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1. Abstract
Aquatic ecosystems are susceptible to biodiversity loss due to increased water temperatures, which can select for heat-tolerant species and lead to a loss of locally adapted species that have a narrow temperature range. Regulations concerning heated effluent from nuclear power plants are administered by the EPA in order to avoid damage to surrounding ecosystems. This project utilized thermal infrared data from NASA’s Earth observations along the Tennessee River to help improve river temperature predictive models used by the Tennessee Valley Authority’s Browns Ferry Nuclear Plant. To do this, the team highlighted spatial and temporal variation in river surface temperature as a result of seasonal change, flow rate, ambient air temperature, and plant power output. Results from the BFNP study area indicated that from 2013 to 2018, the change in water temperature between upstream and downstream locations (ΔT) increased by 3.546°F (p<0.01). ΔT decreased by 2.22°F (p<0.01) from 2018 to 2019. However, it is unclear if this variation can be attributed to the BFNP expansion. The results also demonstrated that river flow rate had the greatest impact on ΔT (p<0.001), while air temperature and power output did not significantly affect ΔT. These visualizations provided a new perspective on the behavior of thermal effluent at different locations along the Tennessee River, at different flow rates, and after the BFNP power upgrade.
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2. Introduction     
2.1 [bookmark: _heading=h.30j0zll]Background Information
The thermoelectric power sector is a source of freshwater thermal pollution. Nuclear power plants stationed along rivers utilize water to dissipate waste heat using two types of cooling systems–once-through and recirculating (Logan & Stillwell, 2018). Once-through cooling systems work by taking in water from adjacent water bodies, cycling the water through the plant once, then discharging it back into the source. Recirculating cooling systems reuse water by circulating it through a closed loop, which results in less water consumption. Thermal effluent from once-through cooling systems is typically 46-54°F higher than ambient water temperatures and can cause greater ecological damage compared to recirculating cooling systems due to the greater volume of water discharged (Madden, Lewis, & Davis, 2013; Verones et al., 2010). Changes in the water temperature surrounding nuclear plants could result in a loss of locally adapted species, lead to changes in species distribution, and alter habitat ranges of aquatic organisms (Beitinger et al., 2017). A study found that the Tennessee River basin is especially vulnerable to species loss, due to its high level of aquatic biodiversity and the prevalence of once-through cooling systems (Madden et al., 2013).

Regulatory guidelines regarding the discharge of thermal effluent are stated in section 316(a) of the Clean Water Act (CWA). This law requires each point source to have a National Pollutant Discharge Elimination System (NPDES) permit, which is administered by state environmental agencies (Madden et al., 2013). The NPDES permit for the Browns Ferry Nuclear Plant (BFNP) limits thermal discharge as detected at a depth of 5 feet (ft), 2400 ft downstream of the discharge source (McGinty, 2007). This permit states that 1-hour average temperatures cannot exceed 93 °F, daily average temperatures cannot exceed 90 °F, and daily average temperature rise relative to ambient cannot exceed 10 °F (Tennessee Valley Authority, n.d.).
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Figure 1. This diagram illustrates the operation modes employed by Browns Ferry Nuclear Plant to treat cooling water before discharge into Wheeler Reservoir (Art, 2014; Peters, 2018).
The BFNP draws water from the Tennessee River in its cooling systems, outlined in Figure 1 (McGinty, 2007). In “open mode,” water from the river is pumped into the turbine generator condensers, then discharged back into the river via three diffuser pipes. If the temperature of the water is within one degree of the NPDES hourly limit, “helper mode” is employed. The water is directed to the cooling towers to further cool the water before discharging it into the reservoir. If “helper mode” is insufficient to keep river temperature from reaching the NPDES limit, the Tennessee Valley Authority (TVA) reduces power output, or is forced to shut down one or more units in order to maintain compliance (McGinty, 2007). 

Monitoring methods at BFNP involve taking in situ water temperatures from five thermistors (two upstream and three downstream), with readings taken every hour, averaged from depths of 3, 5, and 7 ft to account for thermal stratification. These instruments cannot capture the spatial variation in temperature across a large extent. Remote sensing provides a means of measuring the surface temperature of water using thermal infrared (TIR) radiative imaging which captures long wave thermal radiation ranging from 8 to 14 µm. Many studies have used satellite imagery to measure sea surface temperature (Anding & Kauth, 1970); however, river and stream surface temperature monitoring typically require higher imaging resolution due to spatial constraints. Handcock et al. (2006) found that spatial resolution needed to provide at least 3 pixels across a stream width to accurately measure surface temperatures. Furthermore, this pixel minimum only applies to well-mixed areas – increased thermal stratification makes it difficult to predict temperatures below the skin layer (Handcock et al. 2012).


The Tennessee Valley Authority (TVA) is a federal corporation that manages the BFNP and supplies energy to two million homes in seven southeastern states (NRC, 2017). The BFNP completed an Extended Power Uprate (EPU) in September of 2019–this increased the power output of each unit to 120% of its originally licensed thermal power and was predicted to increase mean water temperatures in the Wheeler Reservoir (McGinty, 2007). The team utilized data from 2013-2019 to ascertain the impact of BFNP’s expansion on water surface temperature. The objectives for this project included the following: to evaluate seasonal changes in water surface temperature with time series visualizations, to evaluate the accuracy of NASA Earth observations (EO) thermal data collected over BFNP and Sequoyah Nuclear Plant (SNP), to assess the performance of the TVA’s Deflt3D model, and to guide the TVA through the methodologies used in this project by creating a tutorial. Finally, for public engagement purposes, the project was illustrated with an interactive ArcGIS story map.  The results of this project provided further definition and coverage to current TVA monitoring methods by assessing the effects of seasonal variation, nuclear power plant location, and the BFNP expansion on water surface temperature. These tools helped aid the TVA in responsible effluent management and promoted ecologically-minded decision making.  
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Figure 2.  Study area for BFNP and SNP.
[bookmark: _heading=h.1fob9te][bookmark: _Toc334198726]3. Methodology
3.1 Data Acquisition 
Figure 2 portrays the Tennessee River from BFNP to SNP, as well as the extent of the two individual areas the team focused on for data extraction. After discussing the goals of this project with the TVA, the team clipped the BFNP study area extent to approximately 17 miles of the river. For SNP, the extent was 0.5 miles upstream and 1 mile downstream of the discharge zone. This extent included the three temperature stations at SNP, while also giving preference to the downstream effluent area. The team used level 2 surface temperature products produced from the International Space Station’s Ecosystem Spaceborne Thermal Radiometer Experiment on Space Station (ISS ECOSTRESS), Landsat 8’s Thermal Infrared Sensor (TIRS), and Terra’s Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER) Thermal Infrared (TIR) bands. The team downloaded the data from Application for Extracting and Exploring Analysis Ready Samples (AppEEARS), Earthdata, and United States Geological Survey (USGS) Earth Explorer. The team used AppEEARS for ECOSTRESS data acquisition because it automatically converted swath files into GeoTIFF, eliminating the need for conversion scripts. The team used USGS Earth Explorer to acquire TIRS data based on image availability. In addition, Earth Explorer’s image preview function allowed for pre-download filtering of heavily clouded images. The team acquired ASTER data from Earthdata. Detailed information about each of these satellites is provided in Table 1. Please refer to Appendix A1 for specific image dates obtained from each satellite. The team also received ancillary data from the TVA for in situ water temperature, meteorological station air temperature, BFNP power output, as well as Delft3D model data (Appendix Tables A3-A4). 

Table 1. NASA satellite data used in the project.
	Earth Observations

	Satellite
	Product Resolution
	Product Name
	Data Source

	Image Dates

	ISS ECOSTRESS
	70m, 3-5 day
	SDS_LST (ECO2LSTE.001)
	AppEEARS
	06/18-09/19

	Landsat 8 TIRS
	100m (resampled to 30 m), 16 day
	U.S. Landsat 4-8 ARD, Provisional Surface Temperature
	EarthExplorer
	01/13-09/19

	Terra ASTER
	90m, 16 day

	ASTER L2 Surface Temperature V003
	Earthdata
	01/13-09/19



3.2 Data Processing
The team obtained land surface temperature data from Landsat 8 TIRS, Terra ASTER, and ISS ECOSTRESS in GeoTIFF format. Some ECOSTRESS images needed to be georeferenced due to the varying orbit of the International Space Station, which caused the images to shift slightly. Since all EO data acquired were already calculated for land surface temperature and had been atmospherically corrected, the team only had to convert the temperature values to Fahrenheit. For Landsat 8 TIRS and Terra ASTER data, the values had to be scaled by 0.1 prior to conversion from Kelvin to Fahrenheit (US Geological Survey, 2013; NASA LP DAAC, 2001). ISS ECOSTRESS thermal imagery was already scaled by AppEEARS and therefore required only a simple conversion from Kelvin to Fahrenheit (ECOSTRESS Land Surface, 2019). All conversions were completed using Raster Calculator and automated using Model Builder in ArcGIS Pro. Images that were spatially and temporally adjacent were mosaicked, and raster images were extracted using the study area shapefiles. Additionally, the Set Null tool was used to remove high and low temperature pixels representative of cloud and land contamination. The Set Null tool helped to emphasize spatial variation in water temperatures by decreasing the range of the color ramp. In addition to data processing for the EO data, the team also georeferenced the Delft3D images that the TVA provided. Figure 3 shows a simplified flowchart of the process. 
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· EO vs. Model
· Variable Analysis
· Time Series

· ANOVA
· Tukey’s HSD
· Pearson’s Correlation
· t-test

· Georeference
· Values to ºF
· Raster Calculator
· Model Builder

· AppEEARS
· Earthdata
· EarthExplorer




Figure 3. Methods summary
3.3 Data Analysis
3.3.1 Earth Observations vs. In Situ Data
In order to test the accuracy of remote sensing to measure water surface temperature, the team compared satellite thermal infrared imagery with in situ measurements. The team evaluated the accuracy of the satellites by looking at the difference in temperatures measured by the satellite and temperature stations. This was represented in histograms. The team further analyzed the differences in the relationship between in situ and satellite temperatures during the summer and winter seasons. The extracted temperatures gathered from Landsat 8 TIRS, ISS ECOSTRESS, and Terra ASTER were compared with temperature data collected at a 6-inch depth by thermistors at BFNP. As mentioned by Handcock et al. (2012), remote sensing only measures temperatures that are within 4 inches of the water surface; therefore, it was necessary to assume that temperatures at 6-inch depth were the same at 4 inches from the water’s surface. The team used Pearson’s correlation to represent the relationship between in situ temperatures and satellite-obtained temperatures. 

3.3.2 Earth Observations vs. Model: ISS ECOSTRESS
The goal of this analysis was to test whether the model was able to capture the spatial temperature variation over the BFNP study area. The September 6th, 2019 model image was compared with the ECOSTRESS image from the same date. The team obtained temperature values for 100 randomly generated points from the model image and ECOSTRESS image, then compared the two using a one tailed t-test and Pearson's correlation. Since the model images were PNG files, the team extracted the temperature values with HEXCODES of the point location in comparison with the TVA’s color ramp. However, it should be noted: this method may have caused inaccuracies in the temperatures obtained.  

3.3.3 Earth Observations Comparison: Landsat 8 TIRS & ISS ECOSTRESS
Due to low temporal resolution, the closest satellite images that the team obtained with regards to time were ISS ECOSTRESS on September 8th, 2019 at 5:41 am and Landsat 8 TIRS on September 7th, 2019 at 5:55 am. In order to compare the two satellites, the team had to prove that the two model images from September 7th, 2019 at 6:00 am and September 8th, 2019 at 5:55 am had no significant difference. The team conducted an Analysis of Variance (ANOVA) using temperature values from 100 randomly generated points to compare the four images. Additional analysis included Tukey’s Honest Significant Difference (HSD), which focused on significant differences between pairs of images. Finally, Pearson’s correlation test was used to compare the treatment pairs. Refer to Appendix Table A5 for a representation of treatment pairs. 

3.3.4 Variable Analysis
This analysis evaluated the impact of BFNP power output, river flow rate, and air temperature on ∆T (temperature change between upstream ambient water and downstream effluent-effected water) through Pearson’s correlation and a multiple regression test. The team generated maps depicting days with high and low flow rates. From these maps, the team analyzed the spatial distribution of water surface temperature due to flow rate. 

3.3.5 Seasonal Time-Series
To visualize seasonal water temperature variation at BFNP, the team used ASTER imagery from the same point in time throughout 2017, all taken near 3:50 GMT in their respective seasons. The dates for these images include March 16, May 19, October 26, and November 20. The team also conducted further analyses on the effect of flow rate on ∆T between winter and summer.

3.3.6 Yearly: Repeated Measures
Next, this project focused on the change in ∆T prior to and after the BFNP expansion. Since there was limited satellite imagery, the team was only able to obtain three images, taken from approximately the same date and time over the years 2013, 2018, and 2019. These images, in GMT, were from September 22nd at 6:58, September 20th, 2018 at 8:05, and September 7th, 2019 at 5:55. The team conducted the analyses by using 30 random points from downstream temperatures and 30 random points from upstream temperatures. The team conducted an ANOVA to analyze differences in ∆T between the images from the years 2013, 2018, and 2019. A Tukey’s HSD was used to find significant differences in ∆T between year pairs. The polygons for the point collection zones are featured in Figure 4.  
[image: ]
Figure 4. Map of polygons for data analysis. The Mixing Zone represented the downstream temperatures and the Upstream Ambient Zone represented the upstream temperatures.

4. Results & Discussion
4.1 Analysis of Results
4.1.1 Earth Observations vs. In Situ Data 
The relationship between temperatures derived from satellite sensors and temperatures collected by in situ stations was analyzed through Pearson’s correlation. Overall, EO data and in situ data at BFNP were closely correlated, with an R value of 0.9833. The team also found that 95% (or 2 standard deviations) of the Earth Observation (EO) temperatures taken at BFNP were within -5.71 to 4.87 °F of in situ data (mean=0.42, s=2.6). Individually, the satellite sensors performed similarly in terms of accuracy–Landsat 8 TIRS had the highest R value of 0.9928, Terra ASTER had an R value of 0.9798, and ISS ECOSTRESS had an R value of 0.9862. However, the in situ temperature data was only available from 5 stations, so the team’s analysis of satellite performance was limited to these five points. NASA Earth Observations did not perform as well at SNP as they did at BFNP when compared with in situ data. 95% of EO temperature values (or 2 standard deviations) were within -9.8 and 6.5 °F of in situ data (mean = -1.6, s = 4.1). One explanation for this discrepancy is that SNP has temperature stations near the shore in contrast to BFNP. Since SNP temperature station were located near the riverbank, it is likely that satellite pixels that contained the temperature stations were mixed with land and water surfaces. This was not a problem at BFNP, where temperature stations were located sufficiently far from the riverbanks. Please refer to Appendix Figure B1-B2 for histograms of Earth Observations vs. in situ.


Figure 6. Linear regression of all Earth observation pixel temperatures compared to corresponding
temperature station data.

Furthermore, the relationship between EO and in situ temperature data was weaker in the summer and stronger in the winter. The average difference between EO and in situ temperatures in the summer was 1.6 °F, and the R value was 0.7604. The average difference between EO and in situ temperatures in the winter was 0.2 °F, and the R value was 0.8726. Furthermore, the standard deviation of the difference between means was 2.6 °F in the summer, compared to 1.5 °F in the winter. Based on these results, the satellite sensors performed better in the winter compared to the summer. This may be a result of higher flow rates in the winter – average river flow rate past BFNP was 67692 cubic feet per second (cfs) in the winter, while the average flow rate was only 35914 cfs in the summer. This difference could also be due to more homogenous surface temperature distributions in the winter, and more heterogeneity in summer water surface temperature distributions.
		 (a) Summer EO & in situ Relationship                      (b) Winter EO & in situ Relationship

Figure 7. Linear regression of summer (left) and winter (right) Earth observations temperatures compared with in situ temperature data.

4.1.2 Earth Observations vs. Model: ISS ECOSTRESS
The graph in Appendix Figure B4 shows water surface temperatures sampled from 100 random points of an ISS ECOSTRESS image taken on September 6th, 2019. The red line represents temperatures predicted by the Delft3D model, while the purple line represents temperature data from the ECOSTRESS image. Based on the graph, it is evident that the model consistently predicted higher temperatures compared to ECOSTRESS at the same points. On average, temperatures from the model images were 3.55°F higher compared to temperatures measured by ECOSTRESS (p=6.64e-17). However, the graph shows that data points from ECOSTRESS and Delft3D followed similar patterns, which suggests that the model was able to capture the spatial variability in temperature across the Browns Ferry study area. Furthermore, the Pearson’s correlation test between model and ECOSTRESS data yielded an R value of 0.823, which demonstrates a strong positive correlation between the two datasets. A visual comparison of Model vs. ECOSTRESS for September 6th, 2019 is located in Appendix Figure B3. Note: the color ramp for the satellite/sensor images were created to be similar as possible to the model but were made visually. This means that the color representation shown in the maps may have inaccuracies.

4.1.3 Earth Observations vs. Model: Landsat 8 TIRS & ISS ECOSTRESS
Based on temperatures sampled from the hundred random points (one point was removed due to land contamination), the team found that water surface temperatures predicted by the model images from September 7th and September 8th, 2019 were closely correlated, with an R value of 0.9425. Furthermore, the ANOVA conducted with the randomly sampled points of the EO and Delft3D images on September 7th and 8th showed no significant difference between the two model images (p>.01, Table 2). Based on these results, the team chose to compare satellite performance between Landsat 8 TIRS on September 7th, and ISS ECOSTRESS on September 8th, in addition to comparing the model images to their corresponding EO images (Table 2). Looking at Table 3, the results showed that all pairings of EO and model data were significantly different from each other except for the model vs. model comparison. The results of the Pearson’s correlation tests showed that the model images were most strongly correlated with each other (R=0.9425, Table 3), while the Landsat 8 TIRS and ISS ECOSTRESS images were the least strongly correlated (R=0.712, Table 3). The comparisons between the Delft3D model and EO data on September 7th and September 8th had R values of 0.8345 and 0.8530, respectively (Table 3). Based on these results, it was evident that the Delft3D model predicted more similar temperatures between September 7th and September 8th, while data from Landsat 8 TIRS and ISS ECOSTRESS showed a significant difference between temperatures collected on September 7th and September 8th (p<0.01, Table 2). Line graphs comparing the EO data to model data can be found in Appendix Figures B3-B6. A visual comparison of Model vs. ECOSTRESS & Model vs. Landsat is located in Appendix Figure B3. Note: the color ramp for the satellite/sensor images were created to be similar as possible to the model but were made visually. This means that the color representation shown in the maps may have inaccuracies.

Table 2. Tukey’s HSD for Model, ECOSTRESS, & Landsat Comparisons
	Treatment Pairs
	p-value

	Model 9/7 vs. Model 9/8
	p>.01

	Model 9/7 vs. Landsat 9/7
	P<.01

	Model 9/8 vs. ECOSTRESS 9/8
	P<.01

	Landsat 9/7 vs. ECOSTRESS 9/8
	P<.01



	Treatment Pairs
	Pearson’s Correlation

	Model 9/7 vs. Model 9/8
	0.9425

	Model 9/7 vs. Landsat 9/7
	0.8345

	Model 9/8 vs. ECOSTRESS 9/8
	0.853

	Landsat 9/7 vs. ECOSTRESS 9/8
	0.712


Table 3. Pearson’s Correlation for Model, ECOSTRESS, & Landsat Comparisons







4.1.4 Variable Analysis
The overall relationship between flow rate, air temperature, and power output on water surface temperature was demonstrated through a multiple regression with an R value of 0.6781 and an R2 value of 0.4598. The results showed that there was a negative correlation for ∆T vs. flow rate and no correlation for ∆T vs. power output (Appendix Figure B7 & B8). ∆T vs air temperature had a positive correlation, but was not significant (Figure B6 & Table B7). The R2 value indicated that these variables only accounted for 45.98% of the variability in water surface temperature. Furthermore, the results of the multiple regression showed that flow rate was the only variable that had a significant impact on water surface temperature (p=0.003509), while air temperature and power output did not impact water surface temperatures as substantially (p=0.119401 and p=0.8323066, respectively). 

The team also created flow comparison maps to demonstrate the spatial distribution of water surface temperature during times of high and low river flow rate past BFNP. The team compared images taken on April 13th, 2019 for low flow and April 29th, 2019 for high flow (Figure 8). On April 13th, 2019 the thermal effluent downstream of BFNP spread out more due to the lower flow rate, which caused the water to be heated more by solar radiation. The lower flow rate of 40538 cfs (Table 4) corresponded to a higher ∆T of 4.5°F. On April 29th, 2019, thermal effluent from BFNP spread out less because of the higher flow rate. A relatively high flow rate of 107671 cfs (Table 4) was associated with a lower ∆T of 3.0F. Based on the images, it was evident that during times of low river flow rate, thermal effluent from BFNP stayed near the discharge location, resulting in higher water surface temperatures and a greater ∆T. The temperature distribution was also greater during times of low flow rate, due to more pronounced temperature differences on those days. This could be seen through the standard deviations listed in Table 4. 
[image: C:\Users\statum\AppData\Local\Microsoft\Windows\INetCache\Content.Word\f1.png][image: f2]
(a) Landsat 8 TIRS Low Flow			     (b) Landsat 8 TIRS High Flow
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Figure 8. Spatial variation in water surface temperature for low flow rate vs. high flow rate (from Landsat 8 TIRS, April 2018).

Table 4. Landsat high and low flow
	Date & Time (GMT)
	Flow (cfs)
	LST Standard Deviation (°F)

	4/29/18 16:04
	107671.0
	1.76

	4/13/18 18:16
	40538.0
	3.42



4.1.5 Seasonal Time-Series 
The team created seasonal time series maps with ASTER images taken at the same point in time throughout the year from March, May, October, and November (Appendix Figure C1). The images were all taken near 3:50 GMT. ∆T and standard deviation values for each map are listed in Appendix Table C1. The satellite data collected in March and November had lower ∆Ts, which corresponded to higher flow rates during the spring and winter. The EO data collected in May and October demonstrated higher ∆Ts relative to May and October, likely (while not definitively), due to the lower flow rates. Among the four images, October demonstrated the highest standard deviation in water surface temperatures across the Tennessee River based on EO data. This was in line with results from the team’s flow rate analysis, which indicated a wider distribution in water surface temperatures on days with lower flow rates.

In addition, the team also created a seasonal time series map of ECOSTRESS between February 13th, 2019 and August 30th, 2019. The winter map had four times more flow than the summer map which also caused differences in spatial variation where the low flow’s effluent had greater spatial spread. These maps are located in Appendix Figure C2 with their corresponding flow rates. In the variable analyses, the team found that flow rate had a negative correlation with ∆T. This meant that as flow increased, ∆T decreased. Taking flow rate into account, it made sense that February had a lower ∆T of 0.9°F, while August had a ∆T of 3.4°F. 
4.1.6 Yearly: Repeated Measures
The team conducted an ANOVA to determine whether change in ∆T between downstream and upstream temperature stations was statistically significant over the years. ∆T was calculated from satellite data collected in September of 2013, 2018, and 2019. The ∆T was 2.178°F in 2013, 5.724°F in 2018, and 3.504°F in 2019. The maps for each image of each year can be found in Appendix Figure C3. Based on this data, it is evident that there was an increase in ∆T from 2013 to 2018, and a decrease in ∆T from 2018 to 2019 (p<0.01). The maps showing the change between the maps from 2013 to 2018 and 2018 to 2019 are located in Appendix Figure C4. Seeing as 2013 was prior to the expansion at BFNP, the lower ∆T was expected. However, the team expected to see an increase in ∆T from 2018 to 2019 due to the completion of the expansion at BFNP. The lower ∆T seen in 2019 compared to 2018 did not support the hypothesis that ∆T would be greater following the expansion. The TVA stated that the expansion did increase the ∆T at BFNP by 3-5 °F, so these conflicting results could be due to the limited temporal availability of satellite imagery. 

4.2 Future Work
In the future, these methodologies can be used to conduct further analysis of Delft3D model images in comparison with satellite imagery. In addition, data describing the distribution of aquatic wildlife both upstream and downstream of nuclear power plants can be incorporated into EO data analysis in order to gain a better understanding of the ecological impacts of thermal effluent. The TVA is not only interested in using  Earth observations to monitor water temperature, but also to understand other factors within the context of the Tennessee River and the operation of their nuclear plants.  For example, the TVA’s Hydrothermal Group have discussed the problem of eel weed overgrowth clogging their intake systems. The European Space Agency’s Sentinel-2 satellite can be used to detect plant growth along the Tennessee River, which will help the TVA increase proactive mitigation of aquatic vegetation interference with power plant operations. These are only a sample of the myriad of opportunities for the TVA to incorporate Earth observations in their fluvial monitoring efforts.

5. Conclusions
[bookmark: _GoBack]This project supplemented the TVA’s current methods of monitoring water surface temperature by providing a better understanding of spatial patterns and seasonal variation across the Wheeler Reservoir. In particular, EO thermal data was able to demonstrate spatial variation in water surface temperatures near BFNP, which helped the TVA assess the performance of their Delft3D model. The map products the team produced (seasonal time series, yearly time series, and model comparison) helped visualize spatial variation in temperatures during different seasons and across multiple years. Through statistical analyses, the team determined that river flow rate was most strongly correlated to ΔT, with higher flow rates corresponding to lower ΔTs. Furthermore, river flow rate had the strongest impact on ΔT, while power output and air temperature did not significantly contribute to the variation seen in ΔT. The effect of flow rate on spatial variation in water surface temperature was also represented through the maps. The team compared images taken in September of 2013, 2018 and 2019 in which ∆T increased from 2013 to 2018, but decreased from 2018 to 2019. Due to the low temporal resolution of EO data, the team was only able to compare one image from each year in this analysis. These images were taken at three specific points in time and did not represent long-term trends in water surface temperature, which limited the team’s ability to fully assess the impact of the Browns Ferry Nuclear Plant expansion. In addition, the limited number of in situ temperature stations resulted in minimal points of comparison between the TVA’s in situ data and EO raster data. The satellite accuracy assessment was conducted using temperature station data collected at Browns Ferry and Sequoyah; therefore, more in situ measurement points would have been necessary in order to provide more accurate results. Despite these limitations, the team was able to demonstrate how NASA Earth observations could be implemented to better understand variations in water surface temperatures due to thermal effluent from nuclear power plants.
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7. Glossary
BFNP – Browns Ferry Nuclear Power Plant
CWA – Clean Water Act
Earth observations – Satellites and sensors that collect information about the Earth’s physical, chemical, and biological systems over space and time
ECOSTRESS – ECOsystem Spaceborne Thermal Radiometer Experiment on Space Station
∆T – Change in temperature from upstream temperature stations to downstream locations
GeoTIFF – Geostationary Earth Orbit Tagged Image File Format 
In Situ Measurement – A measurement taken at a stationary location
NPDES – National Pollutant Discharge Elimination System
SNP – Sequoyah Nuclear Power Plant
TIR – Thermal Infrared
TIRS – Thermal Infrared Sensor
TVA – Tennessee Valley Authority
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9. Appendices
 Appendix A

Table A1. BFNP sample times and sensor for each image considered
	Sample Date & Time (GMT)

	ISS ECOSTRESS
	Landsat 8 TIRS
	Terra ASTER

	8/13/2018 16:49
	9/22/2013 6:58
	4/10/2014 16:42

	8/27/2018 11:07
	12/27/2013 17:02
	5/7/2015 3:51

	2/13/2019 15:28
	5/20/2014 9:06
	11/17/2016 3:50

	7/25/2019 23:07
	1/12/2014 17:18
	3/16/2017 3:56

	8/20/2019 13:03
	10/3/2017 20:55
	5/19/2017 3:56

	8/30/2019 16:18
	4/13/2018 18:16
	10/26/2017 3:56

	9/1/2019 8:09
	4/29/2018 16:04
	11/20/2017 3:50

	9/2/2019 15:28
	5/15/2018 11:22
	5/7/2018 16:43

	9/6/2019 13:49
	10/6/2018 6:25
	1/10/2019 3:50

	9/8/2019 5:41
	6/16/2018 3:18
	3/23/2019 16:42

	9/12/2019 4:03
	2/8/2018 4:51
	

	9/16/2019 2:24
	9/20/2018 8:05
	

	9/21/2019 8:07
	12/3/2018 22:13
	

	9/22/2019 7:19
	6/3/2019 13:20
	

	
	9/7/2019 5:55
	



Table A2. SNP sample times and sensor for each image considered
	Sample Date & Time (GMT)

	ISS ECOSTRESS
	Landsat 8 TIRS
	Terra ASTER

	8/24/2018 12:07
	2/22/2014 8:17
	10/15/2015 16:36

	8/27/2018 11:08
	9/10/2017 20:36
	3/16/2016 16:29

	2/13/2019 15:29
	10/12/2017 15:55
	5/6/2017 16:29

	7/25/2019 23:07
	5/8/2018 12:38
	9/17/2017 3:51

	7/28/2019 5:36
	8/31/2019 7:56
	3/6/2018 16:30

	8/30/2019 16:18
	
	10/7/2018 16:36

	9/1/2019 8:09
	
	10/22/2018 3:51

	9/3/2019 14:40
	
	

	9/7/2019 13:01
	
	

	9/9/2019 4:52
	
	

	9/12/2019 4:03
	
	

	9/16/2019 2:25
	
	

	9/22/2019 7:19
	
	





Table A3. In situ ancillary data from January 2013 to September 2019 provided by the TVA.
	Ancillary Data 

	In Situ Data Type
	Specifications

	Temperature Station
	Water temperature measurements taken at depths of 6in, 3ft, 5ft, and 7ft. Temperatures reported hourly.

	Power Generation
	Power output by BFNP. MW generated reported at 15-minute intervals.

	Air Temperature
	Air temperature data collected by TVA meteorological stations. Temperatures reported hourly.




Table A4. Model-based ancillary data provided by the TVA. 
	Ancillary Data 

	Model
	Specifications
	Dates, GMT

	Delft3D Images
	Images from Deltares Delft3D model predicting water surface temperature. Available from May-Present 2019
	09/06/2019, 2:00 pm                    09/07/ 2019, 6:00 am 09/08/2019, 6:00 am

	Delft3D Flow Data
	Hourly flow rate past BFNP in cubic feet per second, calculated by Deltares Delft3D Model.
	Jan. 2013- Sep. 2019



Table A5. The table below shows the model and satellite comparisons. September 7th, 2019 is represented as "A" and September 8th, 2019 is represented as "B".
	Comparison

	Model A
	Model B

	Landsat A
	ECOSTRESS B

	Model B
	ECOSTRESS B

	Model A
	Landsat A




Appendix B


(a) Satellite & in situ temperature difference at Browns Ferry

(b) Satellite & in situ temperature difference at Sequoyah
Figure B1. Temperature accuracy histograms for all samples at BFNP and SNP. The temperature difference is the temperature measured by the satellite minus the temperature measured by the temperature station.




(a) Satellite & in situ temperature difference by sensor at Browns Ferry

(b) Satellite & in situ temperature difference by sensor at Sequoyah
Figure B2. Temperature accuracy histogram with individual sensor results at BFNP and SNP 




                         Delft3D Imagery			          Satellite/Sensor Imagery
[image: ][image: ]
 (a) Model Water Surface Temperature 9/6/19        (b) ECOSTRESS Water Surface Temperature 9/6/19
[image: ][image: ]
(c) Model Water Surface Temperature 9/7/19          (d) Landsat Water Surface Temperature 9/7/19
[image: ][image: ]
(e) Model Water Surface Temperature 9/8/19	  (f) ECOSTRESS Water Surface Temperature 9/8/19
[image: C:\Users\statum\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Capture2.png]
Figure B3. Delft3D model images compared to thermal infrared satellite imagery (from ECOSTRESS & Landsat 8 TIRS, 2018).


Figure B4. ECOSTRESS vs. Model on September 6th, 2019 at 2:00 pm


Figure B5. ECOSTRESS vs. Model on September 8th, 2019


Figure B6. Landsat 8 TIRS vs. Model on September 7th, 2019


Table B7. Multiple regression testing for variables vs. ∆T
	Variables
	p-value
	R2

	Flow Rate
	0.003509
	

	Air Temperature
	0.119401
	0.4598

	Power Output
	0.823066
	




Figure B7. ∆T vs. Flow Rate


Figure B8. ∆T vs. Air Temperature
 

Figure B9. ∆T vs. Power Output

Appendix C
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(a) ASTER March                                                       (b) ASTER May                                                                       [image: ][image: ast4]
(c) ASTER October                                                      (d) ASTER November		
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Figure C1. ASTER seasonal time series maps at BFNP (from Terra ASTER, March, May, October, & November 2017). 

Table C1. Seasonal Terra ASTER imagery corresponding conditions
	Date & Time (GMT)
	Flow (cfs)
	LST Standard Deviation (°F)

	3/16/2017, 3:56
	49775
	4.56

	5/19/2017, 3:56
	38414
	*2.68

	10/26/2017, 3:50
	27963
	5.27

	11/20/2017, 3:56
	48306
	4.92


*Low relative standard deviation potentially caused by hazy, clouded image
[bookmark: _Hlk25507406][image: eco1][image: ex]
(a) ECOSTRESS Winter	                                           (b) ECOSTRESS Summer
[image: ]
Figure C2. ECOSTRESS seasonal time series maps at BFNP (from ISS ECOSTRESS, April & August 2019). 

Table C2. Seasonal ECOSTRESS imagery corresponding conditions 
	Date & Time (GMT)
	Flow (cfs)
	LST Standard Deviation (°F)

	2/13/2019, 3:28
	100440.0
	0.97

	8/30/2019, 4:18
	25677.0
	1.67





[bookmark: _Hlk25507433][image: y1][image: y2]
(a) Landsat 8 TIRS 2013	                                           (b) Landsat 8 TIRS 2018[image: y3]
(c) Landsat 8 TIRS 2019
[image: ]
Figure C3. Yearly repeated measures: water surface temperature maps at BFNP (from Landsat 8 TIRS, 2013, 2018, 2019).

Table C3. Yearly repeated measures corresponding conditions
	Date & Time (GMT)
	Flow (cfs)
	Air Temperature (°F)
	Power (MW)

	9/22/2013, 6:58
	26602
	56.93
	3362

	9/20/2018, 8:05
	17401
	72.95
	3218

	9/07/2019, 5:55
	20596
	78.98
	3760



[bookmark: _Hlk25507502][image: dx][image: d2]
(a) Landsat 8 TIRS (2018 minus 2013)                      (b) Landsat 8 TIRS (2019 minus 2018)
[image: ]
Figure C4. Change in water surface temperature between images (from Landsat 8 TIRS, 2013, 2018, & 2019).
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EOS Temperature (°F)








Satellite/in situ	R = 0.76

89.400199999999998	89.400199999999998	88.7	88.500200000000007	88.7	88.199600000000004	87.299599999999998	88.899799999999999	87.499399999999994	87.007999999999996	88.300399999999996	88.1006	88.3994	87.400400000000005	87.099800000000002	88.800799999999995	86.799199999999999	87.499399999999994	86.9	89.000600000000006	88.3994	85.5	87.3	81.900000000000006	80.200400000000002	83.400099999999995	85.698999999999998	82.700999999999993	86.500399999999999	87.200599999999994	82.099400000000003	80.700800000000001	85.400599999999997	86.199799999999996	83.3	91.670044000000004	89.942001342799998	84.433998107899995	88.970046999999994	85.442001342799998	85.045997619600001	83.930000305199997	91.130004999999997	87.026000976600002	84.830001831100006	87.530013999999994	85.082000732400004	90.697998046899997	83.569999694800003	92.210021999999995	82.454002380399999	82.237998962399999	85.550003000000004	83.281997680700002	90.050003051800005	82.849998474100005	86.270042000000004	86.666000366199995	79.358001709000007	79.790030999999999	81.4820022583	83.029998779300001	79.970001220699999	88.430008000000001	87.314002990700004	77.809997558600003	78.890029999999996	82.382003784199995	83.138000488299994	80.150001525899995	"1/1"	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	In situ Temperature (°F)


EO Temperature (°F)



Satellite/in situ	R = 0.87

51.2	50.5	48.099200000000003	55.099400000000003	51.299599999999998	48.999200000000002	50.2	49.9	47.4998	54.6008	51.9998	49.1	51	46.1	46.999400000000001	52.9	50.799199999999999	50.500399999999999	49.2	44.4	44.700800000000001	52	50	48	48.4	44.1	45.199399999999997	52.300400000000003	48.500599999999999	48.799399999999999	50.270041999999997	49.910018999999998	48.290030999999999	53.150002000000001	53.150001529999997	48.2540016174	49.730010999999998	48.290030999999999	47.75	52.970042999999997	53.33000183	47.965999603299998	49.010021000000002	45.410023000000002	48.290030999999999	53.690033	53.869998930000001	47.678001403800003	47.390034	43.790030999999999	44.690033	52.790030999999999	52.430000309999997	47.209999084499998	47.030009999999997	43.790030999999999	45.049999	52.970042999999997	51.88999939	46.886001586900001	1x1	44	45	46	47	48	49	50	51	52	53	54	55	44	45	46	47	48	49	50	51	52	53	54	55	In situ Temperature (°F)


EO Temperature (°F)



Browns Ferry

-10	-9	-8	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	6	7	8	9	10	0	0	2	3	12	22	18	18	33	33	17	14	8	0	4	3	1	Satellite & in situ Temperature Difference (°F)


Frequency



Sequoyah

Frequency	-10	-9	-8	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	6	7	8	9	10	1	0	1	4	4	11	1	7	4	8	8	3	5	10	1	1	1	1	1	0	1	Satellite & in situ Temperature Difference (°F)


Frequency



Browns Ferry

ASTER	-10	-9	-8	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	6	7	8	9	10	0	0	0	0	0	0	0	4	2	1	10	13	6	7	4	0	1	0	0	0	0	ECOSTRESS	-10	-9	-8	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	6	7	8	9	10	0	0	0	0	1	3	12	18	15	8	5	3	2	1	0	0	0	0	0	0	0	Landsat 8 TIRS	-10	-9	-8	-7	-6	-5	-4	-3	-2	-1	0	1	2	3	4	5	6	7	8	9	10	0	0	0	0	0	0	0	0	1	7	20	14	10	7	4	0	2	2	1	0	0	Satellite & in situ Temperature Difference (°F)


Frequency




Sequoyah

ASTER	-10	-8	-6	-4	-2	0	2	4	6	8	10	0	0	0	0	1	5	3	8	0	2	1	ECOSTRESS	-10	-8	-6	-4	-2	0	2	4	6	8	10	1	1	8	12	9	7	1	0	0	0	0	Landsat 8 TIRS	-10	-8	-6	-4	-2	0	2	4	6	8	10	0	0	0	0	1	4	4	3	2	0	0	Satellite & in situ Temperature Difference (°F)


Frequency




EO TEMPERATURE	1	2	3	4	5	6	7	8	9	10	11	12	13	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	80.222000122070312	81.445999145507812	79.106002807617188	78.998001098632812	78.277999877929688	76.333999633789062	76.694000244140625	79.393997192382812	78.169998168945312	77.197998046875	84.902000427246094	82.417999267578125	78.061996459960938	78.169998168945312	79.610000610351562	82.022003173828125	81.949996948242188	83.281997680664062	79.141998291015625	82.741996765136719	79.86199951171875	79.03399658203125	80.762001037597656	78.349998474121094	81.91400146484375	76.297996520996094	78.781997680664062	82.094001770019531	78.566001892089844	81.949996948242188	77.522003173828125	82.417999267578125	79.393997192382812	82.346000671386719	80.797996520996094	81.445999145507812	81.410003662109375	82.202003479003906	81.589996337890625	78.097999572753906	79.46600341796875	78.4219970703125	79.970001220703125	82.382003784179688	81.986000061035156	81.589996337890625	82.741996765136719	78.458000183105469	78.134002685546875	76.910003662109375	78.601997375488281	79.538002014160156	78.853996276855469	81.265998840332031	78.241996765136719	78.134002685546875	83.101997375488281	80.545997619628906	78.349998474121094	80.870002746582031	80.185997009277344	79.898002624511719	83.318000793457031	82.5260009765625	81.91400146484375	78.709999084472656	81.769996643066406	79.501998901367188	78.529998779296804	83.318000793457031	81.734001159667969	80.69000244140625	80.725997924804688	79.213996887207031	77.989997863769531	81.374000549316406	79.25	78.4219970703125	85.622001647949219	78.818000793457031	81.157997131347656	79.610000610351562	84.830001831054688	82.057998657226562	81.697998046875	79.790000915527344	82.094001770019531	78.818000793457031	79.358001708984375	79.681999206542969	81.877998352050781	78.314002990722656	78.781997680664062	79.286003112792969	81.337997436523438	83.389999389648438	81.265998840332031	81.949996948242188	MODEL TEMPERATURE	1	2	3	4	5	6	7	8	9	10	11	12	13	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	83.605635359999994	83.605635359999994	82.048011049723755	82.614419889502756	81.481602209944754	83.605635359116036	78.932762430939221	82.897624309392256	78.932762430939221	79.074364639999999	93.942596685082876	87.995303867403322	81.481602209944754	83.605635359999994	81.481602209944754	86.579281767955791	84.030441988950287	83.464033149171286	82.614419889502756	90.544143646408855	82.614419889502756	83.180828729281771	82.614419889502756	83.180828729281771	88.136906080000003	78.932762430939221	83.605635359999994	84.880055248618788	80.915193370165753	84.030441988950287	79.074364639999999	84.030441988950287	81.481602209944754	85.72966850828729	82.614419889502756	82.614419889502756	84.880055248618788	88.136906080000003	86.01287292817679	83.605635359999994	83.464033149171286	82.614419889502756	83.605635359999994	84.030441988950287	88.844917127071824	86.862486187845306	86.862486187845306	79.074364639999999	79.782375690607751	79.074364639999999	82.614419889502756	80.631988950276252	83.605635359999994	83.464033149171286	79.074364639999999	82.048011049723755	89.411325966850825	87.428895027624321	79.074364639999999	87.145690607734807	83.605635359999994	83.605635359999994	89.977734806629826	86.862486187845306	86.862486187845306	79.074364639999999	84.596850828729288	82.614419889502756	79.074364639999999	88.136906080000003	84.030441988950287	81.481602209944754	89.411325966850825	80.348784530386752	82.048011049723755	85.446464088397789	82.897624309392256	81.34	94.225801104972362	81.481602209944754	86.01287292817679	82.614419889502756	89.128121546961324	87.428895027624321	83.605635359999994	83.605635359999994	84.596850828729288	79.782375690607751	82.048011049723755	83.464033149171286	84.596850828729288	81.481602209944754	83.605635359999994	82.897624309392256	88.136906080000003	89.411325966850825	83.464033149171286	83.605635359116036	Random Points


River Surface Temperature (°F)




RASTERVALU	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	80.4739990234375	84.5780029296875	79.430000305175781	84.218002319335938	83.209999084472656	82.849998474121094	81.013999938964844	81.986000061035156	80.870002746582031	85.082000732421875	85.477996826171875	84.073997497558594	77.197998046875	83.96600341796875	74.101997375488281	80.041999816894531	81.050003051757812	84.325996398925781	83.606002807617188	85.010002136230469	78.709999084472656	82.634002685546875	81.194000244140625	80.293998718261719	82.237998962402344	80.725997924804688	81.554000854492188	84.433998107910156	82.886001586914062	84.073997497558594	82.129997253417969	83.13800048828125	82.30999755859375	81.194000244140625	83.461997985839844	81.230003356933594	81.949996948242188	81.662002563476562	79.753997802734375	81.337997436523438	81.625999450683594	81.265998840332031	82.346000671386719	85.910003662109375	83.353996276855469	83.498001098632812	84.541999816894531	81.482002258300781	76.513999938964844	83.713996887207031	80.617996215820312	83.641998291015625	85.010002136230469	82.741996765136719	80.653999328613281	81.013999938964844	84.253997802734375	81.805999755859375	82.129997253417969	85.58599853515625	80.222000122070312	85.513999938964844	81.374000549316406	84.073997497558594	83.713996887207031	81.445999145507812	84.830001831054688	82.022003173828125	86.125999450683594	85.045997619628906	83.96600341796875	84.433998107910156	82.057998657226562	80.977996826171875	81.122001647949219	79.213996887207031	84.433998107910156	81.734001159667969	84.001998901367188	84.290000915527344	84.505996704101562	83.606002807617188	84.218002319335938	80.905998229980469	84.110000610351562	80.582000732421875	82.129997253417969	83.96600341796875	78.998001098632812	87.0260009765625	84.5780029296875	82.30999755859375	81.517997741699219	80.041999816894531	81.157997131347656	80.762001037597656	84.541999816894531	84.325996398925781	80.870002746582031	Model	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	85.446464088397789	87.428895027624321	81.764806629834254	86.862486187845306	84.880055248618788	87.145690607734807	83.605635359116036	83.605635359116036	84.030441988950287	90.260939226519326	90.260939226519326	86.862486187845306	81.764806629834254	88.136906077348073	80.631988950276252	82.189613259668505	85.72966850828729	88.136906077348073	85.446464088397789	88.136906077348073	83.180828729281771	86.01287292817679	83.605635359116036	82.897624309392256	83.605635359116036	83.605635359116036	84.030441988950287	89.128121546961324	84.030441988950287	86.862486187845306	84.030441988950287	86.01287292817679	84.030441988950287	83.605635359116036	88.136906077348073	83.605635359116036	83.605635359116036	83.605635359116036	81.198397790055253	84.880055248618788	84.030441988950287	84.030441988950287	84.596850828729288	92.668176795580109	86.01287292817679	88.136906077348073	88.136906077348073	84.596850828729288	83.180828729281771	86.579281767955791	83.605635359116036	87.428895027624321	87.145690607734807	86.579281767955791	82.189613259668505	84.030441988950287	89.836132596685076	84.596850828729288	83.605635359116036	88.420110497237573	82.189613259668505	89.411325966850825	83.605635359116036	89.128121546961324	84.880055248618788	84.030441988950287	88.136906077348073	84.030441988950287	92.384972375690609	88.136906077348073	86.296077348066291	88.420110497237573	84.030441988950287	83.605635359116036	83.605635359116036	83.180828729281771	86.579281767955791	83.605635359116036	87.428895027624321	87.428895027624321	91.535359116022107	87.995303867403322	87.428895027624321	84.030441988950287	87.995303867403322	83.464033149171286	88.420110497237573	88.136906077348073	81.34	88.844917127071824	88.136906077348073	84.030441988950287	83.605635359116036	81.764806629834254	81.198397790055253	83.464033149171286	87.428895027624321	86.579281767955791	84.880055248618788	Random Points


River Surface Temperature (°F)




RASTERVALU	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	83.21002197265625	85.370040893554688	81.949996948242188	85.730010986328125	82.490036010742188	84.649993896484375	81.949996948242188	81.59002685546875	82.1300048828125	85.370040893554688	85.190032958984375	84.290031433105469	82.1300048828125	83.930007934570312	82.849998474121094	82.310020446777344	85.190032958984375	85.370040893554688	84.110015869140625	84.110015869140625	81.770042419433594	83.75	82.1300048828125	82.310020446777344	81.949996948242188	81.050003051757812	82.849998474121094	84.110015869140625	83.030014038085938	81.230010986328125	83.930007934570312	82.490036010742188	83.75	82.6700439453125	82.1300048828125	84.649993896484375	81.410018920898438	81.949996948242188	81.949996948242188	81.770042419433594	83.390029907226562	82.1300048828125	82.310020446777344	82.310020446777344	86.810020446777344	83.030014038085938	83.75	85.370040893554688	84.110015869140625	81.230010986328125	84.649993896484375	82.490036010742188	85.370040893554688	85.550003051757812	83.930007934570312	81.949996948242188	82.849998474121094	85.550003051757812	83.570037841796875	81.949996948242188	84.110015869140625	81.949996948242188	86.6300048828125	81.59002685546875	85.910018920898438	84.290031433105469	82.1300048828125	84.110015869140625	82.6700439453125	86.6300048828125	85.730010986328125	83.930007934570312	83.75	82.6700439453125	81.949996948242188	82.1300048828125	81.949996948242188	85.730010986328125	81.770042419433594	84.830009460449219	84.830009460449219	86.270042419433594	83.75	85.550003051757812	82.310020446777344	83.570037841796875	82.310020446777344	85.550003051757812	85.550003051757812	82.490036010742188	85.550003051757812	84.110015869140625	81.949996948242188	82.1300048828125	82.1300048828125	81.59002685546875	82.490036010742188	84.649993896484375	84.110015869140625	83.570037841796875	Model 	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	16	17	18	19	20	21	22	23	24	25	26	27	28	29	30	31	32	33	34	35	36	37	38	39	40	41	42	43	44	45	46	47	48	49	50	51	52	53	54	55	56	57	58	59	60	61	62	63	64	65	66	67	68	69	70	71	72	73	74	75	76	77	78	79	80	81	82	83	84	85	86	87	88	89	90	91	92	93	94	95	96	97	98	99	100	83.605635359116036	85.72966850828729	81.198397790055253	86.296077348066291	83.605635359116036	87.995303867403322	83.464033149171286	83.605635359116036	83.605635359116036	89.128121546961324	88.561712707182323	84.030441988950287	81.198397790055253	86.579281767955791	79.923977900552501	81.34	84.596850828729288	88.844917127071824	84.030441988950287	87.428895027624321	82.897624309392256	84.880055248618788	83.605635359116036	82.189613259668505	83.888839779005522	83.464033149171286	83.605635359116036	88.561712707182323	83.605635359116036	80.915193370165753	83.605635359116036	83.605635359116036	83.605635359116036	83.605635359116036	82.897624309392256	89.128121546961324	83.464033149171286	83.464033149171286	83.605635359116036	80.915193370165753	83.605635359116036	83.605635359116036	83.605635359116036	83.605635359116036	92.668176795580109	83.605635359116036	86.579281767955791	87.145690607734807	83.605635359116036	82.897624309392256	87.995303867403322	83.605635359116036	85.72966850828729	86.862486187845306	88.136906077348073	81.198397790055253	83.888839779005522	92.668176795580109	83.605635359116036	83.605635359116036	87.428895027624321	81.764806629834254	88.844917127071824	83.605635359116036	87.995303867403322	84.880055248618788	83.605635359116036	87.995303867403322	83.605635359116036	91.818563535911608	89.128121546961324	87.995303867403322	88.136906077348073	83.605635359116036	83.605635359116036	83.605635359116036	82.189613259668505	87.428895027624321	83.464033149171286	86.296077348066291	86.01287292817679	91.252154696132592	86.296077348066291	85.72966850828729	83.605635359116036	86.296077348066291	83.180828729281771	88.136906077348073	88.136906077348073	80.631988950276252	88.844917127071824	87.428895027624321	83.605635359116036	83.605635359116036	81.34	82.189613259668505	82.897624309392256	86.296077348066291	86.579281767955791	83.605635359116036	Random Points


River Surface Temperature (°F)
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∆T (°F)
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