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Abstract
As the Austin area continues to grow at a rapid rate, its ecological footprint continues to grow along with it which presents an opportunity to combat the city’s carbon emissions, urban heat island scores, and to provide economic equity for all of its residents. Tree Planting Location Services (TPLS) was commissioned to analyze the total area within Austin that can be used for planting new trees, and to create a map of this area which will help city planners know which areas of Austin are of highest priority for planting. In order to find this potential planting space (PPS), TPLS used GIS to remove all of the surfaces that cannot be used to plant new trees from the map such as existing canopy, impervious cover, surface water, and areas that cannot be planted in like the Austin-Bergstrom International Airport to create a layer of unplantable data. Using that layer, TPLS found the total area within Austin that could be used for planting. When compared to maps made of demographic data such as race and income, we found that the areas with the smallest number of trees overlaps heavily with the areas of the city that house people of color and people living in poverty. These are the areas that should be focused on and prioritized for planting new trees in Austin.
1. [bookmark: _Toc70512022]Introduction 
The U.S. Census Bureau has named the Austin area one of the fastest growing metropolitan areas in America, growing in population by almost 30% from 2010 to 2019 (U.S. Census Bureau, 2020). As Austin continues growing, its ecological footprint will also grow with it, presenting its city planners and policymakers with an opportunity to work towards lowering both the city’s carbon emissions and its urban heat island score, while also ensuring environmental equity to all of its residents.
Urban forests are very effective mitigators of carbon emissions as well as high urban heat island scores. Trees combat urban heat by offering shade and lowering the air temperatures through evapotranspiration. The EPA estimates that surfaces that are shaded can be 20-45°F cooler than unshaded surfaces, and evapotranspiration can help reduce temperatures by 2-9°F (Environmental Protection Agency, 2019). Additionally, it has been estimated that a single mature tree can absorb over 48 pounds of carbon dioxide each year (Arbor Day Foundation, 2021). These facts alone merit research into increasing Austin’s urban forests, but there is yet another aspect that further prioritizes the importance of a healthy number of urban trees, and that is environmental equity. As cities grow and expand, investment in green infrastructure like urban forests, parks, and other vegetation is not spread equally throughout the city. Often, neighborhoods that are historically home to people of color and lower income residents are overlooked when it comes to these important upgrades. A recent study of 108 urban areas in the U.S. has shown that racist housing practices from almost a century ago, commonly known as redlining, have contributed to the lack of urban forests in some neighborhoods (Hoffman et al., 2020). As cities invested in parks and greenspaces, many of these redlined neighborhoods were left out, and the results of those decisions are still having impacts on people in those areas today. This study showed that of the 108 cities that were studied, almost every single one of the redlined areas were hotter than areas that were not redlined. Specifically, the results showed that these areas are on average 5 degrees hotter than non-redlined areas, and some were even found to be almost 13 degrees hotter, simply because of the lack of trees in those neighborhoods (Hoffman et al., 2020). Though it may seem like a small difference of temperature, in the hottest months of the year these extra degrees can be detrimental to the health of the people living in these areas, especially for some of the more vulnerable of the population such as children and the elderly. According to an article on NPR, “Extreme heat kills more Americans every year than any other weather-related disaster, and heat waves are growing in intensity and frequency as climate change progresses” (Anderson, 2020). 
The city of Austin has recognized these facts and policymakers have taken steps toward combating the effects of climate change and environmental injustice as evidenced by their Urban Forest Plan released in 2013 (Brewer et al., 2013). An important part of this Urban Forest Plan is the community tree priority map that they have created as a decision-making support tool to help city planners visualize disparities in tree resources by providing data such as existing tree canopy cover in conjunction with an array of socioeconomic variables like income, population, and race. This tool will help alleviate tree resource disparities and allow urban forestry decisions to be equitably aligned with community needs.
Tree Planting Location Services (TPLS) was commissioned by Alan Halter and the City of Austin Urban Forestry Program to update the existing community tree priority areas map by finding all of the available space within Austin’s city limits that could be used for planting new trees, as of May 2021. TPLS conducted this research by using GIS to remove the currently existing canopy, impervious cover, surface water, and other areas that cannot be used for planting, leaving behind only the areas that could potentially be used for tree planting. The resulting map will be used in conjunction with demographic data and urban heat island scores associated with each census tract in Austin to help city planners and policymakers understand which parts of Austin are of highest priority for planting new trees. In addition to this map of potential planting space (PPS), TPLS provided the client with three percentages representing the total area of potential planting space, existing canopy, and potential canopy values within Austin. 
TPLS made the decision that using GIS to complete this project would be the most efficient course of action for many reasons, first of which is that the data provided to us by the client was in the format of shapefiles that can only be read and used by a geographic information system (GIS). Another reason for this decision is that GIS has the tools to efficiently analyze data inputs and perform the mathematical analyses needed to find the percentages of PPS, existing canopy, and potential canopy that were requested by the client. And finally, GIS is a unique tool which allows spatial phenomena to be presented in a visual way that helps communicate data in a format that is simple and easy to understand. Without the visualization aspect that GIS lends, the data being conveyed may be harder to understand or even misinterpreted by city planners, policymakers, and other non-experts to whom this data may be presented to.
[bookmark: _Toc70512023]1.1 Expected Outcomes
When we were first commissioned to conduct research for this project, we hypothesized that most of the potential planting space would come from the eastern portion of the study area, due to the fact that lower income residents and people of color are most concentrated in that area, so it is likely that those neighborhoods were not invested in as much as the more affluent parts of the city (City of Austin, 2021). 
[bookmark: _Toc70512024]1.2 Scope
The scope of the project encompasses the city of Austin as well as the surrounding areas that are within Austin’s watershed regulation boundaries. The Austin-Bergstrom International Airport has been excluded due to regulations in that area that prevent trees from being planted there. Other areas including West Lake Hills, Sunset Valley, and Rollingwood have also been excluded from the map as they are technically not part of the city of Austin, and therefore are not included in its climate resiliency action plan. Figure 1 below shows the full extent of the project.
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Figure 1. Project Scope
2. [bookmark: _Toc70512025]Data
All of the data used in our project was given to us by the city of Austin Urban Forestry Program. The data layers that we received included tree canopy data, impervious cover, Austin city limits boundary, surface water, full watershed regulation area, community tree priority area, the Austin-Bergstrom International Airport, and possible planting space 2014. The data has a high level of accuracy because it was created and compiled by GIS professionals working for the city of Austin. Some of the data that we were given, specifically, the watershed data, was originally from USGS which is a very reputable data source. Given data from previous years this analysis will provide an updated version to evaluate the potential planting space of within the boundaries of Austin City limits. 
The Austin city limits boundary shapefile and the full watershed regulation area shapefile were needed because they define our study area. The government of Austin does not have jurisdiction over areas not legally considered part of the city, regardless of physical geography or population distribution, so these boundary layers were very important to our project. The tree canopy data layer is a polygon layer that displays tree foliage from an aerial view. This data is derived from NAIP imagery acquired in 2018. It shows where trees exist currently, which helped us know where new trees could not be planted. The surface water data outlines where all streams, lakes, rivers, and other surface water existed which was essential to adding to the unplantable layer since trees cannot be planted in a waterbody. The Austin Bergstrom International Airport shapefile was needed because it had to be factored out of our analysis due to the regulations that prevent trees from being planted there. The impervious cover data showed us where all of the roads, buildings, and other pervious cover that could not be used for planting in Austin is located. The community tree priority data layer is a layer that was created by the Urban Forestry Program, and it has demographic data pertaining to each census tract in Austin. This is relevant because one of the program goals is to prioritize servicing traditionally marginalized communities. Part of our project consisted of updating this layer with new percentages for plantable space in Austin as of 2021. Lastly, the possible planting space 2014 layer was used to compare our final output to in order to make sure that our results were somewhat similar. It served as a reference and a guide as we created an updated version of it.
The projection used is Lambert Conformal Conic and the coordinate system is NAD 1983 StatePlane Texas Central FIPS 4203. All of the layers were already in the same projection and coordinate system when we received them, so we did not have to convert them. We did however have to transform the tree canopy layer into a vector so that it matched the rest of the data layers which allowed us to perform GIS analysis between the layers. Table 1 below shows more information about each data layer.






Table 1. Data
	Entry
	Spatial Objects
	Status
	Source
	Year

	Abia not plantable
	polygon
	Available
	City of Austin Urban Forestry Program
	2019

	Austin City limits
	Boundary
	Available
	US census bureau
	2020

	Canopy 2018
	polygon
	Available
	City of Austin Urban Forestry Program
	2018

	Community Tree Priority Area
	boundary
	Available
	City of Austin Urban Forestry Program
	2019

	Full watershed regulation area 
	Boundary
	Available
	USGS
	2020

	Possible planting space 2014
	polygon
	Available
	City of Austin Urban Forestry Program
	2014

	Surface water
	polygon
	Available
	USGS
	2020

	Impervious Cover 2019
	polygon
	Available
	City of Austin Urban Forestry Program
	2019



[bookmark: _Toc70512026]2.1 Data Quality Issues
The primary limitation of this work is that is a broad scale analysis. It is only intended for preliminary planning purposes and would be entirely unsuitable for a more detailed study. When it comes time for the city to physically begin work on the project, they will need a much more comprehensive plan, taking into account factors which we did not, such as zoning classifications. Additionally, the availability of more recent data would produce more accurate results. Other than the city limits file, which was produced in 2010, all of the data we used is less than three years old as of the writing of this report. As such, the “big picture”, along with the general trends we have identified with regard to distribution of available planting space, would not change dramatically. However, given the rapid pace of growth experienced by the city, it is possible that the results for some individual neighborhoods may be different. The most significant change would be the inclusion of territory which has been annexed by Austin in the decade since the city limit file was released. 
3. [bookmark: _Toc70512027]Methods
The methods we used include several geoprocessing tools, many of which ended up failing during the process of delineating the plantable space. We started out the project by having to convert all the data the client provided to us into a vector so that we may be able to work with the data in a more streamlined fashion. Then we needed to clip the impervious surface cover to the full watershed regulation area (our study area), because it had included a larger section of Central Texas previously. Then we merged all of the unplantable data together and ran the less than tool, but the less than tool didn’t give us the exact output we wanted, it gave us 1, and 0, we wanted 0 but there was nothing showing for 0, so in order to get 0 to show up we had to run the raster calculator tool. In raster calculator we input “Con(IsNull(“LessThan”),0, “LessThan”)”. This allowed Arcgis to differentiate the 1 and 0 while having the 0 still show up. We then simply had to Set null to 1 (which was nonplantable) and we were just left with everything plantable except the surface water. To remove the surface water layer, we had to reclassify the surface water layer to 0 and reclassify the plantable and NODATA to 1. After doing this we were able to multiply the plantable layer by the surface water layer giving us the plantable layer without the surface water. For the analysis we first had to intersect the plantable layer with the census tracts layer and dissolve. Once the dissolve finished, we added a new field and used calculate geometry to find the area of plantable space within each census tract. Then we divided the area of the census tract by the plantable space and multiplied it by 100 to get the percentage of plantable space.
4. [bookmark: _Toc70512028]Results and Discussion
Our final result was a map that showed all of the possible planting space (PPS) within Austin’s watershed boundary. Figure 2 below is our final map of plantable space. Our results show that our hypothesis that most of the possible planting space would be in East Austin was correct. The area with the least amount of PPS was central Austin, closely followed by the western portion of the city. This result makes sense because central Austin is the oldest part of the city, and therefore has the most buildings and it has more impervious cover that was added to it over time. It is obvious that central city would have the densest part of Austin, as a higher population resides there, which explains the lesser amount of possible planting space. 
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Figure 2. Possible Plantable Space
Figure 3 below helps to partially explain why East Austin has most potential for new trees. Figure 3 shows that the vast majority of Austin residents who identify as people of color (POC) live in the eastern portion of the city. As we mentioned before, many cities have failed to invest in areas that have historically housed people of color and Austin is no exception. When comparing Figures 2 and 3 together, it is obvious that the majority of plantable space lines up very closely with the majority of where POC residents live. This finding highlights how much work Austin’s residents and policymakers have to do to ensure environmental equity for all of its residents. Without an adequate number of urban forests, these neighborhoods are at risk of much higher temperatures during peak summer months than other areas of Austin are. This is especially important because temperatures in Texas are already very high in the summer and as climate change progresses, these temperatures will continue to climb into more and more dangerous territories. These extra few degrees that result from lack of trees in the area will eventually become disastrous especially for the vulnerable parts of the population such as children and the elderly. As community health is a high priority of the city of Austin, this finding should highlight the need for new trees to be planted in East Austin.
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Figure 3. Distribution of POC residents
Figure 4 highlights another reason why most of Austin’s current PPS is located in the eastern portion of the city. While it doesn’t line up quite as exactly as figures 2 and 3 do, figure 4 shows that the majority of people living in poverty currently live in the eastern portion of Austin. It is clear that like many other cities in the United States, as Austin grew, it invested much more heavily in the more affluent parts of the city than the poorer areas. These residents in East Austin were clearly left out when Austin’s city planners decided where to put parks, urban forests, and other green infrastructure. This creates an inconsiderate aspect of this part of Austin. The area becomes less valuable to its community and lacks an ability to resonate to wealthier areas of Austin. Leading it to be neglected from receiving valuable community outreach, such as availability to green infrastructure. The absence of greenery not only devalues eastern Austin but creates intense environmental climates. This disparity can only force the people living there into deeper poverty as their health is compromised by steadily increasing temperatures. In order to protect all its citizens and provide a more equitable living experience, Austin’s city planners and policy makers need to focus their efforts on prioritizing these areas that have previously been left out of the city’s improvement projects.
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Figure 4. Percentage of Residents in Poverty
Lastly, Figure 5 shows the urban heat island (UHI) scores for each census tract in Austin and when compared with figure 2, there is some overlap between the areas with the higher urban heat island scores and the areas with fewer trees. The high urban heat island scores found in East Austin are probably due to the lack of urban forests in those areas, but there are other areas with very high urban heat island scores that are not in areas with low amounts of trees, like in North Austin. These high UHI scores could possibly be attributed to higher amounts of impervious cover in those areas such as roads, parking lots, buildings, and other types of impervious surfaces. The areas that have the highest UHI scores that also overlap with the areas that have a lot of potential planting space should be made top priority for planting new trees. As these areas begin to acquire more tree canopy it will lessen the areas of high urban heat. 
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4.1 [bookmark: _Toc70512029]Errors and Issues
While creating our final product, we ran into many issues. Most of these issues were related to the vast size and complexity of our datasets. Because we used 1 meter resolution vector files, and our study area covered all of Austin and its surrounding watershed regulation area, every tool that we ran on the dataset took an extremely long amount of time to complete, and sometimes they would fail simply because the amount of data was too much to analyze at once. As we moved through the process of trial and error, we were constantly set back as the tools would run for hours on end and then not even end up working. This set us back quite a bit because we could only try one or two things a day so we did not progress through the project as quickly as we hoped we would.
 At the very beginning of the project, one of the first steps we made was to merge the impervious cover, tree canopy, surface water, and the airport into one file that represented unplantable space. This merge failed many times, and when it finally succeeded, its processing time was over 60 hours long. We also ran into the same error message over and over again across many different tools including dissolve, erase, intersect, and others. The error message claimed invalid topology, and although we spent countless hours researching ways to resolve the issue, we never ended up finding the right fix. As we researched into the error, it seemed that many other people have had this same issue pop up within their own projects, so it may be an issue with the program itself or with our data. We did notice that the impervious cover layer was ultimately the one that was causing the error to occur, so there may have been some sort of issue with that dataset. This recurrent error forced us to search for other, more complicated ways to work around the issue in order to reach our desired result. The way we decided to work around this issue was with the less than tool, which also gave us an output we were not fond of, it gave us only the output of the area that wasn’t plantable even though it is designed to show both the values that were assigned to it, one plantable and the other not plantable. We were able to work around this by researching online and found some code with raster calculator that allowed the plantable to show, but when it was shown, it also came with the surface water. Luckily Khan was able to help us out in the end with figuring out how to solve that problem, and we were finally able to get the plantable area.
The most recent task we wanted to do and is a problem to today and is just for our client’s sake, and it is finding the percentages of the plantable space in each census tract location. We tried multiple things up to this point and still, nothing worked, so we had a meeting with our client where we discussed it and we figured out a way to get the percent plantable space, but the processing time was like nothing we ever had seen before. The processing time took around 4 hours for it to move from 0% complete to 1% complete. If this completes, we will send this to Alan in its own package to complete the project.


[bookmark: _Toc70512030]4.2 Pros and Cons of GIS analysis
Overall, there were advantages and drawbacks to the way we performed this analysis. One serious con of using GIS for this project has to do with the very large file sizes of some of the data. As detailed previously, ArcGIS Pro sometimes had a hard time handling such large and detailed data which lead to extremely long processing times and sometimes failure of certain tools. However, the biggest pro to using GIS for this project is that it would have been nearly impossible to complete manually, and it would have been a lot more labor intensive. Before computers, and specifically before GIS software, cartographers, and possibly even data scientists, would have had to design this by hand. Even ArcGis software had a difficult time processing so much high-resolution data, let alone how difficult it would have been for a human. If we were to repeat the project, we would probably try to reduce processing times by breaking up the map into smaller sections so that there would be less data to process for each step. Because of the numerous processing errors and difficulties, we encountered, it would have been helpful to have had more time.
5. [bookmark: _Toc70512031]Conclusions
This is an ongoing project, which the City of Austin has been working on for some time. Our client has worked with other groups of students on this in previous years as well. In the past, another group found the possible planting space for 2014. One of the primary concerns at present is the need for updated information to reflect the rapid development and demographic changes of the Austin area. Regardless of the fact that the data used is relatively current, there is concern that Austin’s rapid growth will reduce its relevance or even render it obsolete fairly soon. With all of this in mind, there is a very large potential for future work on this or related projects. For the time being, this type of large-scale analysis is suitable for their needs, as they are still in the planning phase. However, as referenced previously, once this plan is implemented in the long term, there will be a need for a more specific analysis to determine exactly where trees should be located within the potential plantable space. The projection of plantable space in this analysis may serve as cause for further investigation into the increased scale of the urban heat island effect in the city. This analysis also demonstrates that the majority of possible planting space is in lower income areas.  Throughout our analysis it is evident that there is a correlation between the areas that are residents of people of color, residents living in poverty, and high urban heat island scores. These areas all reside within higher possible planting space. This will help influence the decisions of the Austin Urban Forestry Program to place trees in the most ideal locations within the possible planting space.
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[bookmark: _Toc70512033]Appendix I: Group Members Contributions
Eric Fotey:
· Group Manager
· Head of problem-solving GIS issues
· Main GIS Analyst
· Data Processor
· Author for the methodology and problem sections of every report
· Plantable Space Map Creator
· Scheduled out of class group meetings

Emily Lundy:
· Creation of group logo
· Preliminary background research and literature review
· Contributing author for the proposal, progress report, and final report:
· Proposal: Cover page, table of contents, introduction, literature review, conclusion, references.
· Progress Report: Cover page, summary, scope, work scheduled, revised timetable, conclusion.
· Final Report: Cover page, table of contents, abstract, introduction, expected outcomes, scope, results and discussion, errors and issues (first paragraph only), references, and maps.
· Formatting and editing of the proposal, progress report, and final report.
· Contributed to all PowerPoint presentations and final poster (specifically the sections that I wrote in the paper, I added to the presentations and poster).
· Research and experimentation of GIS methods used (specifically: data transformations, merge, clip, erase, dissolve, field calculations, repair geometry, calculate geometry, and intersect).
· Creation of a few maps used in the final report.
· Creation of the final metadata file.
Samantha Bechthold:
· Creation of layout of project proposal report.
· Creation of team name.
· Creation of layout of project proposal PowerPoint.
· Contributed to PowerPoint presentations.
· Creation of final poster layout. 
· Creation of poster layout. 
· Contributed to final poster information.
· Contributed to data analysis and conclusion results.
· Flowchart from previous presentations. 
· Created data entry table. 
· Final report editing.
William Kesler:
· Created all of the hypothetical financials for the proposal
· Contributed to PowerPoint presentations
· Helped write the final report. Wrote the majority of the conclusion, as well as sections 2.1 and 4.2. Contributed to the rest of the data section.
· Helped write the proposal and the progress report. In addition, I helped create the timetable and the updated version due to the winter storm.
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	File Name
	Description

	
Possible_planting_space_2021
	This layer shows in detail every piece of pervious cover in Austin that is not already planted with trees so that the Urban Forestry Department can use it to look for places to plant new trees.
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