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ABSTRACT 

The Civano community of Tucson, Arizona, is built for sustainability. Trees and plants 

are precious resource in the community and balancing human needs and natural resources. The 

design of rainwater harvesting systems and the usage of reclaimed water inside the community 

effectively irrigate plants and save drinking water. This project estimates canopy changes over 

time and explores the effect of water resources on plant growth for developed areas and natural 

areas, respectively. This project generates land cover classifications for 2007, 2010, and 2015 

using supervised classification method and measures canopy cover change over time. Based on 

City of Tucson Water “harvesting rainwater guide to water-efficient landscaping”, this project 

discusses if water supply meets plant water demand in the developed areas of the community. 

Additionally, the normalized difference vegetation index (NDVI) data for developed area and 

natural area over ten years are compared and provide a correlation analysis with water sources. 

The results show that canopy cover across the entire community decreased from 2007 to 2010, 

then increased from 2010 to 2015. Water supply in the developed areas is sufficient for plant 

water demand. In natural areas plant growth changes dramatically as a result of precipitation 

fluctuation. In addition, it’s proved that 2011 National Land Cover Database (NLCD) tree 

canopy underestimates canopy cover in the Civano community. The final products not only 

provide the fundamental canopy cover data for other studies, also serve as a reference of water 

efficient landscaping within a community. 
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INTRODUCTION 

 

The Civano community was the first developed community in the southeast of Tucson, 

Arizona to balance natural resources and human needs. Based on the design principle, the 

community preserved natural landscape, natural open spaces, bicycle lanes, pedestrian trails, 

workspace and school, connecting people to each other and to their environment. Along with the 

development of Civano, solar principles, green buildings and water conservation are some of the 

key concepts throughout the community. To provide a long-term sustainable community, tree-

lined walkways, shady public spaces, salvaged trees and low water use landscaping are also 

developed. 

The 818 acres community consists of two parts with different development dates, Civano 

Phase I and Civano Phase II. Civano Phase I has an area of about 350 acres and has been 

developed since 2000. Civano Phase II is a newly developed part of the community and is 

referred to as “Sierra Morado”. In this project, the study area is limited to Civano Phase I (Figure 

1), which has plenty of mature plants and will be referred to as “Civano”.  

In the Civano’s development, plants are as important as houses. As an essential element, 

plants contribute to people’s health, provide shade for streets and parking lots, cool summer 

temperature, clean the air, reduce traffic noise, and provide physical, social and economic 

benefits to a community. In the Civano community, the majority plant types are Sweet Acacia, 

Palo Verde, Mesquite, and Desert Willow (Davison 2014). Canopy cover is defined as the layer 

of leaves, branches and stems of trees that cover the ground when viewed from above (O’Neil-

Dunne 2014). In this project, canopy cover will be used to evaluate plant growth in the 

community. 
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Figure 1: The Civano Community and its neighborhood. 

For the healthy growth of plants, enough rainfall is generally required. However, in the 

southwest of the United States, rainfall is relatively scarce and often unstable in frequency and 

amount. These conditions require as efficient use of water as possible to help meet plant water 

demand. Ninety percent of Tucson's precipitation is either engineered to drain out of the county 

or is lost through evaporation. To develop methods to retain rainwater to nourish vegetation, 

rainwater-harvesting system is developed, in which rainwater from the houses' roofs is collected 

and stored in underground cisterns for irrigation or directly drained to plants. 



10 
 

Rainwater harvesting is the capture, transfer, and storage of rain for landscape irrigation. 

There are three main components for all rainwater harvesting systems: the supply (Rainfall), the 

demand (Plant Water Requirement), and the system that moves the water to the plants (City of 

Tucson Water 2013). In many communities, up to 30 percent to 50 percent of potable water use 

is dedicated for landscaping applications. When combined with native and low water-use 

landscaping, rainwater harvesting can effectively reduce the use of drinking water for 

landscaping. In addition, rainwater-harvesting systems can be easily implemented in a house 

design. These systems are typically low cost and free of operations. Apart from maintenance fee, 

they don’t require extensive infrastructure. 

Another water resource for landscaping irrigation is reclaimed water, also known as 

recycled water. It is water recovered from domestic, municipal, and industrial wastewater that 

has been treated to standards that allow safe reuse for irrigation purposes (Haering et al. 2009). 

Tucson Water has been producing and delivering reclaimed water since 1984. The nitrogen and 

phosphorus in reclaimed water provide fertilizer for plants and grass. Reclaimed water is 

appropriate for landscape irrigation, but not for drinking and bathing. Pima County’s Regional 

Wastewater Reclamation Department supplies reclaimed water to Civano and to the City of 

Tucson, fulfilling common area landscaping needs and saving groundwater resources.  

This project is intended to quantitatively measure plant growth in the Civano community 

and validate the effectiveness of water harvesting systems and the usage of reclaimed water. First 

of all, land cover classification results for the Civano community in the years 2007, 2010, and 

2015 will be generated based on the combination of multispectral National Agriculture Imagery 

Program (NAIP) imagery (2007, 2010, and 2015) and Light Detection and Ranging (LiDAR) 

data (2005, 2008, and 2015). According to the classification results, a series of tree canopy 
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products for 2007, 2010, and 2015 will be extracted and analyzed. Furthermore, this project 

assesses how canopy cover changes over years in the community. As for plant growth, the 

influence of water resources on plant growth will be discussed and the correlation between 

NDVI and water resources for natural areas and developed areas will be statistically analyzed. 

Specifically, 2010 canopy cover will be used to compare with 2011 NLCD tree canopy and 

determine how well the accuracy of 2011 NLCD estimates tree canopy for the Civano 

community. This project not only provides the fundamental canopy cover data for other studies, 

but also serves as a reference for other communities’ design.  
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METHODS 

 

Data 

NAIP Imagery 

NAIP imagery was acquired from the U.S. Department of Agriculture during the “leaf-

on” seasons in the continental U.S.  It has a 1-meter spatial resolution with four spectral bands 

(e.g. red, green, blue, and near infrared). In this project, three NAIP scenes were separately 

downloaded for June 2007, June 2010, and May 2015 from U.S. Geological Survey.  

 The Normalized Difference Vegetation Index (NDVI) is an index that can be used to 

analyze plant “greenness” or photosynthetic activity, and is also one of the most commonly used 

vegetation indices (Rani et al. 2015). NDVI is based on the observation that vegetation surfaces 

absorb and reflect different types of light. Specifically, vegetation in active photosynthetic 

phases absorbs most of the red light and reflects much of the near infrared light. NDVI is 

calculated by using the following equation on each pixel from an image (Tucker 1979).  

NDVI = 
(𝑁𝐼𝑅−𝑅𝐸𝐷)

(𝑁𝐼𝑅+𝑅𝐸𝐷)
 

where: 

𝑁𝐼𝑅 = the near infrared band value for a cell 

 𝑅𝐸𝐷 = the red band value for the cell 

 

Based on the equation, three NDVI images (2007, 2010, and 2015) were created from the 

corresponding NAIP imageries in ERDAS IMAGINE 2014.  

LiDAR Data 

Aerial Light Detection and Ranging (LiDAR) data used in this project were collected by 

the Pima Association of Governments (PAG) by illuminating a target with a laser light via air 
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plane flight. Each time the laser generates an optical pulse, the pulse is reflected off an object 

and returns to the system receiver. Discrete-return LiDAR collects both elevation and intensity 

data for each object the laser hits until the laser hits the ground (Lefsky et al. 2002). A laser hits 

different canopy parts then finally penetrates to the ground, the result is that for one location a 

sensor collects multiple elevation data based on one laser (Wehr and Lohr 1999). Most of the 

LiDAR data contains multiple points per square meter. In this project, LiDAR data were 

separately collected for 2005, 2008, and 2015 from PAG. Processing the point clouds of a 

LiDAR dataset can provide the user with a horizontal accuracy of 1 meter and a vertical accuracy 

of 37 centimeters (Hartfield et al. 2011). 

The LiDAR system can be used to produce Digital Elevation Model (DEM, also called 

bare earth models) and Digital Surface Model (DSM, the first return surface), as well as Object 

Height Model (OHM) (Fowler 2001). The DEM, a raster surface, is generated by using the 

original LiDAR ground points data. Based on the original LiDAR first return points, the DSM 

can be calculated. The OHM is obtained by subtracting DEM from DSM for each cell. The OHM 

is a raster surface with each pixel representing the height of features relative to the ground. The 

OHM is also resampled to a spatial resolution of one meter to be consistent with the NAIP 

imagery and NDVI data.  

NAIP imagery and derivative data (NDVI, DEM, DSM, and OHM) have been projected 

to a common projection: State Plane Coordinates, Arizona Central Zone (FIPS 0202), NAD 1983 

HARN, in units of International Foot. 

MODIS NDVI Product 

The Moderate Resolution Imaging Spectroradiometer (MODIS) instrument is onboard 

the National Aeronautics and Space Administration (NASA)'s Terra satellite, which has thirty-
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six spectral bands from the visible to thermal infrared wavelengths. The first seven bands are 

mainly designed for remote sensing of the land surface with a 250-meter spatial resolution 

(Running et al. 1994). In addition to moderate spatial resolution, MODIS data can also provide 

high temporal resolution of sixteen days, which offers a good chance to analyze and monitor land 

surface processes.  Due to this advantage of MODIS data, it has been widely used for different 

missions and provided new possibilities for research over a large area (Pflugmacher et al. 2007). 

The NDVI data were extracted from the MODIS land product (MOD13Q1), which were 

obtained through the online Data Pool at NASA’s Land Processes Distributed Active Archive 

Center (LP DAAC). NDVI data were calculated using the red band and near infrared band from 

MODIS surface reflectance, which also were corrected with molecular scattering, ozone and 

aerosols absorption. This 250-meter spatial resolution NDVI data were obtained every sixteen 

days (Olofsson et al. 2007). In this project, high temporal NDVI data derived from MODIS 

product is collected from January 2005 to December 2015 for the Civano community.  

Precipitation and Reclaimed Water  

Water resources used for irrigation in the Civano community comes from two principal 

sources: precipitation and residential reclaimed water. The precipitation data were acquired from 

January 2005 to December 2015 from the local Station 4180 (Pantano Wash at Houghton) in the 

Pima County Regional Flood Control District. The rain gauge is a tipping bucket and one tip is 

equal to one millimeter.  The tip counter is reset back to zero when field maintenance is 

performed. The precipitation information is monitored at a daily interval and in incremental 

inches. As the monthly or annual precipitation data is totaled, the rainwater calculation and 

performance of the rain gauge should be considered. The residential reclaimed water data for the 
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Civano community is measured in the unit of 100 cubic foot (Ccf) and collected at monthly 

intervals from January 2005 to December 2015 from Tucson Water Department. 

NLCD 2011 Tree Canopy Product 

The current NLCD 2011 products for tree canopy cover have been released from the 

Multi-Resolution Land Characteristics (MRLC) Consortium. The NLCD products are at a 30-

meter spatial resolution. There are two versions of the NLCD 2011 percent tree canopy cover: an 

analytical version and a cartographic version. The analytical version was produced using a 

Random Forests Regression Algorithm. It is intended to be used for estimating average tree 

canopy cover in an area of interest, and includes both percent tree canopy predictions and 

uncertainty around those predictions (Coulston et al. 2016). The cartographic version is intended 

to be used more as a visual background in cartographic applications. The analytical version for 

NLCD 2011 Tree Canopy product is used in this project to validate its accuracy in the Civano 

community. The NLCD 2011 tree canopy product has also been projected to the same projection: 

State Plane Coordinates, Arizona Central Zone (FIPS 0202), NAD 1983 HARN, in units of 

International Foot. 

Land Cover Classification 

The combination of LiDAR and NAIP imagery can improve the accuracy of land cover 

classification, specifically vegetation’s identification (Hartfield et al. 2011, Secord and Zakhor 

2007). In this project, NAIP, NDVI, and OHM are stacked to a single file. NDVI derived from 

NAIP imagery aids in separating vegetation from other natural features (soil) and man-made 

materials (buildings, roads). OHM derived from LiDAR data aids in the separating classes that 

have similar spectral signatures, but vary in elevation, such as buildings and roads (Hartfield et 

al. 2011, Bork and Su 2007). Then the supervised classification method used in ESRI ArcGIS 10 
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classifies the single file as six classes: buildings, pavement, bare ground, water, grassland, and 

trees/shrubs, based on training samples. The supervised classification method is using the 

Maximum Likelihood algorithm, which is based on probability. This algorithm is still widely 

used by supervised classification. The following outline of land cover classification is shown in 

Figure 2: 

Figure 2: The outline of land cover classification. 

Land cover classification is processed as the following procedure. First of all, the input 

single file used for classification should be prepared. The supervised classification in ArcGIS 10 

is only able to perform a classification on a single file. NAIP, NDVI, and OHM prepared in 

advance are stacked to create a single multiband file to perform the supervised classification in 

ArcGIS 10. The classification result is classified as six classes: buildings, pavement, bare 

ground, water, grassland, and trees/shrubs. The buildings class is composed of man-made 

structures that have a height above the ground. The pavement class, another man-made class, 

consists of sidewalks, streets, and parking lots. The trees/shrubs class in this project includes 

vegetation with a height above ground, such as desert shrubs, bushes, and other desert trees.  
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Furthermore, training samples for six classes used to perform supervised classification 

are selected through expert knowledge. The single multiband files for years 2007, 2010, and 

2015 are uploaded into ArcGIS, then training samples are extracted into a polygon vector file. 

Polygons are drawn covering representative pixels of six classes, which produces attributes and 

spectral signatures of training samples for each class. Certain classes include different spectral 

and height properties, such as buildings with different color roofs and different height. The 

training samples for the buildings class would consider white roofs, grey roofs, red roofs, and 

black roofs which were combined into one training sample set for the buildings class. The 

training sample set for the pavement class consists of black, grey, and red pavement. For 

trees/shrubs class, training samples representing sparse plants, vigorous plants, and natural desert 

shrubs are combined into one training sample set.  

Finally, the accuracy assessment is performed after land cover classification is 

completed. Accuracy points are selected for every class. Accuracy points are not included within 

the training pixels and chosen in the middle of objects to avoid confusion that might be caused 

by mixed pixels representing a number of classes. Due to the lack of water bodies and grassland 

in the Civano community, only ten accuracy points are chosen for water class and fifteen 

accuracy points are chosen for grassland class. The remaining four classes are respectively 

selecting twenty-five accuracy points. In total, there are one hundred twenty-five accuracy points 

collected across the entire community. By using the “Extract Multi Values to Points” tool in 

ArcGIS, accuracy points are compared to those pixels assigned in classification results. Finally, 

an error matrix is generated to evaluate the accuracy of land cover classification result. Table 1 is 

an example of an error matrix. 
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The error matrix is a square array of numbers set out in rows and columns (Congalton 

1991). The diagonal numbers represent pixels classified correctly. Dividing total numbers by 

diagonal numbers generates the overall accuracy of land cover classification result. The total 

columns represent what these pixels actually are in reality. The columns tell how many pixels are 

correct and how many correct pixels are omitted.  Producer’s accuracy is calculated by dividing 

the total column number by the number of pixels correctly classified. The total rows represent 

what those pixels are classified as and include pixels that are not correctly classified. The user’s 

accuracy is calculated according the total row numbers divided by the pixels correctly classified. 

Another accuracy assessment is called KAPPA (Cohen 1960). A KHAT statistic is calculated to 

perform a KAPPA analysis as the following equation (Bishop et al., 1975). Overall accuracy in 

an error matrix only incorporates the diagonal, whereas KHAT accuracy indirectly incorporates 

the off-diagonal numbers as a product of row and column marginal (Congalton 1991). 

�̂� =
𝑁 ∑ 𝑥𝑖𝑖

𝑘
𝑖=1 −∑ (𝑥𝑖+∗𝑥+𝑖)𝑘

𝑖=1

𝑁2−∑ (𝑥𝑖+∗𝑥+𝑖)𝑘
𝑖=1

 

where: 

 𝑘 = the number of rows in the matrix 

            𝑥𝑖𝑖 = the number of observations in row i and column i 

            𝑥𝑖+, 𝑥+𝑖 = the marginal totals of row i and column i, respectively 

            𝑁 = the total number of observations 

 

Table 1: An example of error matrix. 
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Canopy Cover Change 

This project analyzes canopy change across the entire community. In order to measure 

the relative “thickness” of canopy cover in the Civano community, this project also study canopy 

change in every zone of nineteen zones, which are created by City of Tucson staff across the 

community (Davison 2014). The nineteen zones are numbered on the 2015 NAIP imagery and 

shown in Figure 3. As the imagery shows, some zones in the Civano community are full of 

plants and houses, such as zones 3, 6, 7, 9, 10, 11, 15, and 18, and some zones are not developed, 

like zones 2, 13, and 17. Finally, because of the difference of canopy cover in both natural areas 

and developed areas, this project also calculated canopy cover change in both regions. 

Within ArcGIS software, canopy cover extracted from classification results are converted 

to a point shapefile. Using the “Intersect” tool for the point file and zones file, canopy cover for 

each zone is consequently calculated using the “Summary Statistics” tool. The outline of canopy 

cover change analysis is shown below in Figure 4. 
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Figure 3: Nineteen zones used to assess canopy cover change in the Civano community. 
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Water Supply and Plant Demand 

As we know plant growth is mostly water limited, in the Civano community homes are 

designed to utilize simple and efficient passive rainwater harvesting systems for landscape 

irrigation. Another water resource is residential reclaimed water used for landscape irrigation. In 

order to study whether or not the total harvested rainwater and reclaimed water is sufficient for 

plant growth, this project references the “harvesting rainwater guide to water-efficient 

landscaping” published by City of Tucson Water (2013) to calculate rainwater supply and plant 

demand. Adding reclaimed water to rainwater supply gets the total water supply, which is 

compared with plant water demand. This analysis is only focused on the developed area (zones 

3, 4, 6-11, 14-16, 18, and 19) of the community. Figure 5 presents the outline of the study of 

water supply and plant water demand. 

Figure 4: The outline of canopy cover change analysis. 
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In a rainwater harvesting system, a catchment is any area that can collect water, including 

paved areas, roofs, and the soil surface. The best catchments, like concrete or metal material, 

have hard, smooth surfaces. The amount of rainwater supply depends on the area, slope, and 

surface texture of the catchment. The “runoff coefficient” of catchments is shown in Table 2. 

The “high” number means catchment area is less absorbent, and the “low” number corresponding 

to more absorbent catchment surface. In the Civano community, the impervious area of Civano is 

extracted from land cover classification results, including buildings and pavement classes, and 

considered as the catchment area. In the community, the “runoff coefficient” of roofs and 

pavement is considered as 0.9. The following equation is used to calculate rainwater supply (Ccf) 

for landscaping in the developed areas (City of Tucson Water 2013): 

SUPPLY =𝑅 ∗ (8.33 ∗ 10−4) ∗ 𝐶 ∗ 𝐶𝑂1 

where: 

SUPPLY = precipitation supply (Ccf) 

 𝑅 = the rainfall for each year (inch) 

            𝐶 = the catchment area (square feet) 

            𝐶𝑂1 = runoff coefficient 

            8.33 ∗ 10−4= the ratio of converting inches to Ccf per square feet 

Figure 5: The outline of water supply and plant demand. 
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To calculate plant water demand, monthly evapotranspiration (ET) information shown in 

Table 3 is used as indicator for water demand for plant growth.  ET is the loss of water caused by 

evaporation and plant transpiration. Water for maintaining plant health must be supplemented to 

the ET rate. ET is usually calculated for alfalfa which needs heavy water use. The ET rate of 

alfalfa is referred to as “1”. For different plant type, the ET rate is multiplied by the “Plant Water 

Use Coefficient” (Table 4). In this project, plants in the Civano community are considered as 

“low water use” vegetation.  

 

Table 2: Runoff Coefficients (City of Tucson Water 2013). 

Table 4: Plant water use coefficients (City of Tucson Water 2013). 

Table 3: Evapotranspiration for Tucson (City of Tucson Water 2013). 
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 To assess plant water demand, irrigation area in this project are referred to the canopy 

cover area. The canopy cover data are extracted from three classification results of 2007, 2010, 

and 2015. The following equation is used to calculate water demand for plant growth in the 

developed areas of the Civano community (City of Tucson Water 2013): 

DEMAND =𝐸𝑇 ∗ (8.33 ∗ 10−4) ∗ 𝐶𝑂2 ∗ 𝑆 

where: 

DEMAND = plant demand (Ccf) 

 𝐸𝑇 = evapotranspiration rate (inch) (See Table 2) 

            𝐶𝑂2 = plant water use coefficient (See Table 3) 

            𝑆 = the landscaping area (square feet) 

            8.33 ∗ 10−4= the ratio of converting inches to Ccf per square feet 

MODIS NDVI vs. Water Resources 

Given that the canopy cover data is only available for 2007, 2010, and 2015, high 

temporal NDVI is collected from MODIS NDVI product (MOD13Q1) from January 2005 to 

December 2015. To study the effect of water resources on plant greenness in both natural areas 

and developed areas, this project collects four 250-meter pixels of NDVI product inside the 

developed area and three 250-meter pixels of NDVI product inside natural areas. Linear 

interpolation is used to process MODIS NDVI products to get NDVI values for every month. In 

this project, the NDVI value for the 15th of each month is calculated. For example, the NDVI of 

the 15th of February is linearly interpolated by using NDVI values of the 2nd and the 18th of 

February. MODIS NDVI data are used to supplementally analyze the correlations between plant 

greenness and water resources (precipitation and residential reclaimed water) for both developed 

areas and natural areas. 

Based on MODIS NDVI data collected from both natural areas and developed areas, this 

project compares the difference of monthly NDVI for both areas. Through SPSS software, this 
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project also analyzes the correlation between annual NDVI and precipitation for natural areas, as 

well as the correlation between annual NDVI and the sum of precipitation and reclaimed water 

for developed areas. The outline of this part analysis is shown in Figure 6. 

Accuracy verification of the NLCD 2011 Product 

NLCD 2011 Tree Canopy product in this project is compared with the 2010 canopy cover 

extracted from 2010 land cover classification. The comparison is used to verify the accuracy of 

NLCD 2011 Tree Canopy product for the Civano community. The NLCD 2011 Tree Canopy in 

the Civano community is shown in Figure 7.  

Using the “Extract by Mask” tool in ArcGIS 10, NLCD 2011 tree canopy across the 

Civano community is exported to a new file. The attribute table of the exported file is opened in 

Microsoft Excel and used to calculate the amount of tree canopy in the community. Values for 

each pixel represent the canopy cover percent. The following equation is used to calculate the 

tree canopy percent of NLCD product in the Civano community:  

Figure 6: The outline of MODIS NDVI and water resources analysis. 



26 
 

Percent = 
∑[(

𝑉𝐴𝐿𝑈𝐸𝑖
100

)∗𝐶𝑂𝑈𝑁𝑇𝑖∗900]

𝐶𝑂𝑈𝑁𝑇∗900
 

where: 

Percent = tree canopy cover percent in the study area 

𝑉𝐴𝐿𝑈𝐸𝑖 = tree canopy percent i for cells 

 𝐶𝑂𝑈𝑁𝑇𝑖 = the total number of cells with the same percent i 

            𝐶𝑂𝑈𝑁𝑇 = the total number of cells in the study area 

            900 = the area of one pixel (square meter) 

 Similarly, using the “Extract by Mask” tool in ArcGIS 10 can generate the number of 

canopy cover pixels of 2010 land cover classification result in the community. Dividing the total 

pixels by the number of canopy pixels can calculate the 2010 canopy cover percent. Finally, both 

canopy cover percent of NLCD 2011 product and 2010 classification result are compared and 

determine if NLCD 2011 Tree Canopy product over or under estimates the tree canopy in the 

Civano community. 
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Figure 7: 2011 NLCD tree canopy product in the Civano community 
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RESULT AND DISCUSSION 

 

Land Cover Classification 

The combination of the multispectral NAIP, NDVI, and OHM was processed to generate 

land cover classification results for years 2007, 2010, and 2015. The 2007 land cover 

classification result (Figure 8) was derived from 2005 LiDAR data and 2007 NAIP imagery, the 

2010 land cover classification result (Figure 9) was derived from 2008 LiDAR data and 2010 

NAIP imagery, and the 2015 land cover classification result (Figure 10) was derived from 2015 

LiDAR data and 2015 NAIP imagery. The error matrixes (Table 5, Table 6, and Table 7) for 

accuracy assessment of land cover classification results were separately calculated. For the three 

classification results, the overall accuracies ranged from 92.0% to 94.4% and kappa values 

ranged from 0.90 to 0.93. The combination of LiDAR data and multispectral NAIP imagery, 

along with supervised classification technique, have generated accurate classification results.  

However, the different date of LiDAR data and NAIP imagery could generate some 

classification errors in the classification process. According to the error matrix (Table 5), there 

were three accuracy points of bare ground class were misclassified as buildings class. Through 

the examination of the three points, they were in the north and southeast of the community, as 

the red boxes show in Figure 8. This is caused by the combination of different date of LiDAR 

data (2005) and NAIP imagery (2007). Natural plants in 2005 in the north and southeast areas 

were removed in 2007 for community expansion and remained as bare ground. In these regions, 

the similar spectral signature between bare ground and houses with brown roofs in 2007 NAIP 

imagery, coupled with vegetation height values from 2005 OHM data, misclassified bare ground 

as buildings.  
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Similarly, 2010 land cover classification result also has classification mistakes because of 

different dates of LiDAR data and NAIP imagery. As shown in Table 6, the producer’s accuracy 

of buildings class was 92%. One accuracy point of buildings class was misclassified as pavement 

and another point misclassified as bare ground, as the red box show in Figure 9. This is because 

these sites were flat in 2008, but were built houses in 2010. Based on spectral signatures of 

different color roofs, houses at these sites in 2010 would be misclassified as pavement or bare 

ground. The combination of different date of multispectral NAIP imagery and LiDAR data could 

not identify these development conditions.  

Overall, the quality of the classification is accurate based on a visual examination. 

Further examining the three error matrixes of the classification results, the producer’s accuracy 

of water class was relatively low. A few of accuracy points representing water class were 

misclassified as buildings or pavement categories. This is because it is difficult to distinguish 

between water and shadow in the process of sampling points. 
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Figure 8: The 2007 land cover classification derived from 2007 NAIP imagery and 2005 LiDAR 

data. 
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Figure 9: The 2010 land cover classification derived from 2010 NAIP imagery and 2008 LiDAR 

data. 
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Figure 10: The 2015 land cover classification derived from 2015 NAIP imagery and 2015 

LiDAR data. 
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Canopy Cover Change 

Figure 11, Figure 12, and Figure 13, respectively, provide the overview of canopy cover 

and impervious area extracted from land cover classification results of years 2007, 2010, and 

2015. In the study of canopy cover change in the Civano community, this project did from three 

perspectives: across the entire community, for each zone of 19 zones, and for both natural areas 

and developed areas. 

To analyze canopy cover or impervious area across the entire community, the “Extract by 

Mask” tool in ArcGIS 10 was used to calculate and summarize for the three years. The result is 

shown in Figure 14. The overall canopy cover percent across the community decreased from 

2007 to 2010, then increased from 2010 to 2015. The impervious area percent within the 

community increased from 2007 to 2015.  

Moreover, the 19 zones (Figure 3), which are created by City of Tucson staff, are 

reclassified as three categories in this project. One category is considered as the first constructed 

subdivision throughout Civano’s development, including zones 3, 6, 7, 9, and 10. Another 

category is the second constructed subdivision, including zones 11, 15, 18, and 19. Both 

subdivisions are full of houses and plants. Another category is considered as natural areas filled 

with native or desert plants, including zones 1, 2, 5, 12, 13, and 17. The remaining zones 

considered as mixed areas. This project plotted canopy cover change inside each zone for years 

2007, 2010, and 2015. The result is present in Figure 15. In general, canopy cover percent in 

2007 was higher than that in 2010 and lower than that in 2015. To be noticed, canopy cover in 

the three categories changed in different ways. For the natural areas (red boxes), canopy cover in 

2010 dropped dramatically and then rebounded in 2015. For the first constructed subdivision, 

there was no significant canopy cover change over years. For the second subdivision in the 
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Civano community, canopy cover maintained unchanged from 2007 to 2010 and then increased a 

lot from 2010 to 2015. Through five-year plant growth period with residential irrigation or 

precipitation, plants in the subdivision areas kept going. For the mixed areas, canopy change 

showed a mild decrease-then-increase trend over time. To be noted is that canopy cover in mixed 

areas decreased in 2010 less than those in natural areas. 

Additionally, this project calculated canopy changes for both developed areas and natural 

areas in the community. The natural areas include zones 1, 2, 5, 12, 13, and 17, and developed 

areas include the remaining zones. The area of the canopy cover and the percentage of canopy 

change were calculated for both regions. The result is shown in Table 8. Canopy cover in natural 

areas decreased 14.28 percent on average per year from 2007 to 2010, whereas in developed 

areas there were only 3.86 percent canopy decrease per year. From 2010 to 2015, canopy cover 

in natural areas increased in an average rate of 18.21 percent per year, but in developed areas the 

increasing rate was 10.9 percent per year.  It is obvious that canopy cover in natural areas had a 

more dramatic change than that in developed areas from 2007 to 2015. 
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Figure 7:  Figure 11: The 2007 canopy cover and impervious area extracted from 2007 land cover 

classification result. 
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Figure 12: The 2010 canopy cover and impervious area extracted from 2010 land cover 

classification result. 
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Figure 13: The 2015 canopy cover and impervious area extracted from 2015 land cover 

classification result. 
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Figure 15: Canopy cover changes in each zone for 2007, 2010, and 2015 

 

Figure 14: The impervious area and canopy change across the entire community  

Table 8: Canopy cover changes for developed areas and natural areas over 2007, 2010, and 2015 
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Water Supply and Plant Demand 

In the analysis of water supply and plant water demand, this project only concentrated on 

the developed areas of the Civano community. The developed areas were easily extracted from 

19 zones, including zones 3, 4, 6-11, 14-16, 18, and 19. Google Earth imagery was an additional 

resource used to review the community’s development. There was little change during 2006-

2008, 2009-2011, and 2014-2015 from the Google Earth imagery. Therefore, this project makes 

an assumption that canopy cover and impervious area remain unchanged in these time series of 

2006-2008, 2009-2011, and 2014-2015.  

According to City of Tucson Water “harvesting rainwater guide to water-efficient 

landscaping”, monthly and annual rainwater supply and plant water demand are separately 

calculated. Adding to residential reclaimed water, the total water supply is calculated and see if 

the total water supply is sufficient for plant growth in the developed areas. The annual water 

supply and plant water demand is shown in Figure 16. Figure 17 shows monthly water supply 

and water demand in the developed areas of the Civano community.  

We can see in Figure 16 that rainwater supply is generally higher than plant water 

demand, which is the result of proper organization of impervious area and landscaping inside the 

community. This demonstrates that the design of rainwater harvesting systems can benefit plant 

growth. Another factor that benefits plant growth is the reclaimed water supply, which is also 

higher than plant water demand in general. On the other hand, people controlled reclaimed water 

supply within the community according to climate change (the different conditions of 

precipitation over time). For example, in 2009 rainwater supply was the least, but reclaimed 

water compensated the lack of rainwater supply to make sure the total water supply is sufficient 

for plant growth. In summary, because of the design of rainwater harvesting systems and the 
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usage of reclaimed water, plants inside the community are in good water supply conditions and 

it’s possible to plant more trees. 

Figure 17 represents the monthly fluctuation of water supply and plant water demand, 

which was clearly in a seasonal characteristic. The peak values of water demand of plant growth 

were in May, June, and July for each year. The corresponding reclaimed water were also up to 

the peak in these months. This indicates that reclaimed water controlled by residents for 

landscaping follows water demand for plant growth. However, rainwater supply generally shows 

a distinctly seasonal cycle. In March, April, May, and June, precipitation was very, causing a 

large gap between rainwater supply and plant demand. During these months, reclaimed water 

compensated low rainwater supply. These characteristics demonstrate the importance of 

residential reclaimed water for plant growth in the developed areas. 

 

 

Figure 16: Annual water supply and plant water demand. 
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NDVI vs. Water Resources 

This project made a supplemental analysis based on MODIS NDVI and water resources. 

The variability of monthly NDVI in both developed areas and natural areas were plotted and 

shown in Figure 18. Several conclusions can be made according to Figure 18. First, the NDVI 

values in natural areas are higher than those in developed areas, in general. However, an 

extraordinary phenomenon was shown in 2009 that NDVI value for natural areas was lower than 

that in developed areas. This is because there was low precipitation in 2009 which affected the 

plants in natural areas greatly. However, NDVI of developed areas is not affected as much as 

natural areas. This is because human intervention, such as the design of rainwater harvesting 

system and the usage of reclaimed water, maintained sufficient water supply for plant growth 

and kept plant growth in good conditions. This demonstrates the Civano community is capable of 

combatting less than ideal climate conditions. Finally, based on the linear trend lines in figure 18, 

we can see NDVI of developed areas kept increasing while in natural areas NDVI remained 

relatively stable. This demonstrates plant growth in developed areas of the Civano community 

are in good conditions. 

Figure 17: Monthly water supply and plant water demand. 

(Ccf) 
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Plants within natural areas are affected by precipitation, whereas in developed areas 

plants are subject to precipitation and reclaimed water. The correlations between annual NDVI 

and water resources for both natural areas and developed areas are separately calculated using 

Pearson Correlation method in SPSS software. The correlation between annual NDVI and 

precipitation in natural areas is illustrated in Table 9. We can see the p-value lower than the 

significant level of 0.05, so the correlation between annual NDVI and precipitation is statistically 

significant. Besides, the Pearson Correlation value is 0.566, which means there is a positive 

correlation between NDVI and precipitation in natural areas. These statistic results demonstrate 

precipitation is a main factor for plant growth in natural areas. Another correlation analysis 

between annual NDVI and the sum of precipitation and reclaimed water in developed areas is 

illustrated in Table 10. The result is not statistically significant. This supplementally 

demonstrates that water resources in developed areas are sufficient and it will not affect the 

normal plant growth. 

 

 

Table 9: The correlation between annual mean NDVI and precipitation in natural area. 
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Verification of NLCD 2011 Tree Canopy 

The comparison between 2010 canopy cover and NLCD 2011 tree canopy product for the 

Civano community is illustrated in Table 11. The area of 2010 canopy cover extracted from 2010 

land cover classification result is 267,584 square meters, accounting for almost 20 percent of the 

entire community. The area of NLCD 2011 tree canopy cover is only 38,358 square meters, 

accounting for 2.83 percent of the entire community. The result shows that 2011 NLCD product 

underestimates tree canopy cover to a great extent in the Civano community. Due to the 30-meter 

spatial resolution of the NLCD 2011 tree canopy product, it couldn’t identify detailed features, 

especially in a large scale area, such as in a community.  

  

Table 11: The comparison of 2011 NLCD tree canopy and 2010 canopy cover. 

Table 10: The correlation between annual mean NDVI and water resources in developed 

area. 
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CONCLUSIONS 

 

The objective of this project is to assess canopy cover change for years 2007, 2010, and 

2015 in the Civano community and explore the correlation between water resources and plant 

growth, as well as validate the accuracy of NLCD 2011 tree canopy dataset. First of all, 

according to the combination of LiDAR data and NAIP imagery, this project processed land 

cover classifications using supervised classification method in ArcGIS 10. The classification 

result is classified as six land cover classes: buildings, pavement, bare ground, water, grassland, 

and trees/shrubs, and the overall accuracy is higher than ninety percent. This demonstrates that 

the combination of LiDAR data and NAIP imagery can generate an accurate land cover 

classification. Moreover, canopy cover data are extracted from the classification results of years 

2007, 2010, and 2015. Canopy cover in the Civano community decreased from 2007 to 2010, 

then increased from 2010 to 2015. This project also validated the effectiveness of the design of 

rainwater harvesting systems and the usage of reclaimed water according to comparing water 

supply and water demand of plant growth in the developed areas, which showed the water supply 

was sufficient for water demand of plant growth.  In addition, a supplemental analysis based on 

MODIS NDVI data and water resources further found out the correlations between NDVI and 

water resources for natural areas and developed areas. In natural areas, precipitation is a main 

factor for plant growth, while in developed areas it will not affect the normal plant growth 

because of the sufficient water resources. The last but not the least, NLCD 2011 tree canopy 

product is validated it underestimates canopy cover in the Civano community according to 

comparing with 2010 canopy cover, which is extracted from 2010 land cover classification 

result.  
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