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1. Abstract
Submerged Aquatic Vegetation (SAV) is vitally important to the Chesapeake Bay, serving as one of the primary food sources for the organisms that inhabit its ecosystems. This project evaluated the efficacy of remote sensing applications to monitor water quality parameters, specifically turbidity, to indicate areas that can potentially support healthy populations of SAV in the Chesapeake Bay. The resources and methods included visual analysis by utilizing Landsat 8 Operational Land Imager (OLI) and Sentinel-2 MultiSpectral Instrument (MSI). The algorithms incorporated in the ACOLITE software allow for atmospheric correction of spatial and temporal surface reflectance satellite imagery. By correlating Landsat and Sentinel derived output turbidity products to the Virginia Institute of Marine Sciences’ in situ monitoring data, different models were created that provided an estimate of water clarity throughout the entire bay and its associated tributaries. Dogliotti turbidity products provided the best correlations between satellite remote sensing and in situ turbidity data throughout the open waters of the Chesapeake Bay, while Nechad turbidity products provided stronger correlations throughout the bay’s tributaries. The models can be used as an additional resource for the Virginia Department of Environmental Quality to aid the monitoring of turbidity variations within the Chesapeake Bay. These monitoring techniques will also assist in determining Total Maximum Daily Load calculations and the resulting effects on the growth of SAV.

Keywords
Submerged Aquatic Vegetation (SAV), turbidity, water quality, remote sensing, atmospheric correction, Landsat 8, Sentinel-2, ACOLITE
[bookmark: _30j0zll]2. Introduction
2.1 [bookmark: _1fob9te]Background Information
The Chesapeake Bay watershed spans 64,000 miles, including sections of Virginia, Maryland, Delaware, West Virginia, Pennsylvania, New York, and Washington D.C. (Figure 1). Consisting of freshwater, brackish water, and saltwater, the watershed provides a diverse ecosystem that is home to over 300 species of fish, and numerous shellfish and crab species. The watershed within the bay is also home to various terrestrial and aquatic vegetation. Submerged Aquatic Vegetation (SAV) provides a primary food source for aquatic wildlife, reduces erosion, and provides oxygen to the water imperative for respiration in aquatic wildlife (Cho, 2012). SAV is most commonly found in shallow regions of the bay’s rivers and estuaries due to light and nutrient availability (Kemp, 2004), with the growing season spanning the months of March-October annually. While SAV has been found to be a vital component of the ecosystem, changes in water quality can have significant effects on its growth and stability. Water quality can be evaluated by several measured variables that explain the physical, chemical, and biological properties of a body of water; these variables include dissolved oxygen, chlorophyll, temperature, depth, pH, salinity, and turbidity (Gholizadeh, 2016). The variable measurements are incorporated into different frameworks, like the Total Maximum Daily Load (TMDL), which serves as a calculation to decide if water quality meets federal Environmental Protection Agency (EPA) quality standards.

Virginia’s Department of Environmental Quality (DEQ) alongside the EPA Chesapeake Bay Program utilize the TMDL calculations to evaluate the health of the Chesapeake Bay and its tributaries to identify the maximum amount of pollutants that can exist within the bay. This process includes both point source and nonpoint source pollution within the watershed. Point source pollution is pollution that can be traced from specific locations such as industrial or sewage treatment plants within the area. Nonpoint source pollution is caused by rainfall washing ground-based pollutants into a water body. Examples of nonpoint source pollution include excess fertilizer, sediment, and grease from urban runoff (Environmental Protection Agency). These sources of pollution can be detailed through turbidity, the measure of relative clarity of liquid and intensity of scattered light. These measurements are important due to light attenuation and its effect on the growth and health of habitable areas for SAV (Gholizadeh, 2016). 
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Figure 1. Landsat 5 Thermal Mapper (TM) image of the Chesapeake Bay on November 27, 2009 taken from NASA’s Goddard Space Flight Center Education & Public Outreach team.



2.2 Project Partners & Objectives
The team partnered with Tish Robertson, a representative for the Office of Ecology within the Water Quality Monitoring and Assessment subdivision for the Virginia DEQ. The team also collaborated with Peter Tango, the Chesapeake Bay Monitoring Coordinator under the United States Geological Survey (USGS) Water Science Center. The Virginia DEQ’s current method of monitoring the water clarity of habitable areas for SAV within the Chesapeake Bay relies on analyzing data from continuous monitoring stations, aerial remote sensing, and cruise data to generate a surface map that depicts the water quality of the Chesapeake Bay and its tributaries. Although this in situ monitoring is essential for understanding the growth of SAV and its effect on the bay, the Virginia DEQ’s current method of analysis is limited due to the nature of localized and stationary data collection areas. To address the EPA’s requirements for the TMDL, the Virginia DEQ approached DEVELOP to determine the effectiveness of using NASA Earth observations to monitor water quality. The Virginia DEQ’s main locations of interest include the Rappahannock, York, and James Rivers as well as the southern bank of the Potomac River.

This project falls under the Water Resources application area of NASA’s Applied Sciences Program. In comparison to the collection methods of the Virginia DEQ, the team at DEVELOP aimed to provide a more efficient method of data collection through the use of NASA and European Space Administration (ESA) Earth observations. These remote sensing techniques measured the variations of turbidity within the Chesapeake Bay while also analyzing the effects of turbidity on water quality and subsequent growth of SAV. The project objectives were to prove the effectiveness of satellite remote sensing by comparing its data to that of the Virginia Institute of Marine Science (VIMS) in situ monitoring data and to provide the partners with key end products. These end products include: (1) Chesapeake Bay-wide annual water clarity maps, (2) annual water clarity maps of the tributaries throughout the bay, (3) automated tools through Python scripting that will help expedite satellite processing, and (4) workflow that details the process of gathering and analyzing satellite imagery as well as producing the statistical analysis to create water clarity maps. The goal was to provide end products that will inform the current methods of the Virginia DEQ and advance ease of usage for future water quality studies within the Chesapeake Bay.
[bookmark: _3znysh7]3. Methodology
3.1 Data Acquisition
To best quantify water quality metrics, Landsat and Sentinel satellite products were chosen to perform analysis over the Chesapeake Bay. Relative to other operational satellites, the high-level products of Landsat and Sentinel provide imagery at a more desirable spatial and temporal scale. Landsat displays imagery of a given location every 16 days with a 30 m spatial resolution while Sentinel provides a more focused 10 m spatial resolution with a 20-day temporal scale. These specifications allow for a detailed analysis of near-shore waters such as rivers and estuaries of the Chesapeake Bay (Vanhellemont, 2016). Previous studies have applied the provisional Landsat satellite series surface reflectance products of Landsat 5 Thematic Mapper (TM) and Landsat 8 Operational Land Imager (OLI) to monitor water quality and the growth of SAV (Vanhellemont, 2016). Limitations for applying this data over water have been prevalent due to variable environmental factors including atmospheric interference, water depth, and water column light attenuation (Cho, 2012).
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Figure 2. Vector shape file of the Virginia Chesapeake Bay study area overlaid on Esri Ocean Map.




To account for these complications, the DEVELOP team incorporated ACOLITE software, version 20170113.0, for atmospheric correction of high resolution satellite imagery. The ACOLITE software is optimal for processing Landsat 8 OLI and Sentinel-2 MultiSpectral Instrument (MSI) imagery, which subsequently limited the available time for analysis to a study period of 2013 to 2017. Available satellite imagery of the Chesapeake Bay area within the study period was acquired from the USGS through Earth Explorer. Landsat 8 OLI level 1 imagery was collected, with a total of 162 bay-wide scenes being retrieved. These images cover Virginia’s portion of the Chesapeake Bay and include path 14 row 34, path 15 row 34, and path 15 row 33 on the Worldwide Reference System 2 (WRS2). Sentinel-2 MSI imagery equally covers the Chesapeake Bay and falls within Zone 18 North on the Universal Transverse Mercator (UTM). Sentinel-2 data was collected between the satellite’s available years of 2015 to 2017, with a total of 46 total scenes collected. Months that fall outside of the SAV growing season (November-February) were excluded from this study.

The in situ water quality data used for correlational analysis were collected from the VIMS Virginia Estuarine and Coastal Observing System (VECOS). Out of the 41 continuous monitoring stations throughout the Chesapeake Bay, 20 were selected due to the fixed dates of the study period. Data collected from the 20 continuous monitoring stations span specific locations within the Chesapeake Bay and its tributaries. VIMS VECOS also contains data gathered through cruise expeditions, offering a different form of compiled information on water clarity that can be used to strengthen the correlational arguments between in situ and satellite remote sensing techniques. Figure 2 displays all 20 continuous monitoring stations spread throughout Virginia’s portion of the Chesapeake Bay.

3.2 Data Processing
ACOLITE was specifically designed to provide a more accurate method for processing satellite images over water. The atmospheric corrections utilized in this software are fully described in Vanhellemont & Ruddick (2014, 2015, 2016). For this project, the ACOLITE software was used to process both Landsat 8 OLI and Sentinel-2 MSI imagery to generate products that indicate turbidity over bodies of water. Processing steps included: (1) running images through the software with predefined parameters (Dogliotti Red, Nechad & Garaba turbidity algorithms), (2) converting NetCDF files to GeoTIFFS, and (3) geolocating the TIFFs before analysis. The last two steps were automated through python scripting to ensure that all images would be batch processed with the same input and output parameters and for ease of future use. Because ACOLITE applies predetermined algorithms for each product created, no additional image processing was required after the atmospheric correction was applied. From the algorithms, single band reflectance and turbidity values were extracted at each pixel corresponding with a continuous monitoring station. In situ monitoring data at these locations were matched up to the extracted band reflectance and turbidity values to be used for regression analysis.

ACOLITE provides two main options for aerosol atmospheric correction: Shortwave-Infrared (SWIR) and Near-Infrared (NIR). NIR based atmospheric correction utilizes bands 4 (655 nm) and 5 (865 nm) which allows for more accurate and complete results when analyzing bodies of water with an average turbidity under 30 NTU. Overall averages of turbidity throughout the Chesapeake Bay were well below the 30 NTU threshold which lead the team to apply the NIR based atmospheric correction to the satellite imagery. SWIR based correction is more efficient for bodies of water over 30 NTU, but was included within the processing to compare with NIR. The experimentation with SWIR yielded too many negative values and null pixels to give any confident results causing it to be ruled out of the analysis.

3.3 Data Analysis
A regression model of each individual turbidity product was created in order to display the algorithm’s effectiveness in analyzing the Chesapeake Bay and its tributaries. The models were generally based on a daily time scale to determine overall correlation strength. To portray effective results, each turbidity product's overall R value was a result of removing certain stations that ruined the chance of any correlation occurring. Through this observation, it can be noted that different turbidity products were more effective in analyzing certain areas of the Chesapeake Bay than other products. The satellite data was then run through an empirical model equal to the equation of the regression line in order to further strengthen results. Annualizing the selected products was the final step in identifying the highest overall regressions.

Furthermore, to better match satellite and in situ data, sample pixels were placed adjacent to different monitoring stations instead of at their exact geographical location. New point locations were set a maximum of 30m from the actual location of the monitoring stations. Point sampling locations were changed for the following monitoring stations: Indian Creek, Tall Pines, Goodwin Island, White House Landing, Ashland Circle, Gloucester Point, Norfolk Yacht, Sweet Hall Marsh, Cherrystone, Hungars Creek, Nassawadox Creek, Hunting Creek, and Tall Pines.
[bookmark: _2et92p0]4. Results & Discussion
4.1 Analysis of Results 
After performing regression analysis on the ACOLITE processed Landsat 8 OLI imagery, it was concluded that the Nechad and Dogliotti Red turbidity algorithms performed best in different areas within the bay. For stations that rested inside tributaries, Nechad had a more accurate and complete analysis while stations that rested in open waters tended to have a higher correlation with Dogliotti Red. Overall, Dogliotti Red had a daily, by-station correlation strength (R value) of 0.60 while Nechad had a respective R value of 0.59, as seen in Appendix D2 and D4 respectively. The correlations between station and turbidity algorithm, as well as the matching station with highest correlation can be seen in Figures 3 and 4 respectively. The team then stitched both Nechad and Dogliotti Red turbidity algorithms together in aiming to incorporate the highest correlated relationships between tributaries and open waters. This gave the team the highest associated relationship between in situ stations and satellite imagery from Landsat 8 OLI, with a 0.673 R value. Figure 5 models the correlation strength of the two combined turbidity algorithms and the VIMS data. 
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Figure 3. Computed correlation strength (R value) for all Landsat 8 OLI tested turbidity algorithms by station. 
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Figure 4. Name of each station matched with the highest correlated turbidity algorithm.
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Figure 5. Correlated data from Nechad in stations near tributaries Dogliotti Red for more open waters in contrast with in situ monitoring stations.

Sentinel-2 was excluded from the bulk of the analysis due to early testing between the satellite’s insufficient dates of matching imagery and data collected from the in situ monitoring stations. This can be partly attributed to Sentinel’s recent launch date of June 23rd, 2015, leading to 2016 being the only full year available for analysis. As of now, most VIMS monitoring stations have not been monitoring data past 2015 due to budget cuts, resulting in significant in situ station and satellite data correlations being almost non-existent. Even with the low number of stations that matched up with the satellite, Sentinel-2 still provided very promising correlational results, producing a 0.6672 correlation strength for the Dogliotti Red turbidity algorithm when performing a non-aggregated by-station regression analysis (Appendix D6). Sentinel-2’s finer spatial resolution gives the satellite the capability of producing more detailed turbidity products (Appendix C1), but its limited data archive confines its current effectiveness for correlating with in situ data.

With the different algorithms utilized by the individual turbidity products, it was expected for each product to have a set of null values, negative values, or negative correlations at specific monitoring stations. It was most difficult to collect and analyze satellite data for monitoring stations located in creeks and/or tucked away into areas surrounded by land. ACOLITE uses an algorithm which masks data in pixels where any of the visible or NIR water reflectance are below zero. This algorithm was seen to be sensitive in locations where water runs deeper into land and is no longer surrounded by other water bodies. ACOLITE would either mask out these pixels or produce a negative Formazan Nephelometric Unit (FNU) value that skewed overall correlations. There are several theorized reasons for this, however the arguments tend to break into case by case scenarios, one such being Indian Creek, a station that no satellite could analyze with a positive correlation. Indian Creek lies in a shallow area close to land surrounded by SAV growth and sandy bottoms. Due to its proximity to land, the team concluded that the exact pixel location of Indian Creek was influenced by both the bright, sandy land pixels as well as the sandy bottoms within the water which caused its satellite interpretation to be invalid. In regard to null data, many stations had an array of data that could not be represented in the overall data set. A continuous monitoring station, Taskinas Creek, is a strong example of a station that has no satellite data due to proximity to land shown in Appendix C2. In more general cases, overestimations of turbidity in clear shallow waters with sandy bottoms was consistent throughout the different stations with each turbidity product. In these areas, sandy bottoms affect the underwater light field and water’s inherent optical properties (IOP). This characteristic determines the water reflectance received by remote sensors (Gholizadeh, 2016). Additional factors that have a chance of affecting the accuracy and completeness of satellite results include sediment upwelling due to tidal movements and the monitoring station’s proximity to land.

The strength coefficient, notated by equation 1, represents the strength that a particular station has on the overall regression results. It provides a way to undermine stations that have an overall high R value and contain little data while also bringing up valuable observations. As seen on Appendix D1, Stingray Point had the highest strength coefficient while Indian Creek had the lowest strength coefficient for both Dogliotti Red and Nechad turbidity products. This emphasizes how geographical locations have a large impact on how satellite data can pick up certain areas. The theorized reasoning with Indian Creek is explained above, and Stingray Point’s high strength coefficient can be attributed to the monitoring stations depth of 8.49 meters, where the average depth for all stations is 2.12 meters, in addition to the station being far from the shore.

 100          				(1)
Where  represents the total number of points matched up,  the coefficient of determination for some station, and  the number of points matched up for the specific station. The product is multiplied by -1 if the regression has a negative correlation.

After regression analysis, Nechad and Dogliotti Red turbidity products were subsequently chosen to map water clarity throughout the Chesapeake Bay and its tributaries. From both products, average baywide mosaics were produced for the years of 2013-2016 (Appendix A), as well as an overall average baywide mosaic for the study period of 2013-2017. This mosaic was used to create overview maps throughout the Virginia portion of the Chesapeake Bay. These maps were produced for Hampton Roads & Norfolk, Mobjack Bay, Tangier & Pocomoke Sound, the upper Rappahannock River, the mouth of the Potomac and Rappahannock Rivers, and the middle sections of the James and York Rivers (Appendix C5-C11). Furthermore, finer scale water clarity maps were produced for areas around known habitats of SAV using a 2 meter bathymetry data shape file for Nechad products. Figure 6 displays a 2013 mosaic mapping variations in turbidity throughout the bay. A 2013 mosaic of the 2 meter data layer being applied to the water clarity maps is represented in Figure 7. 
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Figure 6. Annual baywide water clarity map of the Chesapeake Bay for 2013 using Dogliotti Red turbidity product.
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Figure 7. 2013 Chesapeake Bay 2m Baywide water clarity map using Nechad turbidity products. Turbidity is classified into three levels; 0-7 NTU (clear), 7-15 NTU (moderate) and 15+ NTU (above optimal water clarity).

Due to satellite underestimation of turbidity throughout the Chesapeake Bay relative to VIMS in situ turbidity data, the empirical models applied to ACOLITE turbidity products increased the overall average turbidity that was documented. By providing the option of two sets of water clarity maps, one with the empirical correction and one without (Figure 8), the VADEQ will be able to decide which product will be most useful for them in the field. The application of the empirical model becomes less accurate when analyzing areas of large open waters since majority of the data that makes up the model comes from shallow and close to shore monitoring stations. 
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Figure 8. 2013-2017 average turbidity in Mobjack bay for original ACOLITE turbidity product (left) and empirically corrected turbidity product (right)
[bookmark: _tyjcwt]
4.2 Limitations & Future Work
Inconsistent satellite turbidity estimates over clear, shallow waters with sandy bottoms became a major recurrence throughout this study, as seen in appendix C3. Several methods were initiated to try and distinguish these areas from actual turbid waters. These methods involved comparing differences between averages of turbidity for each satellite scene, minimum values, standard deviation, as well as the coefficient of variation (Appendix A8 and A9). Future research should focus on trying to further understand these trends so that a stronger understanding can be established between bottom effects and turbid waters.

The research presented in this technical paper represents the foundation for the development of confident models, applicable to Landsat 8 and Sentinel-2, which can be used to assess water clarity throughout the Chesapeake Bay. Therefore, the models are limited to these satellites that have been active since 2013 and 2015 respectively. Incorporating additional satellite data such as from Landsat 5 and Landsat 7 could potentially strengthen these models and increase their applicability. A recent path within ACOLITE became available towards the end of the project session, giving the user the capability of processing Landsat 5 and Landsat 7 satellite imagery. However, the quality of the output products has been reported to be lower quality than Landsat 8 and Sentinel-2 satellite imagery, outputting products with more “noise”. As future ACOLITE updates become available, processing of other sets of satellite data may become more reliable and therefore should be incorporated into this methodology.
[bookmark: _3dy6vkm]5. Conclusions
The team generated multiple working regression models between satellite and VIMS in situ data to explore the possibility of using ACOLITE process turbidity algorithms. These output products were derived from Landsat 8 OLI and Sentinel-2 MSI to assess their effectiveness in monitoring variations in turbidity. After thorough testing, it was concluded that Dogliotti Red and Nechad turbidity algorithms provide the most accurate assessment for monitoring water quality within the Chesapeake Bay. Considering the years active for each satellite utilized, Landsat 8 provided the most applicable data and could therefore produce more confident correlations. Although less than confident correlations were identified with Sentinel-2, the satellite still provided promising correlational results, and its 10 m spatial resolution has the capability of producing more detailed turbidity products which can likely be incorporated into future water quality monitoring. Factors that contributed towards satellite remote sensing difficulties included proximity to land, sediment upwelling due to tidal movements, and bottom effects. Also, the versions of ACOLITE used to process satellite imagery were only optimal for satellite imagery ranging 2013-present. Accounting for these limitations in future studies can lead to more reliable models that can be used to calculate turbidity throughout the Chesapeake Bay for the partners to use for their analysis of the bay’s health.
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[bookmark: _4d34og8]7. Glossary
DEQ – The Virginia Department of Environmental Quality, or DEQ, is charged with administering state and federal regulation for air quality, water quality, water supply, and land protection
NTU – A Nephelometric Turbidity Unit is the unit of turbidity used in water clarity measurement with a calibrated nephelometer 
SAV – Submerged Aquatic Vegetation are grasses that grow to the surface in areas of shallow water
Turbidity – A measure of relative water clarity; the cloudiness or haziness of a fluid caused by accumulation of suspended particles
VECOS – The Virginia Estuarine and Coastal Observing System distributes water quality data sampled from the Chesapeake Bay and associated tributaries of Virginia
VIMS – Virginia Institute of Marine Science
FNU - A Formazan Turbidity Unit is the unit of turbidity used in water clarity measurement using an infrared light source
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9. Appendices
Appendix A: Dogliotti Red Output Products
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Figure A1. Annual baywide water clarity map of the Chesapeake Bay for 2014 using Dogliotti Red turbidity product.
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Figure A2. Annual baywide water clarity map of the Chesapeake Bay for 2015 using Dogliotti Red turbidity product.
[image: ]
Figure A3. Annual baywide water clarity map of the Chesapeake Bay for 2016 using Dogliotti Red turbidity product. 
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Figure A4. Annual baywide water clarity map of the Chesapeake Bay for 2013 using Dogliotti Red empirically corrected turbidity product. 
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Figure A5. Annual baywide water clarity map of the Chesapeake Bay for 2014 using Dogliotti Red empirically corrected turbidity product. 
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Figure A6. Annual baywide water clarity map of the Chesapeake Bay for 2015 using Dogliotti Red empirically corrected turbidity product. 
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Figure A7. Annual baywide water clarity map of the Chesapeake Bay for 2016 using Dogliotti Red empirically corrected turbidity product.
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Figure A8. Baywide variation in turbidity throughout the Chesapeake Bay using Dogliotti Red as seen through standard deviation for the years 2013-2017.
[image: ]
Figure A9. Baywide variation in turbidity throughout the Chesapeake Bay using Dogliotti Red as seen through the coefficient of variation for the years 2013-2017.

Appendix B: Nechad Output Products
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Figure B1. 2014 Chesapeake Bay 2m Baywide water clarity map using Nechad turbidity products. Turbidity is classified into three levels; 0-7 NTU (clear), 7-15 NTU (moderate) and 15+ NTU (above optimal water clarity).
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Figure B2. 2015 Chesapeake Bay 2m Baywide water clarity map using Nechad turbidity products. Turbidity is classified into three levels; 0-7 NTU (clear), 7-15 NTU (moderate) and 15+ NTU (above optimal water clarity).
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Figure B3. 2016 Chesapeake Bay 2m Baywide water clarity map using Nechad turbidity products. Turbidity is classified into three levels; 0-7 NTU (clear), 7-15 NTU (moderate) and 15+ NTU (above optimal water clarity).
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Figure B4. 2013 Chesapeake Bay 2m Baywide water clarity map using empirically corrected Nechad turbidity products. Turbidity is classified into three levels; 0-7 NTU (clear), 7-15 NTU (moderate) and 15+ NTU (above optimal water clarity).
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Figure B5. 2014 Chesapeake Bay 2m Baywide water clarity map using empirically corrected Nechad turbidity products. Turbidity is classified into three levels; 0-7 NTU (clear), 7-15 NTU (moderate) and 15+ NTU (above optimal water clarity).
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Figure B6. 2015 Chesapeake Bay 2m Baywide water clarity map using empirically corrected Nechad turbidity products. Turbidity is classified into three levels; 0-7 NTU (clear), 7-15 NTU (moderate) and 15+ NTU (above optimal water clarity).
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Figure B7. 2016 Chesapeake Bay 2m Baywide water clarity map using empirically corrected Nechad turbidity products. Turbidity is classified into three levels; 0-7 NTU (clear), 7-15 NTU (moderate) and 15+ NTU (above optimal water clarity).


Appendix C: Chesapeake Bay Outputs of Interesting Activity
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Figure C1. Spatial resolution comparison of Landsat-8 turbidity data (left) acquired 3-24-17 and Sentinel-2 turbidity data (right) acquired on 3-17-17


[image: Taskinas_Creek_not_reached_by_ACOLITE.JPG]
Figure C2. Taskinas Creek, a continuous monitoring station, with no data in ACOLITE outputs due to proximity to land

[image: Piankatank_River_ACOLITE.JPG]  [image: Piankatank_River_Botton_Effects_GE.JPG]
Figure C3. ACOLITE turbidity product vs Google Earth imagery (Piankatank River). Comparison shows observed high satellite turbidity estimates over clear, shallow waters with sandy bottoms
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Figure C4. ACOLITE sensitivity to cloud cover - results in loss of spatial data in turbidity product
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Figure C5. Average turbidity in the Back River from 2013-2017, as depicted with original Dogliotti Red turbidity products. 
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Figure C6. Average turbidity around Hampton Roads & Norfolk from 2013-2017, as depicted with original Dogliotti Red turbidity products.
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Figure C7. Average turbidity in the middle sections of the James & York Rivers from 2013-2017, as depicted with original Dogliotti Red turbidity products.[image: ]
Figure C8. Average turbidity in Mobjack Bay from 2013-2017, as depicted with original Dogliotti Red turbidity products.
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Figure C9. Average turbidity around the mouth of the Potomic & Rappahannock Rivers from 2013-2017, as depicted with original Dogliotti Red turbidity products.[image: ]
Figure C10. Average turbidity around Tangier & Pocomoke Sound from 2013-2017, as depicted with original Dogliotti Red turbidity products.[image: ]
Figure C11. Average turbidity along Virginia’s Eastern Shore from 2013-2017, as depicted with original Dogliotti Red turbidity products.


Appendix D: Statistical Correlations
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Figure D1. Strength coefficient comparing each station for the two selected turbidity products.
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Figure D2. Correlation between Landsat 8 OLI Nechad by station vs. in situ data collected from VIMS.


[image: ]
Figure D3. Correlation between Landsat 8 OLI Nechad aggregated vs. in situ data collected from VIMS.
[image: ]
Figure D4. Correlation between Landsat 8 OLI Dogliotti Red by station vs. in situ data collected from VIMS.



Figure D5. Correlation between Landsat 8 OLI Dogliotti Red aggregated vs. in situ data collected from VIMS.
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Figure D6. Correlation between Sentinel-2 MSI Dogliotti Red by station vs. in situ data collected from VIMS.
Landsat 8 Dogliotti Red Annualized vs. VIMS Correlation
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