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Abstract
The urban heat island (UHI) is a temperature phenomenon generally observed in urban areas where urban areas tend to be warmer relative to their surrounding suburban and rural areas.  This is because paved and metallic surfaces tend to heat up quicker than green surfaces such as trees and grass, and those paved and metallic surfaces tend to hold heat longer at night, causing air temperatures just above the surface to remain warmer because the heat has not had a chance to escape.  In prior research in various areas, this phenomenon has been tied to urban sprawl through various methods.
The goal of this project is to identify a relationship between urban sprawl and urban heat island.  Thermal imagery from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) sensor from the Terra EOS Satellite were manipulated to find surface temperature covering areas of the Minneapolis-Saint Paul, MN/WI and Dallas-Fort Worth, TX metropolitan areas.  These were compared to land cover data provided by the National Land Cover Database (NLCD) from 2001, 2006, and 2011.
The percent of impervious surface was also compared to the surface temperature to determine how urban buildup impacts temperature.  The data confirms that temperatures in urban areas in general are higher than rural classifications.  There were some anomalies that are discussed and some hypotheses on why these anomalies exist.  The magnitude of the UHI was measured using percent impervious surface where rural land has less than 15% impervious surface per pixel and urban land has greater than 15% impervious surface.  Non-urban land cover was also compared to urban land cover to view trends in UHI magnitude.  


Introduction
[image: http://www.epa.gov/hiri/images/UHI_profile-rev-big.gif]An urban heat island (UHI) is a local temperature phenomenon that typically occurs in urban areas where surface temperatures are higher than surrounding rural areas due to population buildup and lack of green spaces.  This effect is usually felt most in the evenings (EPA, 2012), mainly because pavement tends to keep its heat while green spaces tend to lose heat at night.  Figure 1 shows how air temperature tends to mirror the surface temperature at night over various land covers while in daytime heating, the surface heats up and the air temperature tends to lag until the afternoon hours.  
Figure 1 – Comparison of air temperature vs. surface temperature for various land use types (EPA 2012).
The EPA (2012) states that UHI effects can increase electricity demand in cities in cities, increase air pollution and contribute to health issues due to poor air quality.  A study done by Sailor (2002) shows that electricity demand in New Orleans increased by about 10 megawatt-hours (MWh) for every 1°C increase past 20°C.  Thus temperature increases tend to increase the power consumption in cities, which can hamper the load on the power grid.  In extreme circumstances, this can lead to brownouts across a region.  Air pollution also increases as the power plants are taxed and have to generate more energy.  Additionally, temperature increases tend to increase low-level air pollution such as increased concentrations of ozone near the surface.   Finally, health issues such as heat stroke and breathing issues are further amplified as temperatures increase in larger cities.  Mortality rates also increase as heat waves are further amplified by UHI effects (EPA, 2012).  As the UHI strengthens in larger cities, these issues may increase in frequency over time.  
Urban sprawl as a concept can be defined as a conversion of rural areas to built-up areas around a city’s core.  The development of areas results in a loss of green spaces such as open fields and a buildup of infrastructure including streets and sidewalks along with buildings.  Given that the infrastructure and buildings absorb heat during the day and hold onto the heat longer at night, it should come as no surprise that the further development of surrounding rural areas would contribute to an increase in the size and magnitude of the UHI around a city.  Additionally, the increase in greenhouse gas emissions from vehicles driving from the outer limits of an urban area to the central core can contribute to UHI effects.
The main question is how to quantitatively measure the change in urban sprawl and the change in the UHI across a metropolitan area.  This project seeks to measure how the UHI changes in response to urban sprawl using satellite-derived imagery.  The main goal of this project is to accurately define a relationship between the increase in urban sprawl across a metropolitan area and the change in size and strength of the UHI in that metropolitan area.  
This project will seek to find a correlation between urban buildup and the magnitude and pattern of the UHI around two metropolitan areas:  Dallas-Fort Worth, TX and Minneapolis-Saint Paul, MN/WI.  The Dallas metropolitan area sits within a humid-subtropical climate, which means that summers tend to be hot and humid and winters remain mild.  The Minneapolis-Saint Paul metropolitan area sits within a humid continental climate zone, which means summers are warm and humid with cooler winters, although temperature can vary wildly throughout the year.  The Dallas-Fort Worth-Arlington, TX metropolitan area had a 2010 population of 6,426,214 and encompasses an area of 9286 square miles, while the Minneapolis-Saint Paul metropolitan area had a 2010 population of 3,317,308 and encompasses an area of 6364 square miles (US Census Bureau, 2011). 
These two metropolitan areas were chosen because they do not have a strong influence from two natural factors:  topography and large water sources.  Both of these factors can produce temperature anomalies across the area.  For instance, temperatures tend to be milder at night closer to a large water source such as an ocean or large lake than further away from these sources.  Temperatures in deep valleys can be much lower than surrounding higher elevations in certain weather patterns.  By reducing the effects of these natural factors, the effects on temperature due to urban sprawl can be better isolated.

Data Used
Satellite imagery has been used to determine the skin or surface temperature as a measure of the strength of the UHI in a city versus the surrounding rural areas dating back to the 1970s.  Although satellite technology has changed, the general premise remains the same:  temperature can be derived from the measured radiative reflection using satellite sensors.  Generally the satellite can measure the reflected radiation from the first object it sees, so generally data can only be accurately measured on clear-sky days (Jin 2012).  Limitations in the time frames when satellites are overhead may mean that the peak levels of sunshine may not have reached the ground and thus temperatures may be a little lower than expected (Rinner and Hussain, 2011).  However, since the satellite paths generally move over the sites at the same time, this is not as problematic over a time period.
In this project, imagery data from the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) sensor from the Terra satellite were used to derive surface temperature.  ASTER launched in late 1999 aboard the NASA Terra satellite as a cooperative project between NASA and Japan’s Ministry of Economy Trade and Industry (Abrams et al, 2002).  The satellite runs on a sun-synchronous and near polar orbit, with complete Earth coverage in a 16 day period (Abrams et al, 2002).  The ASTER sensor has been preferred to the Landsat 7 ETM+ sensor for temperature studies because it has five bands dedicated to thermal IR wavelengths (Figure 2) and has higher resolution in the spectrum, both of which may provide a more precise calculation of surface temperature from radiance values (Mallick et al, 2013; Nichol et al 2009).   
[image: ]Figure 2– Comparison of Landsat 7 bands and ASTER bands (Abrams et al, 2002).
Land Cover data were provided from the National Land Cover Database (NLCD), which is a service of the Multi-Resolution Land Characteristics Consortium, a group of several federal agencies led by the US Geological Society.  The land cover data are based on Landsat images at a 30m resolution and feature 16 classifications of land cover and percent impervious surface (Homer et al, 2012).  Data sets from 2001, 2006, and 2011 were used in this project to compare land cover and percent impervious surface to a pixel’s temperature.  It should be noted for the purposes of this project that preliminary data from 2011 were used to process data but this did not vary much from the data released shortly after the research was completed.  This was made available by the USGS EROS Center staff responsible for the NLCD.

Methodology
Study areas were established using the defined metropolitan statistical areas (MSAs) as defined by the US Office of Management and Budget.  The Dallas-Fort Worth-Arlington MSA (Figure 3) covers 12 counties in Texas, while the Minneapolis-Saint Paul MSA (Figure 4) covers 11 counties in Minnesota and 2 counties in Wisconsin (Office of Management and Budget, 2010).  
[image: ]Figure 3 – Map of Dallas-Fort Worth, TX Metropolitan Area.
[image: ]Figure 4 – Map of Minneapolis-Saint Paul, MN/WI Metropolitan Area.
Daytime ASTER data were obtained on nearly cloudless days in time periods corresponding as close to the NLCD data sets (2001, 2006, and 2011 as possible and in the same season of the year to aid in comparing the data sets.  Metropolitan study areas were split into eastern and western sections because ASTER data swaths are approximately 60km wide (Abrams et al, 2002).  
The general equation for measuring the UHI is where UHI is the difference between the mean temperature of urban land cover pixels and the mean temperature of the surrounding rural land cover categories (Jin, 2012).  ASTER does not automatically sense temperature, but it can be derived using the Temperature Emissivity Separation (TES) method (Gillepsie et al, 1998).  This method uses the radiance measurements from the TIR bands to calculate both emissivity (the amount of energy emitted by the surface) and temperature across multiple TIR bands.  The reason this method is required is because emissivity is not known in advance for multiple land features in an image (Gillespie et al 1998).   
A simplified illustration of the TES Method is seen in Figure 5.  The general theory is that because emissivity is inversely related to the amount of radiation reflected back to the sensor from the surface, the brightness of the pixel is inversely related and therefore can be used to produce a first guess of the maximum emissivity (εmax) per pixel.  A ratio is then created between that individual pixel’s εmax and the mean εmax across the entire image.  This creates a histogram or spectrum of normalized emissivity ratios across the image, but the amplitude of these ratios needs to be calculated.  To find the amplitude, the difference between the minimum ratio and maximum ratio is calculated.  A second calculation can determine then the pixel’s minimum emissivity level.  This allows the surface emissivity per band to be calculated.  The pixel’s temperature can then be calculated using Planck’s Law since emissivity and radiance are now known.  The fourth step is simply a quality assurance flag because this is a statistical process.  A calculation of precision and accuracy is done across the image and areas of potentially bad data are flagged.  
[image: ]
Figure 5 – A simplified flow chart of the TES Method adapted from Gillepsie et al (1998).

Because this process is well documented and used in processing ASTER data, many software programs have this algorithm built in.  In the software used for this project (ENVI 5.0), the two step process is to correct for atmospheric effects (such as filtering the irradiance out of the image) by running a thermal atmospheric correction algorithm and then calculate emissivity and temperature using the TES method (Yale Center of Earth Observation, 2012).  This exports images for surface temperature and emissivity.
Processed temperature data from ASTER and land cover data were imported into ESRI ArcGIS 10.2.  ASTER images from the same date were combined into a single mosaicked image.  Any clouds within the individual ASTER images were filtered using various methods including manually tracing clouds as polygons and erasing those from the raster image or using the Set Null tool to erase pixels with temperature values below a certain threshold.   A layer containing 10000 random points within the raster mosaic was then created for each time frame.  Surface temperature, percent impervious surface, and land cover values were derived at each point and exported into a database table for further processing within Microsoft Excel.
Averaged temperatures were calculated for each land cover type to determine how land cover affects temperature.  The amount of impervious surface in each pixel was classified into 10-percent ranges to show how the amount of paved and metallic surface affects temperature.   These average temperature values were then compared to the image’s average temperature to see how patterns change with time.  
Temperature patterns were mapped using ArcMap.  The departure from average image temperature layer was smoothed using the focal statistics tool to calculate the average value per pixel of its neighbors within a 10 pixel (900m) radius.  This smoothed layer shown in a layer on top of a layer of percent impervious surface from the corresponding NLCD vintage.  This allowed for a visual comparison of areas with extreme temperature differences to urban sprawl patterns.    Contours were calculated from the smoothed layer and show where the temperature was the same as the image average temperature.

Results
Minneapolis-Saint Paul Metropolitan Area (East)
Figure 6 shows a map comparing the departure from average image temperature to percent impervious surface in the western half of the Minneapolis-Saint Paul metropolitan area.  The map showed that downtown core areas saw a significant increase in temperatures as shown by the increase in red colors in key areas near the center of the urban core.  Urban sprawl was shown to spread a bit toward the northeast into Washington County but was not significant as buildup was modest in those areas.  The largest urban buildup occurred to the south of the Minnesota River and that was reflected by increased temperatures in the northern and western areas of Dakota County.  
Figure 7 shows temperature trends in the 15 land cover categories contained within the ASTER swath.  The results were not surprising.  Water and wetlands tended to be cold sinks with vegetation such as forests and grassland contributing to below average temperatures.  Agricultural areas had temperatures near the image average and cleared land and urban areas were well above the average image temperature. 
Figure 8 shows the temperature trends compared to the percent impervious surface.  One trend that was noted was a sharp increase between the first 10 percentile and the second 10 percentile.  A nearly linear increase is noted at a gentler slope in the three time periods.  In Jin (2012)’s writings, he stated that rural areas typically contain less than 15% impervious surface per pixel and urban areas typically contain more than 15% impervious surface for his computation of UHI.  
[image: ]
Figure 6– Map showing departures from average temperature and percent impervious surface in the eastern half of the Minneapolis-Saint Paul, MN/WI metropolitan area in 2000, 2006, and 2012.  Data from NCLD (2014) and ASTER mapped in ESRI ArcGIS 10.2.

Using Jin (2012)’s findings, UHI was calculated by finding the average temperature for rural pixels and finding average temperature for urban pixels within the image.  The results are shown in Table 1.  A noted increase in UHI occurred between 2000 and 2006, corresponding to an increased buildup in urban area.  The growth in urban sprawl was much lower between 2006 and 2012, corresponding to a nearly flat change in the UHI in the eastern portion of Minneapolis.  


Figure 7 – Temperature Departures versus Land Cover (2000, 2006, and 2012) for the eastern half of the Minneapolis-Saint Paul, MN/WI metropolitan area.  

Figure 8 – Temperature Departures versus Percent Impervious Surface (2000, 2006, and 2012) for the eastern half of the Minneapolis-Saint Paul, MN/WI metropolitan area.  

	Date
	TUrban(IS>0.15)
	TRural(IS<0.15)
	UHI Magnitude

	9/13/2000
	29.866°C
	26.357°C
	3.509°C

	6/1/2006
	34.137°C
	29.680°C
	4.457°C

	7/3/2012
	35.463°C
	31.009°C
	4.453°C


Table 1 – Computation of UHI in the eastern half of the Minneapolis-Saint Paul, MN/WI metropolitan area by subtracting the average temperature of rural pixels from the average temperature of urban pixels as defined by Jin (2012).

Minneapolis-Saint Paul Metropolitan Area (West)
Figure 9 shows a map comparing the departure from average image temperature to percent impervious surface in the western half of the Minneapolis-Saint Paul metropolitan area.  The spatial extent of areas above the image average remained similar with only modest buildup occurring along the northwest corridor from the downtown core and on the south side of the Minnesota River.  However, the intensity of temperatures in the downtown core compared to the outlying regions increased over time, indicating that the magnitude of the UHI had increased over time.  
Figure 10 shows the departure from average image temperature classified by land cover type.  Results were very similar to those in the east (Figure 7) with urban areas and barren land above image average and water, wetlands and vegetation below the image average.  Agricultural land was around the image average.  The one that stood out in these results is the sharp increase in temperatures in barren land from 2004 to 2011.  However, barren land only made up 0.14% of the image in 2011, so this likely is skewed data and can be ignored.  
[image: ]
Figure 9 – Map showing departures from average temperature and percent impervious surface in the western half of the Minneapolis-Saint Paul, MN/WI metropolitan area in 2001, 2004, and 2011.  Data from NCLD (2014) and ASTER mapped in ESRI ArcGIS 10.2.

Figure 11 shows a plot of average temperature departure compared to the percent impervious surface by 10 percent intervals in the western half of the metropolitan area.  Again, a strong increase in temperature change occurred between the first 10 percent range and the second and a gentler linear growth in temperature as the percent impervious surface increases. This suggests that there is a large temperature difference between very low impervious surface (where water and vegetation are prevalent) compared to higher impervious surface (urban buildup).  

Figure 10 – Temperature Departures versus Land Cover (2001, 2004, and 2011) for the western half of the Minneapolis-Saint Paul, MN/WI metropolitan area.  

Figure 11 – Temperature Departures versus Percent Impervious Surface (2001, 2004, and 2011) for the western half of the Minneapolis-Saint Paul, MN/WI metropolitan area.
UHI calculations in the western half of Minneapolis showed a similar trend to those in the eastern half.  A strong increase of just over 1°C occurred between 2001 and 2004 with a modest increase of less than 0.2°C occurred between 2004 and 2011.  Again, a weak growth in urban area was noted in this time period.
	Date
	TUrban(IS>0.15)
	TRural(IS<0.15)
	UHI Magnitude

	8/6/2001
	35.391°C
	32.711°C
	2.680°C

	8/30/2004
	28.195°C
	24.401°C
	3.794°C

	9/10/2011
	30.900°C
	26.947°C
	3.953°C


Table 2 – Computation of UHI in the western half of the Minneapolis-Saint Paul, MN metropolitan area by subtracting the average temperature of rural pixels from the average temperature of urban pixels as defined by Jin (2012).

Dallas-Fort Worth, TX (East)
Figure 12 shows maps comparing the departure from average image temperature to percent impervious surface in the eastern half of the Dallas-Fort Worth metropolitan area from 2001 to 2013.  Substantial growth has occurred in this region, especially in the outer northeast suburbs.  
Collin County, TX (in the northeast corner of each map) has seen population nearly double from the 2000 to 2010 Census (US Census Bureau 2010) and this is shown in the spread of both impervious surface from the southwest corner of the county in the 2001 map to covering most of the county by 2013.  Temperature patterns also responded with above average temperatures also spreading from the southwest corner in 2001 to the northeastern corner.  Indeed, both spatial increases in UHI and magnitude changes (indicated by brighter red colors) have occurred in the last 13 years across this eastern part of the region.  
[image: ]Figure 12 – Map showing departures from average temperature and percent impervious surface in the eastern half of Dallas/Fort Worth, TX metropolitan area in 2001, 2005, and 2013.  Data from NCLD (2014) and ASTER mapped in ESRI ArcGIS 10.2.

Figure 13 shows the departure from average image temperature classified by land cover type.  Overall, there were not many notable differences from the graphs shown for Minneapolis-Saint Paul.  Urban areas remained above the image average, as did cultivated cropland.  Water, wetlands, and forests remained below image average as expected.  There were some differences in barren land and shrub/scrub land; however, it should be noted that these types of land cover made up less than a tenth of a percent of the image and thus are negligible.  


Figure 13 – Temperature Departures versus Land Cover (2001, 2005, and 2013) for the eastern half of the Dallas-Fort Worth, TX metropolitan area.
Figure 14 – Temperature Departures versus Percent Impervious Surface (2001, 2005, and 2013) for the eastern half of the Dallas-Fort Worth, TX metropolitan area.
Figure 14 shows the temperature departures from the image average compared to the percent impervious surface per pixel.  The graph shows a similar signature with a strong increase in temperature from the 0 to 10 percent impervious to 10 to 20 percent impervious surface.  However, there is a notable difference in the slope from the 2001 data to the other two data sets.  Both the 2005 and 2013 data sets showed a slight dip in average temperature when the amount of impervious surface in the pixel was between 50 and 90 percent.  This dip was only approximately a 0.2 to 0.3°C change so it could be negligible, but caused some questions since it was shown in two of the three data sets.  
Calculations for UHI are shown in Table 3.  One pattern that seemed to emerge was that the higher UHI values tended to occur when mixed pixels (those pixels containing 20-60% impervious surface) had higher average temperatures.  This was because there were generally fewer pixels that have high percentages of impervious surface (greater than 60 percent) than mixed pixels.  Looking at the graph in Figure 14, this means that 2005 should have the highest UHI value, and this is confirmed in Table 3.  Indeed, the 2005 UHI was measured to be about 0.5°C higher than the 2001 and 2013 measurements.  
	Date
	TUrban(IS>0.15)
	TRural(IS<0.15)
	UHI Magnitude

	5/18/2001
	32.701°C
	30.811°C
	1.890°C

	3/10/2005
	25.831°C
	23.491°C
	2.340°C

	3/16/2013
	30.147°C
	28.362°C
	1.785°C


Table 3 – Computation of UHI in the eastern half of the Dallas-Fort Worth, TX metropolitan area by subtracting the average temperature of rural pixels from the average temperature of urban pixels as defined by Jin (2012).

Dallas-Fort Worth, TX (West)
Figure 15 shows temperature departure from the image average compared to the percent impervious surface in the western half of the Dallas-Fort Worth, TX metropolitan area.  There are some major differences in the map compared to the others.  While a general heat island is shown over the central portion of each view (where Fort Worth is located), the outer bounds of the heat island was hidden by the relatively warm rural areas, shown by the brighter reds.  
[image: ]Figure 15 – Map showing departures from average temperature and percent impervious surface in the eastern half of Dallas/Fort Worth, TX metropolitan area in 2002, 2004, and 2013.  Data from NCLD (2014) and ASTER mapped in ESRI ArcGIS 10.2.

Figure 16 shows the departure from average image temperature classified by land cover type.  There were no major surprises as patterns remained consistent with the other study areas.  Water, forests, and wetlands remained cold sinks, while urban areas were warmer than the image average.  Land classified as cultivated crops had slightly above average temperatures, which is consistent with the eastern half of Dallas-Fort Worth.  Grassland and pastures were relatively near the image average.  

Figure 16 – Temperature Departures versus Land Cover (2002, 2004, and 2013) for the western half of the Dallas-Fort Worth, TX metropolitan area.

Figure 17 – Temperature Departures versus Percent Impervious Surface (2002, 2004, and 2013) for the western half of the Dallas-Fort Worth, TX metropolitan area.  
Figure 18 shows the departure from average image temperature compared to the percent impervious surface.  This is where things get interesting.  Temperatures in general increased as the amount of impervious surface per pixel increased.  The problem is only the 2004 data behaved as expected with a sharper increase from rural to mixed (0-20% IS) and a more gradual slope in the mixed to urban areas (20+% IS).  The other two time periods had a general low slope.  This result is not surprising given that on Figure 13, the rural areas in 2002 and 2013 had been nearly as warm as the urban areas.  Thus, it should not be a surprise that UHI was much higher in 2004 than in 2002 and 2013.  This was confirmed in Table 4.  The UHI measured in 2004 was double that of 2013 and over triple that of 2002.  
	Date
	TUrban(IS>0.15)
	TRural(IS<0.15)
	UHI Magnitude

	9/26/2002
	35.317°C
	34.431°C
	0.885°C

	8/30/2004
	36.995°C
	33.572°C
	3.423°C

	9/24/2013
	37.543°C
	36.087°C
	1.456°C


Table 4 – Computation of UHI in the eastern half of the Dallas-Fort Worth, TX metropolitan area by subtracting the average temperature of rural pixels from the average temperature of urban pixels as defined by Jin (2012).

Discussion
As shown in the results section, there were some differences in the UHI patterns compared to percent impervious surface.  Most of this can be explained by the land cover makeup of the metropolitan area’s non-urban areas.  Each type of land has a different surface albedo or reflectivity, and usually it is higher in cleared land areas such as pastures and grassland than in areas of water or forest.  The albedo is proportional to surface temperature, so urban areas and cleared areas tend to have higher surface temperatures.  The reflectivity also differs depending on the time of year.  
In Figures 18 and 19, most of the non-urban land cover in the Minneapolis-Saint Paul study areas was made up of Agricultural areas (Pastures and Cropland) with forested land making up between 15 to 20% of the land cover contained within the ASTER image.  Surface temperatures tended to be about 2 to 4°C higher in agricultural areas than in the forested areas, but since agriculture made up about half of the image pixels, the average image temperature tended to skew toward the average temperature of land classified as agriculture.
Figure 18 – Land Cover Composition within the ASTER image areas in the eastern half of Minneapolis-Saint Paul, MN/WI.  Agriculture and Forest make up the largest portions of the non-urban areas.

Figure 19 – Land Cover Composition within the ASTER image areas in the western half of Minneapolis-Saint Paul, MN/WI.  Agriculture and Forest make up the largest portions of the non-urban areas.

Figure 20 – Land Cover Composition within the ASTER image areas in the eastern half of Dallas-Fort Worth, TX.  Grassland and Agriculture make up the largest portions of the non-urban area.
Figure 21 – Land Cover Composition within the ASTER image areas in the western half of Dallas-Fort Worth, TX.  Grassland and Agriculture make up the largest portions of the non-urban area.

In Figures 20 and 21, most of the non-urban land cover composition in the Dallas-Fort Worth study areas was made up of Grassland followed by Agriculture. Because a large portion of the area is made up of these two types of land cover, it is highly susceptible to drought conditions.   Texas has had its fair share of droughts, with the most recent occurring in the time period from 2000 to early 2004, 2005 to early 2007, 2008 to late 2009, and from 2011 to today (Amico et al, 2011).  Indeed, droughts affected much of the Dallas/Fort Worth area in the early 2000s and a much stronger drought from 2010 until present day (Henry, 2011).  Because soil dryness affects surface temperature and drought conditions typically lead to weaker vegetation, surface temperatures can increase significantly in droughts.  It is believed that this phenomenon was observed in the Dallas-Fort Worth area and resulted in rural areas being nearly as warm as urban areas in the early 2000s and early 2010s.  

Conclusions/Next Steps
This project showed how GIS can be used to determine how Urban Heat Island can be correlated to urban sprawl.  It was confirmed that there is a good link between the amount of impervious surface per pixel and increased temperatures in urban areas.  Surface temperature depends on a variety of other factors, including the land cover type and time of the year.  For example, water typically has a lower surface temperature during the daytime hours than most other land cover, while forested areas, which absorb more sunlight, typically has lower surface temperature than grassland or barren land, which has a higher reflectivity and tend to warm faster.  
One important factor that was briefly touched upon in discussing the project results is the effects of large climatic events such as droughts.  Since surface dryness affects surface temperature, soil moisture content may also need to be considered and accounted for in trying to determine magnitude of UHI.
The Multi-Resolution Land Cover Consortium, which is headed by the USGS, is planning to produce land cover classification data sets at a 30m resolution every 5 years.  The next data set should be the 2016 set, which should include enhancements to older data in addition to the newest Landsat-based imagery.  Additional data processing could determine whether current trends continue in future data sets.  Landsat 8 data and enhancements to ASTER should also continue into the near future.  Landsat 8 imagery is backwards compatible with older data with a longer history and can be used to supplement the ASTER imagery as a second source of temperature data.  
There are two trends that are occurring in urban areas that may affect the magnitude of UHI in urban areas.  For the first time since the 1920s, cities are growing faster than suburban areas in more than half of the largest metropolitan areas in the United States according to the US Census Bureau (Dougherty and Whelan, 2012), and this trend is expected to continue through the next decade.  What will be interesting is to see if buildup in these major cities affects UHI magnitude.  The theory is that UHI should increase as flats as population density in cities increases.  The other factor that may affect UHI is the implementation of green initiatives within urban areas. Parks and green areas tended to have lower temperatures than areas that had a larger percentage of concrete such as city business districts and industrial areas (Rinner and Hussain, 2011).  This type of planning combined with green initiatives such as green roofs and replacing concrete and asphalt with less impervious surfaces may help to reduce the UHI in cities, so it will be interesting to see how such efforts affect the magnitude.
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Minnapolis - East
9/13/2000	Water	Developed, Open Space	Developed, Low Intensity	Developed, Medium Intensity	Developed, High Intensity	Barren Land	Deciduous Forest	Evergreen Forest	Mixed Forest	Shrub	Grassland	Pasture	Cultivated Crops	Woody Wetlands	Emergent Herbaceous Wetlands	-4.6775830210660265	0.62086467879566953	1.943478481834404	3.3897927126373597	4.960026342651247	1.8141296861163028	-2.0436509261285778	-1.4296203138836741	-1.9858703138837086	-1.3747592027725659	-1.0695912441162818	0.31036084189520363	0.52451464582981078	-2.9292331457421033	-1.7037274567408645	6/1/2006	Water	Developed, Open Space	Developed, Low Intensity	Developed, Medium Intensity	Developed, High Intensity	Barren Land	Deciduous Forest	Evergreen Forest	Mixed Forest	Shrub	Grassland	Pasture	Cultivated Crops	Woody Wetlands	Emergent Herbaceous Wetlands	-5.1462117339488032	0.55858820848067137	2.5181716894111332	4.1199006373077491	5.9345047950960756	2.0594720468645278	-3.3477044108534533	-2.9701262618035575	-3.0678006804081974	-2.6078006804082179	-1.8386867563575606	-0.33873091296635499	2.3394950394361436	-3.5465885591960955	-2.7998761521063216	7/3/2012	Water	Developed, Open Space	Developed, Low Intensity	Developed, Medium Intensity	Developed, High Intensity	Barren Land	Deciduous Forest	Evergreen Forest	Mixed Forest	Shrub	Grassland	Pasture	Cultivated Crops	Woody Wetlands	Emergent Herbaceous Wetlands	-2.9304839587416609	0.97114525580144562	3.0068962625022095	4.3970064316626463	5.7569388721035466	3.0947919794481886	-2.0479065481887919	-1.890573874210361	-2.510336225680021	-1.1385413538851594	-0.61744430747165779	-0.44813581481491838	-0.24918561158824559	-2.1351399933409425	-1.9169727264341532	
Departure from Average Temperature (°C)

Minneapolis - East
9/13/2000	0-10	10-20	20-30	30-40	40-50	50-60	60-70	70-80	80-90	90-100	-0.75207284552925568	1.4327343372791002	1.7430914347501698	2.2324303397110725	2.4933105734883156	2.8567653450310213	3.6904183459101318	3.6964826272927667	4.5641296861163019	4.8141296861163019	6/1/2006	0-10	10-20	20-30	30-40	40-50	50-60	60-70	70-80	80-90	90-100	-0.91555881517632542	1.4352036114372593	2.1984200553777105	2.8462838266340209	3.1243140149322812	3.9242570813246398	4.3655326529251388	4.9641993195917848	5.1407099578896691	6.3267645369830907	7/3/2012	0-10	10-20	20-30	30-40	40-50	50-60	60-70	70-80	80-90	90-100	-0.87569417543227268	1.7351960198522534	2.5248140545033952	3.1172342236725976	3.3410749530693238	3.8822025660003874	4.3634194304285643	4.6802992258250251	5.1403702107406843	5.9138395984958274	Percent Impervious Surface

Departure from Average Temperature (°C)

Minneapolis - West
8/6/2001	Water	Developed, Open Space	Developed, Low Intensity	Developed, Medium Intensity	Developed, High Intensity	Barren Land	Deciduous Forest	Evergreen Forest	Mixed Forest	Shrub	Grassland	Pasture	Cultivated Crops	Woody Wetlands	Emergent Herbaceous Wetlands	-2.1794260439883146	0.795235276709093	1.7867502346564947	2.9057096600108139	3.6926605504586973	2.567278287461761	-1.2399066359775472	-0.19587960727506015	0.40061162079513224	-1.2783249845218736	-0.59580414981422769	0.44230370946706898	-0.20623203702200502	-1.8435198346039672	-1.0821044285876269	8/30/2004	Water	Developed, Open Space	Developed, Low Intensity	Developed, Medium Intensity	Developed, High Intensity	Barren Land	Deciduous Forest	Evergreen Forest	Mixed Forest	Shrub	Grassland	Pasture	Cultivated Crops	Woody Wetlands	Emergent Herbaceous Wetlands	-2.8452131981580346	0.89910629894319538	2.6152140092844434	3.9118049183753101	5.3147186712890848	3.139077645648058	-1.3121255629080795	-0.81546780889738091	0.88907764564805802	-1.3645108710983325	-0.95854140197099014	0.3925389420609236	-0.42768819264387054	-1.9985628037901508	-1.2097595636542451	9/10/2011	Water	Developed, Open Space	Developed, Low Intensity	Developed, Medium Intensity	Developed, High Intensity	Barren Land	Deciduous Forest	Evergreen Forest	Mixed Forest	Shrub	Grassland	Pasture	Cultivated Crops	Woody Wetlands	Emergent Herbaceous Wetlands	-2.9161061845423433	0.84765368036187294	2.2355789296425992	4.0074437619398404	5.9361745049195633	5.8340539692052849	-1.9740712866276908	-1.6547415490019832	-1.5468984117471221	-1.6302317450804364	-1.6841533137078957	-2.1015489637761672E-2	-0.19968875865509972	-2.2382564364384616	-1.7577533589133054	
Departure from Average Temperature (°C)

Minneapolis - West
8/6/2001	0-10	10-20	20-30	30-40	40-50	50-60	60-70	70-80	80-90	90-100	-0.45242803389044195	1.1447976673067617	1.5131657333492399	2.0419618317656045	2.0150694521204287	2.1529393675362485	3.1748898360182234	3.1594768690220576	3.5872782874618001	4.4862385321101232	8/30/2004	0-10	10-20	20-30	30-40	40-50	50-60	60-70	70-80	80-90	90-100	-0.6316195221079397	1.7509702287682671	2.3234210799914772	2.5307443123147091	3.0288156369144303	3.7352314918019265	3.8404665345369722	4.4794390914311775	5.0286125293690116	5.7140776456480467	9/10/2011	0-10	10-20	20-30	30-40	40-50	50-60	60-70	70-80	80-90	90-100	-0.8567023333157523	1.3815708300268741	1.911324983151758	2.1262198678227837	2.9416860631387176	3.4754994802160009	3.7881356018583583	5.1413509887325404	4.9935546626865621	6.4458552114413115	Percent Impervious Surface

Departure from Average Temperature (°C)

Dallas-Fort Worth (East)
5/18/2001	Water	Developed, Open Space	Developed, Low Intensity	Developed, Medium Intensity	Developed, High Intensity	Barren Land	Deciduous Forest	Evergreen Forest	Mixed Forest	Shrub	Grassland	Pasture	Cultivated Crops	Woody Wetlands	Emergent Herbaceous Wetlands	-5.8478525952936034	0.2797375375337196	1.2086753817508225	1.759572464282428	2.8520106058007846	2.6494736079149566	-2.6487575726691834	-0.97659843325146778	-4.0373950789537494	-1.3208417909718833	-7.0186964868526075E-2	0.44164244687442533	2.0206144149717598	-3.7996173011759997	-3.8310458726045336	3/10/2005	Water	Developed, Open Space	Developed, Low Intensity	Developed, Medium Intensity	Developed, High Intensity	Barren Land	Deciduous Forest	Evergreen Forest	Mixed Forest	Shrub	Grassland	Pasture	Cultivated Crops	Woody Wetlands	Emergent Herbaceous Wetlands	-8.0557544199874123	0.61046752135564453	1.5437719813697299	1.8404539815401224	2.0640883182179555	-3.5715506804645543	-1.0641335379526708	-1.5456288111691943	-3.2685203774342431	1.898146289232443	-8.3438606393144724E-2	-0.32625031872584037	0.65257739272010451	-2.3096162678452288	-4.0304251393390018	3/16/2013	Water	Developed, Open Space	Developed, Low Intensity	Developed, Medium Intensity	Developed, High Intensity	Barren Land	Deciduous Forest	Evergreen Forest	Mixed Forest	Shrub	Grassland	Pasture	Cultivated Crops	Woody Wetlands	Emergent Herbaceous Wetlands	-9.9093962422992963	0.57538204646471069	1.1361936597464251	1.2855532966959797	1.4075481234025347	-0.68425004346886464	-0.57001117279691016	-2.0241923650261811	0	-0.41232021890743914	0.43864480793916988	7.5676632725731011E-2	0.54742048392432707	-2.172010141388057	-1.6053026750478239	
Temperature Departure from Average (°C)
Dallas-Fort Worth (East)
5/18/2001	0-10	10-20	20-30	30-40	40-50	50-60	60-70	70-80	80-90	90-100	-0.3168082179127511	0.94800981746806223	1.1136221354437341	1.1241036290566062	1.3998654574447185	1.6820867346984871	1.5843543300296685	2.1651614598859514	2.5903826988240439	2.9973271432684787	3/10/2005	0-10	10-20	20-30	30-40	40-50	50-60	60-70	70-80	80-90	90-100	-0.66197451425119902	0.93465422574035972	1.341479622565771	1.5817621084414668	1.718691898780605	1.9912835441343761	1.8825587592564261	1.6920059383552375	1.7206100573483807	2.1455147102850569	3/16/2013	0-10	10-20	20-30	30-40	40-50	50-60	60-70	70-80	80-90	90-100	-0.60222866040055589	0.66091210432489345	0.98899557056620324	1.0911280569546304	1.2882330314383241	1.4527927754428445	1.300531186715034	1.1668464477592124	1.2234521388161286	1.5471000709476357	Percent Impervious Surface
Temperature Departure from Average (°C)
Dallas-Fort Worth (West)
9/26/2002	Water	Developed, Open Space	Developed, Low Intensity	Developed, Medium Intensity	Developed, High Intensity	Barren Land	Deciduous Forest	Evergreen Forest	Mixed Forest	Shrub	Grassland	Pasture	Cultivated Crops	Woody Wetlands	Emergent Herbaceous Wetlands	-7.4525169522664196	-2.4623560517568425E-2	0.32333515634132931	1.0412925715431243	1.2888163810669084	-0.60937969736443176	-2.6075894160345001	-3.2533827531322008	0	0.65859415884472139	0.65215699119846704	0.86016741351528492	2.3920908908708602	-4.210092709842173	-4.521144403246808	8/30/2004	Water	Developed, Open Space	Developed, Low Intensity	Developed, Medium Intensity	Developed, High Intensity	Barren Land	Deciduous Forest	Evergreen Forest	Mixed Forest	Shrub	Grassland	Pasture	Cultivated Crops	Woody Wetlands	Emergent Herbaceous Wetlands	-4.9229992526300066	0.66864929792268435	2.0548344449888414	3.5779143288978053	4.6546754369849728	-0.13471096434170704	-2.4548115767651666	-1.946971500740176	0	-1.4124887421194781	-0.37642705765921397	-0.28158323030845628	0.86182547234437867	-3.3952473628091293	-3.6624887421194789	9/24/2013	Water	Developed, Open Space	Developed, Low Intensity	Developed, Medium Intensity	Developed, High Intensity	Barren Land	Deciduous Forest	Evergreen Forest	Mixed Forest	Shrub	Grassland	Pasture	Cultivated Crops	Woody Wetlands	Emergent Herbaceous Wetlands	-6.4646406124486484	0.15943126162324009	0.893497626124372	1.915852595948252	2.2085871401908439	-1.3871347849428162	-2.731769658266217	-2.6008136294627775	0	-2.0012167813777642	0.18271842339959224	0.75083711280558441	1.6465773362692746	-3.2198233729505432	-4.8075893303973762	
Temperature Departure from Average (°C)
Dallas-Fort Worth (West)
9/26/2002	0-10	10-20	20-30	30-40	40-50	50-60	60-70	70-80	80-90	90-100	-0.21390687929965677	0.18420959463981038	0.20351141652793109	0.36388233472109732	0.50759700784755057	0.85525400887877379	1.0087925715430972	1.2721207288930145	1.0389672326484174	1.4432246042680956	8/30/2004	0-10	10-20	20-30	30-40	40-50	50-60	60-70	70-80	80-90	90-100	-0.73366037624077773	1.1944631295382924	1.6051880255573112	2.2601303054995592	2.6004144836869614	3.1054395447330876	3.6247783386258448	3.9208445912138354	4.2864359890633077	4.9446541150233552	9/24/2013	0-10	10-20	20-30	30-40	40-50	50-60	60-70	70-80	80-90	90-100	-0.20598199932817354	0.74773853845510996	0.49817990037183796	0.98544345648787179	1.2915486006370998	1.7177866094522185	1.8150297172216479	1.7732930225437826	2.1128652150571834	2.2774106696026029	Percent Impervious Surface
Temperature Departure from Average (°C)
Minneapolis-Saint Paul (East)
9/13/2000	Water	Urban	Barren	Forest	Shrub	Grass	Ag	Wetlands	5.3434363314308217E-2	0.27297776028340887	9.840582562487705E-5	0.17152135406416064	8.8565243062389328E-3	3.3851604014957688E-2	0.37650068884077942	8.2759299350521551E-2	6/1/2006	Water	Urban	Barren	Forest	Shrub	Grass	Ag	Wetlands	5.7934760856513924E-2	0.26926155693416043	1.100660396237743E-3	0.18401040624374626	1.0006003602161299E-2	3.1618971382829708E-2	0.37782669601761071	6.8240944566740042E-2	7/3/2012	Water	Urban	Barren	Forest	Shrub	Grass	Ag	Wetlands	6.045440896807127E-2	0.27584826343709345	1.5013512160944849E-3	0.15183665298768892	9.0081072965669112E-3	3.1628465619057154E-2	0.40886798118306489	6.0854769292363123E-2	Percent of Image
Minneapolis-Saint Paul (West)
8/6/2001	Water	Urban	Barren	Forest	Shrub	Grass	Ag	Wetlands	5.2951735141603513E-2	0.21659353809333867	5.9832469086557657E-4	0.15277223773434387	1.6254487435181493E-2	2.7822098125249307E-2	0.44515357000398875	8.785400877542883E-2	8/30/2004	Water	Urban	Barren	Forest	Shrub	Grass	Ag	Wetlands	5.5661037273908281E-2	0.22114519836114721	7.9944039172579211E-4	0.158588987708604	2.0885380233836313E-2	2.0985310282802046E-2	0.44428899770160896	7.7645648046367546E-2	9/10/2011	Water	Urban	Barren	Forest	Shrub	Grass	Ag	Wetlands	6.6826490860053961E-2	0.30736190190790141	1.3984616921386475E-3	0.14993507142143647	1.3185495954450106E-2	2.54719808210968E-2	0.358405753670962	7.7414843671960845E-2	Percent of Image
Dallas-Fort Worth (East)
5/18/2001	Water	Urban	Barren	Forest	Shrub	Grass	Ag	Wetlands	3.7273270879011375E-2	0.22712776559697029	1.096272672912099E-3	0.1163045644807654	4.8833964520629877E-3	0.29041259716962342	0.30376719154873433	1.9134941199920274E-2	3/10/2005	Water	Urban	Barren	Forest	Shrub	Grass	Ag	Wetlands	4.2461353141939377E-2	0.35223850632403131	3.3125878337683201E-3	0.10911463561533828	6.0228869704878542E-4	0.25165629391688421	0.21963461152379041	2.0979722947199356E-2	3/16/2013	Water	Urban	Barren	Forest	Shrub	Grass	Ag	Wetlands	5.13564921413555E-2	0.41555711282410651	3.80418460306337E-3	0.10211232355591152	3.0033036339973984E-4	0.22995294824306736	0.18260086094704175	1.4315747322054257E-2	Percent of Image 
Dallas-Fort Worth (West)
9/26/2002	Water	Urban	Barren	Forest	Shrub	Grass	Ag	Wetlands	4.4493436216053728E-2	0.3148612085379297	1.7035775127768318E-3	9.9909810602264754E-2	9.0189397735244037E-4	0.35805190900891881	0.17005711995189898	1.002104419280489E-2	8/30/2004	Water	Urban	Barren	Forest	Shrub	Grass	Ag	Wetlands	3.3323326328429902E-2	0.28569998999299517	1.8012608826178326E-3	0.107475232662864	7.0049034324026825E-4	0.42179525667967577	0.14179925948163721	7.4051836285399788E-3	9/24/2013	Water	Urban	Barren	Forest	Shrub	Grass	Ag	Wetlands	1.5614052647382647E-2	0.20378340506455811	4.4039635672104898E-3	0.10839755780202182	5.1045941347212485E-3	0.50085076568912024	0.15553998598738872	6.3056751075968379E-3	Percent of Image
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