_dm
URL of FTP address of the repository https://www.arcgis.com/home/item.html?id=84e780692f644e2d93cefc80ae1eba3a

Description
This shapefile represents all bodies of water in the United states. 
It identifys water bodies on the reservior, river, lake, and swamp levels

Corrdinate System WGS84
Projection System GCS WGS 1984
Geometry Type Polygon
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Figure 2-3. Shows the spatial extent of the USA Detailed Water Bodies data set. 

 
Methodology  

Preprocessing  

For this research, the primary software will be ESRI’s ArcGIS Pro (Version 2.9.1). 

This software was chosen due to its wide use and proven abilities in the remote sensing 

field. This software was also chosen due to the built-in model builder function. Model 

builder will be used in this research to create a repeatable methodology. Due to 

limitations of ESRI’s software four models were created. 

The purpose of the first model will be to perform image pre-processing and 

extraction of the study area. The only image pre-processing that was done was using a 
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batch reproject tool to reproject all data to UTM Zone 13N. The reason the reprojection 

was performed was to ensure all scenes and data have the same geographic 

coordinate system to ensure accuracy in the analysis (Young et al. 2017). UTM Zone 

13N was selected because the study area's location falls within this zone. 

The select tool was used to identify the three reservoirs in the study area. After 

the selection was completed the three reservoirs were exported to their own data 

set.  Next in the model is to extract the study areas from the Landsat scenes. This was 

done by using a batch extract by mask tool where the batch parameter was input 

rasters. This delivered scenes for the 3 reservoirs for each year in the study. The 

reason for the extract by mask tool was to save storage space and improve the 

performance of the software. After this, the scaling fact for Landsat 8 Collection two 

data was applied to calibrate imagery values into surface reflectance values. The factor 

works by multiplying the pixels by 0.0000275 and then adding -0.2. This was done using 

the raster calculator function.  A visual workflow of this first model can be found below. 

 

Figure 2-4. Shows the model that was built to perform data preprocessing. 
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Figure 2-5. Shows the model that was built to apply the scaling factor to the Landsat 8 
imagery. 

 
Creating NDWI and an Image Cube 

The next model that was produced was designed to generate a normalized 

difference water index (NDWI) for each Landsat scene and create an image cube out of 

the NDWIs. The first step of this model is to produce a normalized difference water 

index (NDWI) which will identify surface water in the Landsat scenes. There are a few 

indices that can be used to identify surface water, but the NDWI was chosen based on 

its performance in previous studies (Özelkan 2020; Halder et al. 2021; Eid et al. 2020). 

The formula for conducting NDWI on Landsat 8 Scenes is subtracting the near-infrared 
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band from the green band and dividing that by the result of adding the near-infrared 

band to the green band (Özelkan 2020). 

The next step of this model is to create the image cube. An Image cube is a 

raster data set that has more than two dimensions. In the image cube that is created the 

dimensions will be the geographic location of the images, NDWI of the images, as well 

as time (image capture date). The purpose of creating the image cube is to see the 

change in each of the three reservoirs over time. The first step of creating the image 

cube is to create a mosaic data set using the create mosaic dataset tool (Xu 2022). The 

parameters of this tool are to give the data set a name which was Landsat_time_series 

and to select a product definition. The product definition that was selected for this tool 

was the raster dataset and not Landsat 8 OLI because the NDWI’s are no longer in the 

Landsat 8 OLI format. 

 Next, all NDWI rasters were added to the Landsat_time_series using the add 

raster tool. The parameters for this tool are selecting the mosaic dataset 

(Landsat_time_series) and selecting the raster to add which were all 9 of the NDWIs 

that were created. Once the mosaic data set is populated with rasters the next step is to 

use the build multidimensional info tool. Parameters for the build multidimensional info 

tool are as follows, select an input dataset (Landsat_time_series), product name, which 

is the NDWI, and the dimension field is acquisition date which is the date of the image 

capture. The next step is to convert the mosaic data set (Landsat_time_series) to a 

cloud raster format. This is done using the copy raster tool with the following 

parameters, output raster dataset (Landsat_time_series.crf), input raster 

(Landsat_time_series.tiff), and the process as multidimensional box checked. The 
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output creates a raster dataset that has multiple scenes that can examine at acquisition 

dates. This methodology was created after examining these workflows (Eid et al. 2020; 

Mian and Pascal 2021; Si Salah et al. 2019; Xu 2022). The model that was created is 

shown below. 

 

Figure 2-6. Shows the model that was created to compute NDWI and to create the 
image cube. 

 
Quantifying Results  

Two methods will be used to quantify the change in the three reservoirs. The first 

method to quantify the change in the three reservoirs over the nine-year period will use 

the Analyze Changes using the LandTrendr tool In ArcGIS Pro. This tool is optimized to 

detect changes in Landsat time-series images which will generate a change analysis 

raster (Xu 2022). The parameters of this tool are as follows. The input multidimensional 

raster will be Landsat_time_series which was created in the steps above. The 

processing band will be left to the default since Landsat_time_series is a one-band 
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raster since it is composed of the NDWIs. The snapping date will be set to July 31st 

since that date aligns in the middle of the range of image capture dates. The minimum 

number of segments will be set to 9 since that is how many years of data are present in 

the (Mosaic Data). The vertex count overshoot threshold will be left at its default value 

of 2. This was done to allow an additional vertices that can be used to fit the model For 

the spike threshold parameter, the value will be set at .75, this will help dampen pixel 

anomaly spikes. The recovery threshold value will be left at its default of .25. This is so 

the model will allow no segments to be discarded in the time series. The minimum 

number of observations parameter will be set to 9 so it will align with the minimum 

number of segments parameter. For the best model proportion, the default value will of 

1.25 will be used. This value was selected so it would include models that have low p-

values but a significant number of vertices. The p-value parameter default value of 0.01 

will be used since it will still produce a statistically significant result. What this means is 

the model will go through multiple iterations until it finds a model with this p-value or it 

will select a model with the closest p -value to the one set. As for the include other 

bands parameter, it will be left unchecked so it will not include any other bands. 

For the final step of this model, the Detect change Using the Change Analysis 

Raster tool was used. The input raster for this tool was the LandTrendr result. For the 

change type parameter, it was set to the time of earliest change, which will flag the 

earliest date of a pixel that has shown a change in value. The next parameter which is 

the maximum number of changes will be set to 9 which sets the maximum number of 

changes per pixel, 9 was chosen due to there being 9 different images in the raster. For 

the segment data parameter, it was set at end of the segment which extracts the 
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change at the end rather than the beginning.  The change direction parameter was left 

on the default setting so it will measure both positive and negative change. For the filter, 

by the start value parameter, the maximum value was set to 1 and the minimum value 

was set to 0.2. These values were selected since that is the NDWI range for surface 

water. As for the filter by end value parameter the maximum value was set to 0.0 and 

the minimum value was set to -1. Again, these values were selected due to the fact that 

the NDWI range identifies these pixel values as non-water (Halder et al. 2021). The 

output of this raster was saved as Landsat_time_series_change This methodology was 

pieced together from a variety of different previous studies (Eid et al. 2020; Halder et al. 

2021; Xu 2022). The model for this workflow is shown below. 

 

Figure 2-7. Shows The model that was created to detect and analyze changes in the 
image cube. 

The second method for quantifying the results was done by sampling the NDWI’s 

with random points . The first step of this model will be to use the create random points 

tool. The purpose of this tool will be to create 500 random points for each of the three 

reservoirs of interest. The parameters of this tool are to specify the name of the data set 

that will be created which was NDWI_sample_pts, a constraining feature class which 

will be the vector file(study_lakes) that has the boundaries of the three reservoirs of 

interest. These random points that are generated will be used to sample the NDWI s 

that were created (Parmehr et al. 2016). 
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The next step in this model will be to use the Extract Multi Values to Points tool. 

The purpose of this tool will be to extract the values of the NDWI rasters to each of the 

random points created. Parameters for this tool are as follows the input point features 

will be the random points (NDWI_sample_pts) that were created in the first step of the 

model, and input rasters will be the NDWI’s rasters that were created. The output of this 

will populate the NDWI_sample_pts dataset with the NDWI’s Values. The purpose of 

this tool will be to analyze the changes at each of the randomly generated points from 

each NDWI (Singh and Kansal 2022). Once the table for the NDWI_sample_pts dataset 

has been populated with the NDWI values it will then be exported to a csv file. The csv 

file is opened in excel where the random point values were used to generate a time-

series graph. The average of all NDWI values for each reservoir for every year is how 

the time-series graph will be generated. The methodology for this section had parts 

used from previous research (Parmehr et al. 2016; Singh and Kansal 2022). The model 

displaying these steps is shown below. 
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Figure 2-8. Shows the Model that was used to generate random sampling points 

that was used to analyze the results. 
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RESULTS 

NDWI RESULTS 

Overall Results 

Exploring the results of the NDWI analysis that was performed in all three 

reservoirs.  

Table 3-1. Shows NDWI values and their classification based on their values 

 

Each reservoir was sampled by 500 points for a total of 1500 sample points. The 

first metric that will be discussed is the mean pixel value for all reservoirs for each year 

of the study. Looking at the NDWI for 2013 all sample points had a mean pixel value of -

0.0417 which the NDWI scale classifies as moderate drought, non-aqueous surfaces. 

For the 2014 NDWI, all sample points had a mean pixel value of 0.2339 and are 

classified as surface water. In the 2015 NDWI, all sample points had a mean pixel value 

of 0.2569 and is classified as surface water. Looking at the 2016 NDWI all sample 

points had a mean pixel value of 0.4990 and are classified as surface water. The 2017 

NDWI had a mean pixel value of 0.2973 and is classified as surface water. For the 2018 

NDWI which had a mean pixel value of 0.1081 and is classified as flooding, humidity. 

Looking at the 2019 NDWI which had a mean pixel value of 0.1356 and is classified as 

flooding, and humidity. For the 2020 NDWI which had a mean pixel value of 0.0838 and 

is classified as flooding, humidity. Finally, the 2021 NDWI had a mean pixel value of -

0.1598 and is classified as a moderate drought, a nonaqueous surface. The change 

detection raster was generated to show pixel change from the begging or the study 

NDWI Values NDWI Classifcation
0.2 , 1 Water Surface
0.0 , 0.2 Flooding Humidity
-0.3 , 0.0 Moderate Drought , non-aqueous surfaces
-1 , -0.3 Drought, non-aqueous surfaces
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period to the end of the study period. Results for this are shown in Table 3-2 and Figure 

3-1 and Figure 3-2. 

 

 

 

Table 3-2. Shows the average NDWI value of all sampled pixels in the three reservoirs 
over the nine-year study period. 
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Figure 3-1. Shows the average NDWI value of all sampled pixels in the three reservoirs. 
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Figure 3-2. Shows the map from the change detection analysis where each color 
displays the year the pixel value changed last . 

McPhee Reservoir Results 

First looking at the results for McPhee Reservoir from the NDWI analysis. The 

mean pixel value was the first metric used to measure the NDWI analysis at McPhee 

Reservoir. Starting with the year 2013 of the 500 sampled pixels the mean value was 

0.0388 which the NDWI Scale classified as flooding or humidity. The 2014 NDWI that 

was generated had a mean pixel value of 0.4762 which is classified as surface water. 

The 2015 NDWI registered a mean pixel value of 0.6967, classified as surface water. 

The 2016 NDWI that was generated had a mean pixel value of 0.7116 and is classified 
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as surface water. The 2017 NDWI That was generated has a mean pixel value of 

0.5438, classified as surface water. Looking at the 2018 NDWI that was generated it 

had a mean pixel value of 0.3583 which is classified as surface water. For the 2019 

NDWI that was created, it had a mean pixel value of 0.486. The 2020 NDWI that was 

produced had a mean pixel value of 0.2500 which is classified as surface water. Finally, 

the 2021 NDWI that was produced had a mean pixel value of -0.0686 which is classified 

as a moderate drought, non-aqueous surfaces. Results for this are shown in Table 3-3 

and Figure 3-3 and Figure 3-4. 

Table 3-3. Shows the average value of sampled NDWI pixels in the three reservoirs 
over the nine-year study period. 

 

Average Value of Sampled Pixels in The Reservoirs
Year McPhee Lemon Vallecito

2013 0.0388 -0.1626 -0.0012
2014 0.4762 0.0866 0.1388
2015 0.6967 -0.0567 0.1306
2016 0.7116 0.3237 0.4616
2017 0.5428 0.0668 0.2824
2018 0.3583 -0.178 0.1441
2019 0.486 -0.0839 0.0046
2020 0.25 -0.0375 0.039
2021 -0.0686 -0.2839 -0.127
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Figure 3-3. Shows the average NDWI Value of all sample pixels in the three reservoirs 
over the nine-year study period. 
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Figure 3-4. This is a map displaying the NDWI for McPhee Reservoir for each year over 
the nine-year study period. 

The second metric that was used to quantify the results of this analysis was 

finding the mode pixel value for each of the reservoirs. For McPhee Reservoir the mode 

pixel value of the 2013 NDWI analysis was 0.2530 and is classified as surface water. 

For the 2014 NDWI that was created, it had a mode pixel value of 0.8864 and was 

classified as surface water. The 2015 NDWI that was produced had a mean pixel value 

of 0.5501 and is classified as surface water. Looking at the 2016 NDWI that was 

created had a mode pixel value of 0.9903 and is classified as surface water. The 2017 

NDWI that was produced had a mode pixel value of 0.3810 and is classified as surface 

water. The 2018 NDWI that was produced had a mode pixel value of 0.6812 and is 

classified as surface water. Looking at the 2019 NDWI that was created had a mode 

pixel value of 0.8208 and is classified as surface water. The 2020 NDWI that was 

created had a mode pixel value of 0.2048 and was classified as surface water. Finally, 

the 2021 NDWI that was produced had a mode pixel value of 0.0706 and is classified as 

flooding and humidity. Results for this are shown in Table 3-4 and Figure 3-5. 

Table 3-4. Shows the mode value of sampled NDWI pixels in the three reservoirs over 
the nine-year study period. 

 

Mode Value of Sampled Pixels In The Reservoirs
Year McPhee Lemon Vallecito

2013 0.253 -0.4546 0.1033
2014 0.8864 0.13 0.1982
2015 0.5501 -0.0121 0.1533
2016 0.9903 0.5296 0.8937
2017 0.381 0.0447 0.6469
2018 0.6812 -0.3407 0.2878
2019 0.8208 0.0627 0.0202
2020 0.2048 0.1001 0.0672
2021 0.0706 -0.4269 -0.0613



 

39 

 

 

Figure 3-5. Shows the mode NDWI value of all sample pixels in the three reservoirs 
over the nine-year study period. 

 

Lemon Reservoir Results 

Looking at the results for Lemon Reservoir from the NDWI analysis. Starting with 

the mean pixel value metric that was used to quantify the NDWI analysis at Lemon 

reservoir. Starting with the year 2013 which had a mean pixel value of -0.1626 and is 

classified as a moderate drought, non-aqueous surfaces. For the 2014 NDWI that was 

generated it had a mean pixel value of 0.0866 and is classified as flooding, and 

humidity. The 2015 NDWI that was generated had a mean pixel value of -0.0567 which 

is classified as moderate drought, non-aqueous surfaces. Looking at the 2016 NDWI 

that was created had a mean pixel value of 0.3237 which is classified as surface water. 

The 2017 NDWI that was created had a mean pixel value of 0.0668 and is classified as 
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flooding and humidity. For the 2018 NDWI that was created, it had a mean pixel value of 

-0.1780 which is classified as a moderate drought, non-aqueous surfaces. Looking at 

the 2019 NDWI that was created it had a mean pixel value of -0.0839 and is classified 

as moderate drought, non-aqueous surface. The 2020 NDWI that was created had a 

mean pixel value of -0.0375 which is classified as moderate drought, non-aqueous 

surfaces. Finally, the 2021 NDWI that was produced had a mean pixel value of -0.2839 

and is classified as moderate drought, non-aqueous surfaces. Results for this are 

shown in Table 3-2 and Figure 3-3 

Now looking at the second metric for quantifying the NDWI analysis which is the 

mode of pixels values for NDWI in Lemon Reservoir. For the 2013 NDWI, the mode 

pixel value was -0.4546 and is classified as a drought, non-aqueous surface. The 2014 

NDWI analysis had a mode pixel value of 0.1300 and is classified as flooding and 

humidity. Looking at the 2015 NDWI which had a mode pixel value of -0.0121 and is 

classified as a moderate drought, non-aqueous surfaces. The 2016 NDWI that was 

created had a mode pixel value of 0.5296 and is classified as surface water. The 2017 

NDWI that was generated had a mode pixel value of 0.0447 and is classified as flooding 

and humidity. Looking the 2018 NDWI that was generated had a mode pixel value of -

0.3407 and is classified as a drought, non-aqueous surface. The 2019 NDWI that was 

generated had a mode pixel value of 0.0627 and is classified as flooding and humidity. 

The 2020 NDWI that was created had a mode pixel value of 0.1001 and is classified as 

flooding and humidity. Finally, the 2021 NDWI that was generated had a mode pixel 

value of -0.4269 and is classified as a drought, non-aqueous surface. Results for this 

are shown in Table 3-3 and Figure 3-5 
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Vallecito Reservoir Results 

Looking at the results for the Vallecito Reservoir from the NDWI analysis. 

Looking at the mean pixel value metric that was to quantify the NDWI analysis at 

Vallecito Reservoir. Looking at the 2013 NDWI that was generated which had a mean 

pixel value of -0.0012 and is classified as moderate drought, non-aqueous surfaces. 

The 2014 NDWI that was created had a mean pixel value of 0.1388 and its class is 

classified as flooding and humidity. The 2015 NDWI that was created had a mean pixel 

value of 0.1306 and is classified as flooding and humidity. Looking at the 2016 NDWI 

that was generated had a mean pixel value of 0.4616 and is classified as surface water. 

The 2017 NDWI that was produced had a mean pixel value of 0.2824 and is classified 

as surface water. The 2018 NDWI that was created had a mean pixel value of 0.1441 

and is classified as flooding and humidity. Looking at the 2019 NDWI that was produced 

had a mean pixel value of 0.0046 and is classified as flooding, and humidity, For the 

2020 NDWI that was created had a mean pixel value of 0.0390 and is classified as 

flooding, and humidity. Finally, the 2021 NDWI that was produced had a mean pixel 

value of -0.1270 and is classified as a moderate drought, non-aqueous surface. Results 

for this are shown in Table 3-2 and Figure 3-3. NDWI Results for Lemon and Vallecito 

are shown below. 
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Figure 3-6. This is a map displaying the NDWI for McPhee Reservoir for each year over 
the nine-year study period. 

Now looking at the second metric for quantifying the NDWI analysis which is the 

mode of pixels values for NDWI in Vallecito Reservoir. The 2013 NDWI that was 

generated had a mode pixel value of 0.1033 and is classified as flooding and humidity. 

The 2014 NDWI that was generated had a mode pixel value of 0.1982 and is classified 

as flooding and humidity. The 2015 NDWI that was generated had a mode pixel value of 

0.1533 and is classified as flooding and humidity. Looking at the 2016 NDWI that was 

generated had a  mode pixel value of 0.8937 and is classified as surface water. The 

2017 NDWI that was generated had a mode pixel value of 0.6469 and is classified as 

surface water. Looking at the 2018 NDWI that was generated had a mode pixel value of 

0.2878 and is classified as surface water. The 2019 NDWI that was generated had a 

mode pixel value of 0.0202 and is classified as flooding and humidity. The 2020 NDWI 

that was generated had a mode pixel value of 0.0672 and is classified as flooding and 
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humidity. Finally, the 2021 NDWI that was generated had a mode pixel value of -0.0613 

and is classified as a moderated drought, non-aqueous surfaces. Results for this are 

shown in Table 3-3 and Figure 3-5. 
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 DISCUSSION 

Individual Reservoir Discussion  

McPhee Reservoir Discussion 

Looking at the results from McPhee Reservoir. The year that had the highest 

average NDWI Value for this reservoir was 2016. In 2016 the average NDWI value from 

the sample points was 0.7116. The year that had the lowest average NDWI Value for 

this reservoir was 2021. In 2021 the average NDWI value from the sample points was -

0.0686. The NDWI averages from 2016 bother to register as surface water, and the 

NDWI average from 2021 registers as moderate drought, non-aqueous surfaces. A 

possible cause for the higher NDWI values in 2016 could be due to the snowpack in 

June being recorded at 171% of normal (NRCS 2021). Meaning that there was still a 

large amount of snow water equivalent (SWE) left in the McPhee watershed. 

Lemon Reservoir Discussion 

Now for the results of the NDWI analysis for Lemon Reservoir. The year that had 

the highest average NDWI values for this reservoir was 2016. In 2016 the average 

NDWI value from the sample points was 0.3237. The year that had the lowest NDWI 

values for this reservoir was 2021. In 2021 the average NDWI Value from the sample 

points was -0.2839. The NDWI average from 2016 registers as surface water, and the 

NDWI average from 2021 registers as moderate drought, non-aqueous surfaces. 

Vallecito Reservoir Discussion 

Exploring the results of the NDWI analysis for Vallecito Reservoir. The year that 

had the highest average NDWI values for this reservoir was 2016. In 2016 the average 

NDWI value from the sample points was 0.4616. The year that had the lowest average 

NDWI values for this reservoir was 2021. In 2021 the average NDWI value from the 
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sample points was -0.1270. The NDWI average for 2016 registers as surface water, and 

the NDWI average for 2021 registers as moderate drought, non-aqueous surfaces. 

Overall Reservoir Discussion 

NDWI Values and Snowpack 

Examining the results of all three reservoirs. Looking at the results show all 

reservoirs register the highest average NDWI score during 2016. During the year 2016, 

the snowpack remaining in June of that year was 171% of the normal snowpack 

remaining (NRCS 2021). In the year 2015, the snowpack remaining in June of that year 

was 207% of the normal snowpack remaining (NRCS 2021). Having two years of 

above-average snowpack could have led to these reservoirs filling up and in turn 

causing them to register higher average NDVI scores. Looking at the year 2021 in which 

all reservoirs registered the lowest average NDWI score. Examining the snowpack for 

the year 2021 shows that in June there was 0% of normal snowpack remaining (NRCS 

2021). In the year 2020, the month of June also registered 0% of normal snowpack 

remaining (NRCS 2021). It is possible that two years of no snow remaining in the month 

of June could have caused the year 2021 to register the lowest average NDWI scores. 

Looking at the year 2019 which registered the 5th highest NDVI score for the 9-year 

period. In June of that year, there was 1002% of normal snowpack remaining (NRCS 

2021). In June of 2018, there was 0% of normal snowpack remaining (NRCS 2021). 

One possible reason for 2019 registering the 5th highest average NDWI score could be 

due to the fact that the reservoirs were impacted by the lack of snowpack the year 

before (2018). Another possible cause of 2019 registering the 5th highest average 

NDWI score could have been caused that the snowpack had not melted off by the time 

the satellite images were captured (June 1st - July 31st). A possible reason for the 
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snowpack not having melted off may have been abnormally cold late spring-early 

summer temperatures. 

The average NDVI values of all three reservoirs in 2013 started at the second-

lowest point. Over the years 2014 -2015, the average NDWI values rose gradually. In 

the year 2016, the average of all the NDWI values was the highest and registered an 

average NDWI value of 0.4990. In the years 2017-2018 the averaged NDWI values 

decreased sharply. Then in 2019 average NDWI values rose slightly. Next, the average 

NDWI values decrease sharply all the way to 2021 when the NDWI values averaged the 

lowest over the nine-year study period registering a value of -0.1598. After viewing the 

results from this NDWI analysis and comparing it with external data provided by the 

National Resources Conservation Services it is reasonable to believe that the snowpack 

present in the month of June has an impact on how full reservoirs are in the summer 

months in Southwest Colorado. 

Change Detection Discussion  

Looking at the overall results over the nine-year study period starting in the year 

2013. The change detection raster displays pixel change in McPhee Reservoir quite 

well. Although it shows pixel change in the McPhee reservoir well it does not display 

change In the Lemon and Vallecito Reservoirs well. This could have been caused by 

changing the depths of the two reservoirs which led to changing NDWI pixel values. 

Another possible cause could have been clouding near the reservoirs. It could have also 

been caused by shade since both reservoirs are surrounded by mountainous terrain. 

Limitations of this study  

Limitations of this study.  One factor that could have impacted the results of this 

NDWI analysis could have been caused by sediment-rich water in the reservoirs making 
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some of the NDWI values register in the flooding, and humidity portion of the scale. 

Another factor that could have had an impact on the NDWI analysis was clouding 

present near the Lemon Reservoir in all of the Satellite scenes used in this study. Also, 

Lemon and Vallecito Reservoirs are surrounded by mountainous terrain, and shadowing 

from the terrain could have skewed the NDWI analysis. 
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CONCLUSION 

This project aimed to shed light on the current Mega Drought that the western 

United States. The impact that the Mega Drought is having on reservoirs has become a 

mainstream topic of discussion. The largest reservoirs, Lake Mead and Lake Powell are 

at the center of discussion since they are some of the largest water supplies to people 

in the western united states. These reservoirs are a part of the Colorado River 

watershed which is made up of many reservoirs and rivers. To get a more accurate 

understanding of the mega-drought further research is needed to understand how the 

drought is impacting other reservoirs in the watershed. This research focused on three 

of the reservoirs, McPhee, Vallecito, and Lemon. To examine these reservoirs Landsat 

8 imagery was used and compiled to create an image cube. The image cube contained 

the physical locations of the reservoirs, a computed NDWI for the reservoirs, as well as 

the image acquisition date for the reservoirs. A change detection raster was also 

generated using the LandTrender method. The results from the image cube were 

quantified by sampling all three reservoirs' NDWI values for the year. The values were 

then exported, and different metrics were computed. As for the change detection raster, 

the results of it were not quantifiable. This is most likely due to much change in the 

NDWI values, and it would over-detect pixel change. The results showed that in 2013 all 

three reservoirs started off with low NDWI values but rose to their highest values in 

2016 and then to their lowest values in 2021. Looking at auxiliary snowpack data it 

appears that the higher the remaining snowpack in June is the higher the reservoir 

NDWI values will be. The findings of this research show that the megadrought is 

causing these three reservoirs to decrease each year other than two years that had 

higher than average snowpack. This research could benefit from being examined at 
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different times of the year to see if in different seasons the results stay the same or if 

they differ. Another way in which this research could benefit is if imagery with a higher 

spatial resolution could be used to more accurately detect change on a finer level. 
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