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Abstract 
 
The Chesapeake Bay is currently polluted with excess nitrogen and phosphorus coming from 
agricultural runoff. To reduce agricultural runoff, systems must be introduced to monitor nutrient 
levels on farmland and incentivize farmers to adopt best management practices. This project uses 
the Upper Chesapeake Bay in Maryland as a case study. Results indicate that unmanned aerial 
vehicles (UAVs) with a multispectral imagery subsystem would offer the greatest balance of cost 
and utility for monitoring farmland. However, because legalizing commercial-use of UAVs is 
currently in process with the Federal Aviation Administration (FAA), it is recommended that a 
manned aircraft with a multispectral imagery subsystem be used to test a proof of concept with a 
category-based incentive system framework. If this proof of concept succeeds and UAVs are 
legalized for commercial-use, move to a UAV platform for sustained monitoring operations. 

 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
	  

	   3	  

Table of Contents 
1.	   CONTEXT	  ...................................................................................................................................	  6	  

1.1.	   THE CHESAPEAKE BAY	  .................................................................................................................	  6	  
1.2.	   WEST/RHODE RIVERS	  ....................................................................................................................	  6	  
1.3.	   WATER POLLUTION AND NUTRIENT RUNOFF	  ................................................................................	  6	  
1.4.	   STATE AND FEDERAL REGULATIONS	  .............................................................................................	  8	  
1.5.	   BEST MANAGEMENT PRACTICES	  ...................................................................................................	  9	  

2.	   STAKEHOLDER ANALYSIS	  ..................................................................................................	  11	  
2.1.	   PRIMARY STAKEHOLDERS	  ...........................................................................................................	  11	  
2.2.	   SECONDARY STAKEHOLDERS	  ......................................................................................................	  12	  
2.3.	   STAKEHOLDER TENSIONS	  ............................................................................................................	  13	  
2.4.	   VALUE HIERARCHY	  .....................................................................................................................	  14	  

3.	   PROBLEM AND NEED	  ............................................................................................................	  15	  
3.1.	   PROBLEM STATEMENT	  ................................................................................................................	  15	  
3.2.	   NEED STATEMENT	  .......................................................................................................................	  15	  

4.	   CONCEPT OF OPERATIONS	  .................................................................................................	  15	  

5.	   DESIGN ALTERNATIVES	  ......................................................................................................	  16	  
5.1.	   MONITORING SYSTEM ALTERNATIVES	  .......................................................................................	  16	  

5.1.1.	   Spectral Imagery Subsystem	  .................................................................................................	  16	  
5.1.2.	   Vehicle Platforms	  .................................................................................................................	  17	  

5.2.	   INCENTIVE SYSTEM ALTERNATIVES	  ...........................................................................................	  17	  
5.2.1.	   Incentive System Overview	  ...................................................................................................	  17	  
5.2.2.	   Nitrogen and Phosphorus Report	  .........................................................................................	  19	  
5.2.3.	   TMDL Goal Membership Card	  ............................................................................................	  19	  
5.2.4.	   Awareness Report	  .................................................................................................................	  21	  
5.2.5.	   Farmer’s Insurance Legislative Change	  ..............................................................................	  24	  
5.2.6.	   Assistance Program Legislative Change	  ..............................................................................	  24	  

6.	   METHOD OF ANALYSIS	  ........................................................................................................	  29	  
6.1.	   SPECTRAL IMAGERY SUBSYSTEM ANALYSIS	  ..............................................................................	  29	  
6.2.	   VEHICLE PLATFORM ANALYSIS	  ..................................................................................................	  31	  

7.	   DESIGN OF EXPERIMENTS	  ..................................................................................................	  34	  

8.	   RESULTS	  ..................................................................................................................................	  36	  
8.1.	   SPECTRAL IMAGERY SIMULATION RESULTS	  ...............................................................................	  36	  
8.2.	   MONITORING SYSTEM RANKING	  .................................................................................................	  36	  
8.3.	   INCENTIVE SYSTEM RANKING	  .....................................................................................................	  37	  
8.4.	   SENSITIVITY ANALYSIS	  ...............................................................................................................	  39	  

9.	   CONCLUSION AND RECOMMENDATION	  ..........................................................................	  40	  

10.	   PROJECT MANAGEMENT	  .....................................................................................................	  42	  

11.	   REFERENCES	  ..........................................................................................................................	  46	  



 
	  

	   4	  

List of Figures 

FIGURE 1: EXCESS NUTRIENTS AND ALGAL BLOOMS	  ......................................................................................................	  6	  
FIGURE 2: POINT SOURCE VS. NONPOINT SOURCE POLLUTION	  ......................................................................................	  7	  
FIGURE 3: EXCESS NUTRIENT SOURCES FROM THE MARYLAND REGION OF THE CHESAPEAKE BAY (2013)	  ....................	  8	  
FIGURE 4: AGRICULTURAL BEST MANAGEMENT PRACTICES (BMPS)	  .........................................................................	  10	  
FIGURE 5: BMP UTILIZATION TRENDS IN MARYLAND FROM 2000 TO 2014 [15]	  .........................................................	  11	  
FIGURE 6: STAKEHOLDER INTERACTIONS	  ....................................................................................................................	  13	  
FIGURE 7: STAKEHOLDER TENSIONS	  ............................................................................................................................	  14	  
FIGURE 8: VALUE HIERARCHY WITH WEIGHTS	  ............................................................................................................	  15	  
FIGURE 9: CONCEPT OF OPERATIONS	  ...........................................................................................................................	  16	  
FIGURE 10: ALL ELEMENTS HAVE A UNIQUE SPECTRAL SIGNATURE	  .............................................................................	  16	  
FIGURE 11: INCENTIVE SYSTEM FLOW	  .........................................................................................................................	  18	  
FIGURE 12: NITROGEN AND PHOSPHORUS REPORT EXAMPLE	  ......................................................................................	  19	  
FIGURE 13: DISCOUNT PROGRAM PROCESS	  ..................................................................................................................	  20	  
FIGURE 14:  EXAMPLE OPTIONS FOR PURCHASING CARDS [25]	  .....................................................................................	  20	  
FIGURE 15: AWARENESS REPORT EXAMPLE	  ................................................................................................................	  22	  
FIGURE 16: VARIABLE-RATE APPLICATION (VRA) TECHNOLOGY	  ..............................................................................	  25	  
FIGURE 17: VRA PRESCRIPTION MAP	  ..........................................................................................................................	  25	  
FIGURE 18: VRA FERTILIZER REDUCTION POTENTIAL FOR CORN	  ...............................................................................	  26	  
FIGURE 19: PASSIVE DIGESTER	  ....................................................................................................................................	  27	  
FIGURE 20: COMPLETE MIX DIGESTER [34]	  .................................................................................................................	  27	  
FIGURE 21: MIXED PLUG DIGESTER [34]	  .....................................................................................................................	  28	  
FIGURE 22: FIXED FILM DIGESTER	  ...............................................................................................................................	  28	  
FIGURE 23: UASB AND IBR DIGESTERS	  ......................................................................................................................	  29	  
FIGURE 24: THERE IS A PROPORTIONAL RELATIONSHIP	  ................................................................................................	  29	  
FIGURE 25: SIMULATION ALGORITHM	  ..........................................................................................................................	  30	  
FIGURE 26: SIMULATION INPUTS/OUTPUTS	  ..................................................................................................................	  30	  
FIGURE 27: MONITORING SYSTEM PHYSICAL MODEL	  ..................................................................................................	  31	  
FIGURE 28: AREA COVERAGE RATE COMPARISON	  .......................................................................................................	  33	  
FIGURE 29: INCENTIVE ALTERNATIVES DESIGN OF EXPERIMENTS	  ...............................................................................	  35	  
FIGURE 30: SPECTRAL IMAGERY SIMULATION RESULTS	  ..............................................................................................	  36	  
FIGURE 31: RANKING OF MONITORING SYSTEM ALTERNATIVES WITH MULTISPECTRAL IMAGERY SUBSYSTEM AND 

COST-BENEFIT ANALYSIS	  .....................................................................................................................................	  37	  
FIGURE 32: INCENTIVE ALTERNATIVES RANKING	  ........................................................................................................	  38	  
FIGURE 33: FAA NPRM FOR OPERATION AND CERTIFICATION OF SMALL UNMANNED AIRCRAFT SYSTEMS	  ..............	  40	  
FIGURE 34: WORK BREAKDOWN STRUCTURE	  ..............................................................................................................	  42	  
FIGURE 35: GANTT CHART AND CRITICAL PATH	  ..........................................................................................................	  42	  
FIGURE 36: PROJECT RISKS	  ..........................................................................................................................................	  43	  
FIGURE 37: PROJECT COST ANALYSIS	  ..........................................................................................................................	  45	  
FIGURE 38: PERFORMANCE INDEX	  ...............................................................................................................................	  45	  

 
	  

	  



 
	  

	   5	  

List of Tables 

TABLE 1: MONITORING SYSTEM ALTERNATIVES	  .........................................................................................................	  17	  
TABLE 2: INCENTIVE SYSTEM ALTERNATIVES	  .............................................................................................................	  18	  
TABLE 3: CATEGORY LEVELS AND ASSOCIATED NDVIS	  .............................................................................................	  18	  
TABLE 4: MARYLAND CROPS, HARVESTS, AND FERTILIZER APPLICATIONS PER ACRE	  ...................................................	  24	  
TABLE 5: VIRGINIA TECH PUBLICATION 442-505, 2011 [33]	  .......................................................................................	  26	  
TABLE 6: VEHICLE PLATFORM COMPARISON	  ...............................................................................................................	  33	  
TABLE 7: SPECTRAL IMAGERY SYSTEMS DESIGN OF EXPERIMENTS	  .............................................................................	  34	  
TABLE 8: VEHICLE PLATFORM DESIGN OF EXPERIMENTS	  ............................................................................................	  35	  
TABLE 9: ORIGINAL INCENTIVE ALTERNATIVES SCORECARD	  ......................................................................................	  37	  
TABLE 10: NORMALIZED SCORES FOR INCENTIVE ALTERNATIVES	  ..............................................................................	  38	  
TABLE 11: SENSITIVITY ANALYSIS OF MONITORING SYSTEM ALTERNATIVES	  .............................................................	  39	  
TABLE 12: PROPOSED INCENTIVE SYSTEM FRAMEWORK	  .............................................................................................	  41	  
TABLE 13: PROJECT BUDGET	  .......................................................................................................................................	  44	  
	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



 
	  

	   6	  

1. Context 
1.1. The Chesapeake Bay 
The Chesapeake Bay, the largest of 130 estuaries in the United States, is an essential ecosystem 
that is home to thousands of animal and plant species. Its watershed provides economic resources 
to millions and houses both the Baltimore and Hampton Roads shipping ports. With nearly 17 
million inhabitants around the 64,000 square mile watershed, it has inevitably seen both high 
volume recreational and commercial use. Many take advantage of the large shorelines and rely 
on the Bay for sailing, swimming, and leisure fishing. However for some, the Bay plays a pivotal 
role in their livelihoods. These individuals depend on the Bay for commercial fishing. For years 
the Chesapeake Bay was a national paragon; however, the Bay has since become plagued with 
pollutants and limited in its commercial and recreational use. 

1.2. West/Rhode Rivers 
The West and Rhode Rivers, located in Anne Arundel County, Maryland, are two sub-estuaries 
amongst hundreds of thousands of creeks, streams, and rivers in the Bay’s watershed. The West 
and Rhode Rivers span 31 square miles of the Lower Western Shore Basin of the Chesapeake 
Bay.  

1.3. Water Pollution and Nutrient Runoff 
The pollutants with the greatest effect on the Bay have been traced to nitrogen and phosphorus 
[1]. These two nutrients provide the Bay and other ecosystems with vital algae and plant growth. 
However, in excess, they are harmful to the Bay. Excessive nitrogen and phosphorus contribute 
to algal blooms, which harm the Bay by consuming oxygen in the water. Depletion of oxygen in 
the waters creates dead zones and causes the aquatic environment to be uninhabitable for fish. 
Additionally, algal blooms produce harmful toxins and promote unfavorable bacterial growth. 
 
Contamination caused by excess nitrogen and phosphorus disrupts aquaculture, deters 
recreational use, and pose danger to the millions of inhabitants around the Bay area that consume 
tainted water and fish. Due to low water quality, shorelines across the Bay discourage 
swimming, decline business for local fishermen, and cause concerns for both residents and 
environmentalists. 
 
 

 
Figure 1: Excess nutrients and algal blooms 
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The EPA classifies water pollution sources as two types: point and nonpoint sources. Point 
sources are static, discernible sources that are clearly identifiable. Examples of point sources 
include pipes, ditches, channels, and concentrated animal feeding operations (CAFO). CAFOs 
involve animals being kept in a pen with food being brought to them. As a result, the animals 
defecate in the concentrated area of the pen. Nonpoint sources are those other than point sources. 
Nonpoint sources are spread over a wide area from uncontrolled sources. Nonpoint source 
pollution results from rainfall and snowmelt running across the ground and the water pick up 
excess nutrients as it runs off.  Examples of nonpoint source pollution include agricultural, 
industrial, and urban runoff [2]. 
 

 

Figure 2: Point Source vs. Nonpoint Source Pollution 

	  
Research has shown that much of the undesirable nutrient runoff going into the Chesapeake Bay 
is from agricultural runoff. Over-fertilized crops, pesticides, livestock manure, and other farm 
operations greatly contribute to the polluted runoffs from farmland adjacent to the rivers and 
creeks in the Bay’s watershed [3]. The EPA monitors nitrogen and phosphorus levels based on 
Total Maximum Daily Load (TMDL) allocations, the Bay’s “pollution diet”. Figure 3 compares 
different sources of nitrogen and phosphorus feeding into the Bay’s watershed from the 
Maryland region in 2013 [4].  
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Figure 3: Excess nutrient sources from the Maryland region of the Chesapeake Bay (2013) 

 

1.4. State and Federal Regulations 
The EPA’s Clean Water Act (CWA) is currently the fundamental act protecting water quality in 
the US. Established in 1972, the CWA is the regulatory structure through which various 
strategies have been implemented to address specific issues with pollutants contaminating 
surface waters. This Act aims to restore and maintain the integrity of the US waters by 
preventing pollution from entering the waters from both point and nonpoint sources. 
 
Standards and policies implemented through the CWA largely influence point sources. These 
strategies limit the discharge of pollutants to surface waters without a permit for industrial, 
governmental, and some agricultural facilities.  
 
In contrast to point sources, pollution from nonpoint sources are exempt from permit 
requirements that regulate point sources. The status of nonpoint sources is also unclear in 
relation to the status of point sources. There is a growing amount of research being conducted 
and programs being implemented to address the issue of runoffs contributing to the pollution of 
the nation’s waters [5][6]. 
 
The EPA’s primary means of reducing water pollution in the Chesapeake Bay is with its Total 
Maximum Daily Load (TMDL) allocations. This is the Bay’s “pollution diet” and is established 
under section 303(d) of the CWA. TMDLs calculate the maximum amount of pollutant that can 
enter a particular body of water in order to maintain water quality standards. These pollutants 
include nitrogen and phosphorus. 
The Chesapeake Bay Program’s primary effort in meeting EPA water quality standards is the 
Watershed Implementation Plan (WIP). The WIP is a three-phase plan through which the 
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Chesapeake Bay Program intends to progressively lower excess nutrient levels in the Bay. The 
first phase of the WIP concluded in December 2010. As of October 2014, the WIP is in its 
second phase, which will run until the end of 2017. The final phase of the WIP will carry through 
2025, by which point the Chesapeake Bay Program desires to meet ultimate TMDL goals. 

1.5. Best Management Practices 
Though agriculture is a significant contributor to polluted runoffs, there are many ways 
agricultural operations can aid in the reduction of water pollution. Best Management Practices 
(BMPs) include participating with watershed efforts, nutrient management, cover crops, buffers, 
conservation tillage, managing livestock waste, and drainage water management. 
 
By participating in various watershed efforts conducted by various organizations, farmers can 
actively contribute to the greater efforts of those invested in improving the quality of our nation’s 
waters. Some of the organizations directly affecting these efforts are the West/Rhode 
Riverkeeper and the Chesapeake Bay Program [7][8]. 
 
Nutrient management is a vital aspect of preventing excessive nitrogen and phosphorus from 
running off into the Bay’s waters through the West and Rhode Rivers. The 4R’s of the nutrient 
stewardship framework involves four goals: 
 
- Right fertilizer source at the 
- Right rate, at the 
- Right time and in the 
- Right place 
 
This guideline seeks to help guide fertilizer management in agricultural practices, which are key 
factors to the decisions made by farmers growing crops. The 4R Nutrient Stewardship website is 
a source of information farmers can use for BMPs in making nutrient application decisions [9]. 
 
Cover crops are a natural resource that helps reduces the amount of excess nitrogen and 
phosphorus going into agricultural runoff. Cover crops are planted for the purpose of helping soil 
erosion, fertility, quality as well as other benefits such as helping to naturally regulate pests and 
diseases. The list of cover crops available to farmers range from Arugula and Buckwheat to Teff 
and White Clover [10]. 
 
Strategically placing conservation buffers can intercept the movement of sediment and nutrients 
and effectively mitigate excess nutrients from getting into runoffs. Different types of buffers 
include filter or grass strips, vegetative barriers, and shallow water areas. Like cover crops, 
buffers are a natural means of helping prevent polluted runoffs and contribute to biodiversity 
[11]. 
 
Tillage is the preparation of soil on farmland through mechanical agitation such as digging, 
stirring, and overturning. More specifically, conservation tillage can help slow water movement 
across farmland. Slowing the water movement slows soil erosion, which consequently slows the 
amount of sediment and excess nutrients from going into runoff [8]. 
 
Livestock manure is a primary source of nitrogen and phosphorus. In the past, manure was not as 
much of an issue. However, with the increasing demands for meat and eggs, farms have 
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increasing amounts of livestock manure to contend with. Livestock Waste Management Systems 
help in the containment and discharging of manure for the purpose of reducing the amount of 
pollution coming from farmland [12][13]. 
 
Drainage water management is a simple and cost effective means of managing the water being 
used on farmland. Often in the fall and spring, farmers have an abundance of water while they 
experience a shortage in the summer. By using drainage water management systems, farmers are 
both able to consistently provide sufficient water for their crops while preventing excess use that 
would cause nutrients to leave their soil and ultimately pollute watersheds with excessive 
nitrogen and phosphorus. [14] 

 

	  
Figure 4: Agricultural Best Management Practices (BMPs) 

	  
According census data from the U.S. Department of Agriculture, the Upper Eastern Shore and 
Choptank basins show improvement in BMP utilization. This improvement primarily started 
around 2007 and has steadily continued through 2014. The Upper Western Shore basin has some 
improvement, however not as significant as the Upper Eastern Shore and Choptank. The 
Patapsco Back River and Lower Western Shore basins are significantly lacking in improvement 
of BMP utilization based on this census data. The Lower Western Shore, which includes the 
West River and Rhode River, has consistently had the lowest BMP utilization and that utilization 
rate shows no increase as of 2014 [15]. 
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Figure 5: BMP Utilization Trends in Maryland from 2000 to 2014 [15] 

	  

2. Stakeholder Analysis 
2.1. Primary Stakeholders 
The primary stakeholders identified for this analysis include the West/Rhode Riverkeeper 
(WRR), the Maryland Farmers, and the Environmental Protection Agency (EPA).  
 
Established in 2005, the West/Rhode Riverkeeper strives to protect the rivers and streams in the 
West and Rhode River watershed from pollution through community relations, monitoring for 
compliance with environmental laws, promoting restoration, and advocating better 
environmental policies [16]. The Riverkeeper endeavors to meet these goals through funding 
received from community donations, membership dues, various foundations, and grants. 

The farmers impact the West and Rhode River environment through nutrient runoff from 
surrounding lands. Many farms in the surrounding area have cow and chicken farms that produce 
manure. The manure causes excess nutrients to seep into the ground water feeding into the 
waterways. Farms also contribute excess nutrients such as nitrogen and phosphorus to the soil 
that runs into the rivers and streams with rainfall and snowmelt. Application of nutrients benefits 
the farmland by providing additional resources to crops; however, the excess seeps into the soil 
and contributes to pollution levels in the waterways. 
 
Founded by the Nixon administration in 1970, the Environmental Protection Agency (EPA) 
pursues and promotes environmental protection by encouraging “national efforts to reduce 
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environmental risk”, establishing environmental policies, funding environmental agencies and 
organizations, and ensuring that “laws protecting human health and the environment are enforced 
fairly and effectively” [17]. The EPA and its regulations directly affect the Chesapeake Bay 
watershed.  

2.2. Secondary Stakeholders 
The West/Rhode River watershed residents are members of the surrounding communities that 
have a direct relationship with the West and Rhode Rivers or their tributaries. These community 
members may use the rivers and streams directly for recreational activities or affect the system 
indirectly by contributing to water pollution. Water treatment plants, sewer systems, construction 
sites, and boating waste contribute to the excess nitrogen and phosphorus levels in the West and 
Rhode Rivers. 
 
The West/Rhode River Watermen, also referred to as Watermen of the Chesapeake Bay, are 
local and commercial fishermen who harvest seafood from the Chesapeake Bay and its 
tributaries. The Watermen have a direct relationship with the waterways and its aquaculture. 
 
State and federal officials influence, pass, and enforce laws governing the environment and 
protection of the West and Rhode Rivers and tributaries. Governing laws that directly impact the 
West and Rhode River watershed includes Maryland’s erosion and sediment control standards, 
no-discharging laws of for untreated sewage, and removal of abandoned vessels [18]. 
Additionally, state and federal officials provide grants to the West/Rhode Riverkeeper to provide 
financial backing for environmental protection and restoration. 
 
The Maryland Department of Agriculture (MDA) monitors, performs site testing, investigates 
complaints, and issues citations or fines to farmers who over apply nutrients under the Nutrient 
Management Program [4]. 
 
The Maryland Department of Natural Resources (MDDNR) “leads Maryland in securing a 
sustainable future for our environment, society, and economy by preserving, protecting, 
restoring, and enhancing the State’s natural resources”. The MDDNR focuses support on hunting 
and fishing licenses. 
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Figure 6: Stakeholder Interactions 

	  

2.3. Stakeholder Tensions 
The West/Rhode Riverkeeper seeks to improve local waterways by encouraging environmental 
restoration, establishing community relations and awareness, and advocating for new 
environmental laws and policies [16]. The West/Rhode Riverkeeper is a branch of the 
Waterkeeper Alliance whose mission is to provide "swimmable, drinkable, fishable waterways 
worldwide" and currently spans "more than 1.5 million square miles of waterways on six 
continents" [19]. The West/Rhode Riverkeeper located in the lower basin of the Chesapeake Bay 
seeks to reduce the amount of nitrogen and phosphorous runoff from area farmers.  
 
The amount of agricultural nitrogen and phosphorous runoff from area farms remains a problem 
due to the lack of agricultural Best Management Practices not currently being implemented. This 
creates area of tension for some area residents, state and federal officials, framers, and watermen. 
Some area residents may offer donations to the West/Rhode Riverkeeper, but ultimately fail to 
reduce their runoff contribution to the area. The West and Rhode River watershed residents add 
to the excess nutrient and sedimentation water pollution through daily use of water treatment 
plants, sewer systems, lawn fertilization, construction sites, and boating waste [20].  
 
Some farmers are hesitant to reduce the amount of fertilizers and nutrients added to soil as it 
affects crop production. Though they may contribute to pollution, farmers are resistant to new 
laws and regulations and also oppose enforcements by the EPA.  
 
State and federal officials are pressured by environmentalists to make new laws and regulations 
while many area watermen and farmers oppose these additional policies. This includes the EPA's 
influence that directly provides funding and enforcement of the environmental laws applicable to 
the West and Rhode Rivers. State and federal officials seek a balance for the environment and 
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offer environmental protection and restoration grants to the West/Rhode Riverkeeper. The 
Maryland Department of Agriculture (MDA) is an established regulator between state and 
federal officials and the agricultural business of Maryland. The MDA's main concern is to 
"promote the economic well-being of farmers" [5].  
 
 

	  

Figure 7: Stakeholder Tensions 

	  

2.4. Value Hierarchy 
A value hierarchy was developed with the West/Rhode Riverkeeper based on the monitoring 
system and incentive system for this project. The values in regards to the monitoring system 
include the system’s area coverage rate, ground resolution, and whether the system requires a 
specialized operator. The incentive system values were determined to be the system’s ease to 
implement, sustain, scale to other regions, and the community element to the system.  
 
Swing weights were elicited from the Riverkeeper using the decision analysis software, Logical 
Decisions for Windows [21]. A series of questions were asked to the Riverkeeper, comparing 
two values at a time, in order to identify how the Riverkeeper compared pairs of values. Weights 
for all values were calculated based on the question responses. 
 
The Riverkeeper weighed the monitoring system more heavily than the incentive system at 83% 
versus 17%. For the monitoring system weights, the ground resolution valued the greatest at 59% 
with the area coverage rate as the next most important value at 29%. For the incentive system, 
the ease of implementation was determined to be the most important to the Riverkeeper, 
followed by its ease to sustain with a weight of 31%. While still important, the scalability and 
community value were not weighed as heavily in relation to the other incentive system values.  
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Figure 8: Value Hierarchy with Weights 

3. Problem and Need 
3.1. Problem Statement 
The EPA’s Clean Water Act currently address pollution issues for point source pollution such as 
from pipes, channels, and concentrated animal feeding operations. However, addressing nonpoint 
source pollution such as agricultural runoff is still in an early stage. 

3.2. Need Statement 
In order to reduce excess nutrients from entering the West and Rhode River watershed, systems 
must be introduced to incentivize farmers to adopt Best Management Practices (BMPs) for 
reducing nutrient pollutants in agricultural runoff. A remote, nonintrusive monitoring system is 
needed to measure the progress of these efforts. 

4. Concept of Operations 
 
Four functional requirements were identified based on the needs of the Riverkeeper for the 
monitoring and incentive systems. 

FR.1 The incentive system shall positively encourage farmers to introduce Best Management 
Practices (BMPs) 

FR.2 The monitoring system shall detect nitrogen and/or phosphorus levels 
FR.3 The monitoring system shall be non-intrusive to farmers 
FR.4 The monitoring system shall be remote 

Based on these requirements, a concept of operations (CONOP) was developed based on the 
interactions of the monitoring system, Riverkeeper, incentive system, and farmers. The 
Riverkeeper can use a monitoring system to detect nitrogen and phosphorus concentrations on 
farmland. This information can be used by the Riverkeeper to identify good and bad actors 
amongst farms and their contribution of excess nutrients in agricultural runoff. Using a category-
based incentive system, the Riverkeeper can offer certain incentive options based on the category 
the farm falls under. Good actors can continue to maintain their good practices and continue to 
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maintain incentive options. Bad actors can improve their category by implementing new BMPs 
to reduce their excess nitrogen and phosphorus. 

	  

Figure 9: Concept of Operations 

5. Design Alternatives 
5.1. Monitoring System Alternatives 

5.1.1. Spectral Imagery Subsystem 
Nitrogen and phosphorus levels can be detected with spectral imagery. As objects on the ground 
absorb sunlight, they give off a reflectance. The relative intensity of this reflectance is different 
at particular wavelengths for different elements. This gives a chemical element’s spectral 
signature. Multispectral and hyperspectral systems are the two primary types of spectral imagery 
systems used today. These two types of spectral imagery systems differ in that hyperspectral 
systems offer narrower bandwidths and a greater number of spectral bands. However, this also 
comes at a significantly greater cost. Multispectral systems can range in price from $3,000 to 
$6,000 [22] while hyperspectral systems can cost $30,000 and greater [23].  
 

 

Figure 10: All elements have a unique spectral signature 
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5.1.2. Vehicle Platforms 
To monitor farmland with a spectral imagery system, it must be mounted on a vehicle platform. 
Four high-level types have been identified for this analysis: ground, unmanned aerial vehicles 
(UAVs), manned aerial vehicles (MAV’s), and satellites. UAVs are further broken down into 
rotorcraft and fixed-wing types due to differing average velocities. MAV’s are evaluated at 500 
ft. above ground level (AGL) based on the Federal Aviation Administration’s (FAA) minimum 
height requirements and at 3,000 ft. AGL based on the limitations of the less robust multispectral 
imagery subsystem [24].  
 

Table 1: Monitoring System Alternatives 

Vehicle platform Spectral Imagery Subsystem Approximate System 
Acquisition Cost 

Satellite 
(Ex. DEIMOS-1) 

Multi (Ex. Eastman Kodak KLI 
Linear CCD) $0.11/km2 

MAV 
(Ex. Cessna 152) 

Multi (Ex. ADC Air) $38,505 

Hyper (Ex. Pika II) $67,419 

Fixed-Wing UAV 
(Aero-M) 

Multi (Ex. ADC Lite) $23,895 

Hyper (Ex. Pika II) $54,509 

Rotorcraft UAV 
(Ex. X8-M) 

Multi (Ex. ADC Lite) $23,895 

Hyper (Ex. Pika II) $54,509 

Ground 
(Ex. XUV-550) 

Multi (Ex. ADC) $17,295 

Hyper (Ex. Pika II) $46,909 
 

5.2. Incentive System Alternatives 

5.2.1. Incentive System Overview 
The application and runoff of agricultural fertilizer make up 15% of Chesapeake Bay's pollution, 
while manure contributes 17% to the overall TMDL levels. Therefore, the incentive system 
alternatives are focused on not only farmers in general, but also consider the type of land usage 
such as cropland and livestock. In order to properly encourage farmers to reduce agricultural 
runoff, the incentive alternatives provide a positive encouragement. 
 
Farms often struggle under the pressures of various federal regulations as well as pressures 
imposed by the market to keep the prices of produce and meat down. Many farms have gone out 
of business while trying to stay afloat. As such, it is desired that these farmers be given positive 
reinforcement for implementing BMPs rather than penalizing them. To achieve this, the flow 
diagram in Figure 10 connects the monitoring system output with the incentive system. The 
incentive system alternatives can come as either a knowledge or direct monetary benefit. The 
five types of incentive system considerations are listed in Table 2.  
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Figure 11: Incentive System Flow 

	  

Table 2: Incentive System Alternatives 

Incentives 
Benefits 

Knowledge Monetary 

Nitrogen & Phosphorous Report  ü  
TMDL Membership Goal Card   ü 

Awareness Report of current federal & state programs  ü  
Farmer’s Insurance Legislative Changes   ü 

Assistance Program Legislative Change   ü 

 
The proposed incentive system is based on three categories – green, yellow, and red. these 
categories will be based on a normalized difference vegetation index (NDVI), which uses the 
ration between near infrared (NIR) and visible light (VIS) wavelengths reflecting off the Earth to 
determine the density of healthy vegetation [37]. 
 

𝑁𝐷𝑉𝐼 =   
𝑁𝐼𝑅 − 𝑉𝐼𝑆
𝑁𝐼𝑅 + 𝑉𝐼𝑆 (1) 

 
Farms will be categorized into green, yellow, and red based on the following ranges: 

Table 3: Category Levels and Associated NDVIs 

Green 0.8 – 1.0 

Yellow 0.4 – 0.7 

Red 0.0 – 0.3 

 

	  

	  

Nitrogen	  &	  
Phosphorous	  
data	  obtained	  

from	  
monitoring	  
system	  

Riverkeeper	  
analyzes	  N	  &	  

P	  

IncenHves	  
determined	  
based	  on	  N	  
&	  P	  levels	  

Farmer	  
receives	  

incenHve(s)	  

Farmers	  
encouraged	  

to	  
incorporate	  
BMP	  usage	  
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5.2.2. Nitrogen and Phosphorus Report 
The nitrogen and phosphorous report alternative will provide farmers with the nitrogen and 
phosphorous concentration levels on their farmland. This information will enable the farmers to 
make more informed judgments about nutrient applications as well as provide farmers with 
knowledge about their current operations. Figure 11 shows a recommended general layout for the 
nitrogen and phosphorous report. 
 
 

	  

Figure 12: Nitrogen and Phosphorus Report Example 

	  

5.2.3. TMDL Goal Membership Card 
Conservation organizations, such as our sponsor the West and Rhode Riverkeeper, seeks positive 
community relations with farmers. As a means to encourage community relations, the TMDL 
goal membership card is considered. The sponsor would need to reach out to local area 
businesses and request an affiliation for complying farmers to receive a discount at the business. 
This approach is geared towards building a supportive relationship with both the local area 
businesses and farmers. Additionally, it provides a means to positively encourage farmers to 
meet TMDL goals by incorporating more BMPs to reduce their nitrogen and phosphorous levels 
by rewarding them for their ongoing actions. 
 
Several online businesses offer plastic cards that can be customized to the purchasing 
organizations needs. This includes the ability to select both text and graphic on the cards surface. 
Through online research, we have generated a selection of two types of plastic cards that could 
be utilized for this alternative. Prices vary amongst competitors and the specific cost analysis and 
type of card recommendation is outside the scope of this project. Figure 12 is meant as an 
informative guideline for the flow process of establishing the TMDL goal membership card. 
While, Figure 17 outlines the basic pricing subject to change with two variations of the TMDL 
goal cards. 
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Figure 13: Discount Program Process 

	  

	  

Figure 14:  Example options for purchasing cards [25] 

	  

A general list of potential area business that may participate with the TMDL goal membership 
card discount rate for farmers include: 

Southern States 
155 Eighth Ave. N W 
Glen Burnie, MD 21061 
 
Howard County Plumbing Service 
1174 Baslam Circle 
Eldersburg, MD 21784 
 
Montgomery Irrigation 
7935 Old Jessup Rd. 
Jessup, MD 20794 
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Tractor Supply Store # 1815 
5431 Southern Maryland Blvd 
Lothian, MD 20711 
 
Tractor Supply Store # 1839 
7994 Crain Hwy South 
Glen Burnie, MD 21061 
 
Salerno’s Restaurant & Catering 
1043 Liberty Road 
Eldersburg MD 21784 
 
MK Tax & Insurance Group, LLC 
898 Airport Park Road, Ste 205 B 
Glen Burnie, MD 21061 
 
 
Stovall & Associates Financial Services 
5002 Ritchie Highway 
Brooklyn Park, MD 21225-3049 
 
Ace Hardware and Hearth 
7936 Crain Highway, S 
Glen Burnie, MD 21061 
 

5.2.4. Awareness Report 
State and federal programs exist in order to encourage farmers to utilize BMPs; however, 
farmers may not be aware of these current programs. Agricultural farmers may already be 
incorporating some BMPs that qualify for state and federal benefits, but may not know about the 
types of programs offered. Additionally, these programs may change guidelines or update 
without farmers being aware. To address this, the awareness report option is a report that can 
provide farmers with knowledge of current state and federal programs available. 
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Figure 15: Awareness Report Example 

	  
Some of the current state and federal programs as of 2015 include: 
 
The Southern Maryland Farm Viability Enhancement Program [26] 
The SMFVEP was established to support farmers transitioning from tobacco to agricultural 
farmlands.  It provides grants up to $40,000, dependent upon specific farm needs, to encourage 
greater agricultural establishments and to support farm ventures that promote agritourism. Since 
its initiation, the program has helped develop 29 farmlands and established an agricultural 
covenant on over 3,800 acres.  
 
Growing Grapes for Wine in Southern Maryland [27] 
Established in 2006 by the SMADC, The Growing Grapes for Wine initiative set out to promote 
and increase the efficiency of grape growing in southern Maryland. The program offers grants 
that provide half the cost of grape vines to farmers. In return, recipients are required to join the 
Maryland Grape Growers Association and complete extensive training in grape production. The 
Maryland Cooperative Extension provides the mandated training and offers hands-on advising to 
strengthen the efficiency of grape growing on farmlands.  
The wine grape programs, including The Growing Grapes for Wine initiative, have bolstered the 
growth of wine grapes throughout the Maryland region SMADC, tripling the wine grapes acres 
since 2002. Wineries have grown and expanded and the regional return on investments for the 
programs is estimated to be over a million dollars.  
 
Maryland Value-Added Produce Grant Program (MARBIDCO) [28] 
The	  Maryland	  Agricultural	  and	  Resource-‐Based	  Industry	  Development	  Corporation	  (MARBIDCO)	  
offers	   value-‐added	   producer	   grants	   to	   Maryland	   agricultural	   producers	   that	   are	   willing	   to	  
develop	   value-‐added	   products	   on	   their	   farms.	   These	   grants	   provide	   the	   necessary	   capital	   to	  
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expand	  operations	  and	  allow	  farmers	  to	  diversify	  their	  lands	  and	  effectively	  increase	  incomes.	  
The	  program	  requires	  recipients	  to	  maintain	  crops	  or	   livestock,	  two	  year	  tenured,	  and	  able	  to	  
match	  grants	  dollar	  for	  dollar.	  	  	  
 
Rural Cooperative Development Grants (RCDGs) [28] 
The Rural Cooperative Development program was established to develop and boost the growth 
of rural areas. It provides grants to promote business startups and to sustain expansion and 
improvement in operations of rural businesses.  
 
USDA Rural Development Value-Added Producer Grants (VAPG) [28] 
The USDA initiated a Rural Development Value-Added Producer grant program, or VAPG, to 
further the agricultural business growth for producers of value-added agricultural products. 
Grants are extended to agricultural producers for economic planning and operational costs of the 
value-added venture. 
 
Clean Energy Production Tax Credit [29] 
In 2006, Maryland Energy Administration (MEA) enacted “The Clean Energy Incentive Tax 
Credit” which offers income tax credit for those Marylanders, including individuals and 
corporations, who generate electricity. MEA offers 0.85 cents per kilo-watt hour generated by 
qualified resource, whereas, 0.5 cents per kilo-watt hour is guaranteed for those who generate 
electricity with co-firing qualified resource and coal. Total initial credit certificates do not exceed 
$25,000,000 by 2016, with each initial credit certificate not exceeding $2,500,000 and no less 
than $1,000 to any eligible taxpayer. 
 
Bioheat Tax Credit Program [30] 
In 2007, state of Maryland passed “Bio-Heating oil Tax Credit” which offers income tax credit 
for those Marylanders, including individuals and corporations, who purchase Bio-heating oil for 
the purpose of space and water heating. The state defines Bio-Heating oil as a domestically 
produced renewable fuel that can be manufactured from vegetable oils, animal fats, or recycled 
restaurant greases.  The statute offers $0.03 per gallon of bio-heating oil, and limits maximum 
tax credit up to $500 for both individuals and corporations. 
 
Clean Burning Wood Stove Grant Program [31] 
Clean Burning Wood Stove Grant program by the Maryland Energy Administration (MEA) 
provides grants for displacing old wood stoves or electric and non-natural gas fossil fuel heating 
systems with new wood stoves. MEA offers one grant per EPA certified new stove (no more 
than 3 grams of particulate matter (PM)/hr) installed at a primary Maryland residence. The grant 
is limited to one per fiscal year. 
 
Land Trust Alliance - Easement Donation [32] 
State of Maryland offers deduction in State Income Tax Credit for those who donate a 
conservation easement to the Maryland Environmental Trust or the Maryland Agricultural Land 
Preservation Foundation. Deduction is limited to up to $5,000 per year with a 15 year carry 
forward period. Easement donors may also qualify for the Conservation Property Tax Credit if 
their easement protects unimproved or non-commercial land.  
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5.2.5. Farmer’s Insurance Legislative Change 
Agricultural farmers are backed by crop insurance that typically covers poor deviations in yield 
amount compared to average yields. Usually this comes from natural disasters such as floods, 
droughts, temperature variations, and other weather related events. New processes and 
technology may appeal to farmers, yet they often opt out of BMPs due to potential risks 
associated with profit loss or cost. Expand the current farmer's insurance program to cover profit 
loss due to BMPs will ensure and encourage farmers to utilize new BMP technology without 
risk.  

5.2.6. Assistance Program Legislative Change 
New BMP technologies for cropland and livestock farming have the capability to reduce 
agricultural runoff. However, these systems are considered to be an expensive solution even 
though they provide monetary benefits to the farmers. The assistance program legislation change 
addresses the need for new technologies by offering farmers financial assistance to obtain the 
new technologies. For cropland farmers, one new technology is variable rate application, while 
livestock farmers would utilize manure digesters. Additionally, the funds for the assistance 
program could come from state, federal, and/or organizations to provide the financial assistance 
for new BMP systems to be incorporated on needy farms. 
 
Currently cropland farmers grow three main types of crops on their land. These include corn, 
wheat, and soybeans outlined in Table 3. Currently, farmers’ nutrient application management is 
geared towards over application as the crops can only absorb a set maximum rate. That leads to 
the excess fertilizers running into ground water. Variable-rate application, VRA, technology is a 
BMP that optimizes the growing rates of these crops by applying the needed amounts of 
nutrients to the soil as necessary for the crop type. 

 
Table 4: Maryland crops, harvests, and fertilizer applications per acre 

Maryland 
Cropland 

Bushels/Acre                                
Harvested in 2013 

Average Nitrogen 
Application (lbs/Acre) 

Average Phosphorous 
Application (lbs/Acre) 

Corn 158 190 110 
Wheat 67 75 95 

Soybean 39 60 80 
 

Variable-rate application technology utilizes a sensor-based systems attached to a tractor that can 
detect the current state of the nutrient levels in the soil. The sensors capabilities can even detect 
chemicals in manure, fertilizers, and pesticides. As the sensor passes over the land, a prescription 
map is generated and the equipment calculates the application rate, no mapping or global 
positioning system needed. The control system applies the variable rate inputs at precise 
locations with respect to site-specific deficiencies thereby reducing the over application of 
fertilizers and nutrients.  
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Figure 16: Variable-Rate Application (VRA) Technology 

 

 
Figure 17: VRA Prescription Map 

	  

Benefits of the VRA technology includes the precise nutrient application techniques, potential 
for lower fertilizer cost and better growth, and the environmental benefit of reducing the over 
application rate which reduces agricultural runoff from croplands. Farmers who incorporate 
VRA technology have seen varying results for reducing their fertilizer costs. In 2011, 
information gathered from a Virginia Tech Publication 442-505 [33] indicates that farmers that 
utilized VAR systems received economical benefits as indicated in Table 4. Based on this study, 
farmers’ application rates were reduced, yet the specific rate varies between the different types of 
farmland and crops grown. The graph in Figure 17 is an example that outlines the potential 
fertilizer application reduction rates in terms of costs of corn.  
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Table 5: Virginia Tech Publication 442-505, 2011 [33] 

	  

	  

	  

Figure 18: VRA Fertilizer Reduction Potential for Corn 

	  
Maryland farmers have few options for manure management. Often the manure is stockpiled on 
land and the nutrients runoff into the groundwater system. One available option to farmers is to 
install a manure digester system. Manure digester systems are animal waste management 
systems that convert livestock manure into biogas, a form of methane, which can be purified into 
a natural gas equivalent. To do this, the digester separates the manure into both solid and liquid 
components. The solid material can be utilized on farms as an alternative to animal bedding. The 
liquid part is what is converted into the biogas, methane fuel. 
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The benefits and disadvantages of farmers incorporating a manure digester system include: 
 
Benefits: 

• Converts manure into renewable energy production source 
• Reduces greenhouse gases 
• Improves water quality by reducing pathogen runoff from entering ground water 
• Significantly reduces odor and decreases livestock yard fly population 

 
Disadvantage:  

• Cost of installation ~ $250,000 and up depending on the selected digester. 
• Only applicable for farms with 500 or more cows 

 
A passive digester is a covered lagoon that requires very low maintenance to produce the biogas. 
The passive digester uses a biogas recovery system through two lagoons. "Biogas recovery is 
added to an existing treatment component, and little control is exercised over the reactor 
environment" [34]. 
 

	  

Figure 19: Passive Digester 

Low rate digesters are made when the "manure added to a digester is the main source of 
methanogens. Solids retention time (SRT) of the digester, or the length of time solid particles are 
held in the digester, equals hydraulic retention time (HRT) – the length of time liquid is held in 
the digester." 

A complete mix digester is essentially a tank in which the system heats manure and mixes it with 
a mass of microorganisms. Liquid displaces the volume in the digester and methanogens flow 
out of the digester with this liquid. [34] 

 

Figure 20: Complete Mix Digester [34] 
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Plug flow digesters are similar to complete mix digesters. The difference is that the contents of a 
plug flow digester are thick enough to keep particles from settling. The manure moves through 
the system like a plug, hence the name. These types of digesters do not require any mechanical 
mixing. 
 
Mixed plug flow digesters are a variant of the plug flow digester in which “manure flows down a 
hairpin raceway.” The contents in the systems are heated along a central divider in order for the 
manure to mix in a “corkscrew pattern.” [34] 

	  

Figure 21: Mixed Plug Digester [34] 

In fixed film digesters, the methane-forming microorganisms grow on wood chips or small 
plastics rings that fill the digester. The slimy growth that results from this is biofilm, which is 
recycled in order to maintain the constant upward flow in the system. One potential downside is 
that the solids can plug voids within the system. A separator is needed to remove particles in the 
manure prior to putting it in the digester. As a result, some biogas can be lost [34]. 

 

Figure 22: Fixed Film Digester 

Suspended	  manure	  digesters	  suspend	  microbes	  within	  the	  upward	  flow	  of	  liquid.	  The	  flow	  gets	  adjusted	  
to	  allow	  small	  particles	  to	  wash	  out	  and	  let	  larger	  particles	  remain.	  The	  microorganisms	  create	  biofilm	  
around	  the	  large	  particles	  and	  methanogens	  stay	  inside	  the	  digester.	  Two	  common	  types	  of	  these	  
digesters	  include	  Up-‐flow	  Anaerobic	  Sludge	  Blanket	  (UASB)	  Digesters	  and	  Induced	  Blanket	  Reactor	  (IBR)	  
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Digesters.	  IRB	  Digesters	  need	  manure	  with	  more	  solids	  to	  function	  while	  UASB	  digesters	  work	  better	  
with	  fewer	  solids	  [34].	  

 

Figure 23: UASB and IBR Digesters 

6. Method of Analysis 
6.1. Spectral Imagery Subsystem Analysis 
A stochastic simulation was developed in order to compare the accuracy of multispectral and 
hyperspectral imagery subsystems. The simulation algorithm was developed based on the 
principles of Beer’s Law, which states that there is a proportional relationship between 
absorbance and concentration for elements. A proportional relationship is a linear relationship 
and thus as concentration increases, absorbance is additive. 
 

 

Figure 24: There is a proportional relationship  
between absorbance and concentration 
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Figure 25: Simulation Algorithm 

The inputs to the simulation are the spectral imagery device parameters and a distribution of 
chemical elements. The device parameters input into the simulation include the spectral 
resolution, the spectral range, and the device error. Spectral resolution is the size of the 
bandwidth that that the imagery system can “see”. The spectral range is the range that the 
imagery system is able to detect in nanometers (nm). The device error is influences the stochastic 
error in the simulation. Based on the device error input into the simulation, the simulated device 
is able to detect intensity at a given wavelength based on a 95% normal distribution in which the 
mean is the actual intensity and the tails are plus or minus the device error percentage. 

 

 

Figure 26: Simulation Inputs/Outputs 

Fourteen chemical elements were input into the simulation with their concentrations measured in 
parts per million (ppm). These elements were selected based on typical elements and 
concentrations found in plant growth according to the Department of Soil Science at the 
University of Wisconsin [35]. The simulated spectral imagery systems will determine the 
concentration of nitrogen and phosphorus amongst the noise generated by combining all of the 
spectral signatures of the 14 elements set in the simulation. 
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6.2. Vehicle Platform Analysis 
	  

 

Figure 27: Monitoring System Physical Model 

Analysis of the monitoring systems was based on the cost versus performance of the vehicle 
platforms and accuracy comparison between multispectral and hyperspectral imagery 
subsystems. Based on studies conducted by the Lincoln Laboratory at the Massachusetts Institute 
of Technology, area coverage rate (ACR) can be calculated based on the proportionality given 
ground sample distance (GSD), signal-to-noise ratio (SNR) squared, and the number of spectral 
bands (K). Other equation parameters include height above ground (ℎ!), focal length (𝑐!), 
aperture size (𝑑), and velocity (𝑣) [36]. 
 
 

𝐴𝐶𝑅   ∝   
𝐺𝑆𝐷!

𝑆𝑁𝑅!×𝐾! (2) 

 

𝑆𝑁𝑅! =   
𝑑!×𝐺𝑆𝐷!

𝑣×𝐾  (3) 

 

𝐺𝑆𝐷 = (𝑝𝑖𝑥𝑒𝑙  𝑠𝑖𝑧𝑒)×
ℎ!
𝑐!

 (4) 

 
By making the assumption that all vehicle platforms housed the same spectral imagery 
subsystem for purposes of comparison, a unitless coefficient was derived for use in this analysis. 
Combining (2), (3), and (4) gives 
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𝐴𝐶𝑅   ∝   
𝑝𝑖𝑥𝑒𝑙  𝑠𝑖𝑧𝑒

ℎ!
𝑐!

!

𝑑!  ×    𝑝𝑖𝑥𝑒𝑙  𝑠𝑖𝑧𝑒
ℎ!
𝑐!

!

𝑣  ×  𝐾   𝐾!

 
(5) 

 
Arranging the variables to combine the spectral imagery subsystem parameters simplifies to  
 

𝐴𝐶𝑅   ∝   
𝑝𝑖𝑥𝑒𝑙  𝑠𝑖𝑧𝑒
𝑑!  ×  𝐾!  ×  𝑐!

ℎ!×  𝑣  (6) 

 
Given the 250-acre area coverage for a 40 min runtime given by the manufacturer of the fixed-
wing UAV example [38] 
 

𝐴𝐶𝑅 =   
250  𝑎𝑐𝑟𝑒𝑠
40  𝑚𝑖𝑛

= 1.01171  
𝑘𝑚!

𝑚𝑖𝑛
 (7) 

 
Using the minimum speed from the manufacturer for the fixed-wing UAV and the maximum 
height above ground currently allowed by the FAA for UAV hobbyists [24] 
 

1.01171
𝑘𝑚2

𝑚𝑖𝑛
∝

𝑝𝑖𝑥𝑒𝑙  𝑠𝑖𝑧𝑒
𝑑!×𝐾!×𝑐!

0.12  𝑘𝑚×0.78
𝑘𝑚2

𝑚𝑖𝑛
 (8) 

Which calculates to the following value to represent the variables related to the spectral imagery 
subsystem 
 

𝑝𝑖𝑥𝑒𝑙  𝑠𝑖𝑧𝑒
𝑑!  ×  𝐾!  ×  𝑐!

∝ 10.8089  (𝑢𝑛𝑖𝑡𝑙𝑒𝑠𝑠) (9) 

 
With this coefficient to represent using the same spectral imagery subsystem, vehicle platforms 
were compared based on the following equation: 
 

𝐴𝐶𝑅   ∝   10.8089     ℎ!  ×  𝑣  (10) 
 
This equation was used to calculate the ACR for each vehicle platform. The monitoring systems 
were also compared by ground resolution in inch per pixel as supplied by manufacturers.  
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Figure 28: Area Coverage Rate Comparison 

 
 
 

Table 6: Vehicle Platform Comparison 

Vehicle Platform ACR (km2/min) 
Requires 

Specialized 
Operator 

Ground Resolution 

Object Distance (ft) Inch/Pixel 

Ground 0.01 0 6 1.0 
UAV (rotorcraft) 0.62 0 400 1.9 

UAV (fixed-wing) 1.01 0 400 1.9 
MAV (min height) 2.30 1 700 3.4 
MAV (max height) 13.97 1 3,000 14.4 

Satellite ∞ 0 2,180,000 866.1 
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7. Design of Experiments 
The multispectral and hyperspectral imagery systems were compared based on 1%, 3%, 6%, and 
9% device errors. This was done to identify trends in actual detection error and identifying the 
difference between multispectral and hyperspectral systems at a given device error. The goal was 
to identify whether the less expensive multispectral imagery system would be sufficient for the 
Riverkeeper’s purpose. 

Table 7: Spectral Imagery Systems Design of Experiments 

Spectral 
Imagery 

Subsystem 

Device 
Error 
(%) 

Simulation 
Iterations 

Spectral 

Range 

(nm) 

Spectral 

Resolution 

(nm) 

Average N 
Detection 
Error (%) 

Average P 
Detection 
Error (%) 

Combined 
Average 
Error (%) 

Difference 
in Average 
Errors (%) 

Multispectral 1.0 100,000 520 - 920 10.0 --- --- --- 
--- 

Hyperspectral 1.0 100,000 400 - 970 3.3 --- --- --- 

Multispectral 3.0 100,000 520 - 920 10.0 --- --- --- 
--- 

Hyperspectral 3.0 100,000 400 - 970 3.3 --- --- --- 

Multispectral 6.0 100,000 520 - 920 10.0 --- --- --- 
--- 

Hyperspectral 6.0 100,000 400 - 970 3.3 --- --- --- 

Multispectral 9.0 100,000 520 - 920 10.0 --- --- --- 
--- 

Hyperspectral 9.0 100,000 400 - 970 3.3 --- --- --- 

 

The vehicle platforms for the monitoring system alternatives were compared based on ACR, 
ACR/dollar, and their ground resolution. These values will be input into a utility function with 
the weights elicited by the Riverkeeper in order to rank the alternatives. 
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Table 8: Vehicle Platform Design of Experiments 

Vehicle Platform 

ACR 
(km2/min) 

Requires 
Specialized 

Operator 

Ground Resolution 

Total Weighted Score 
Object 

Distance 
(ft) 

Inch/pixel 

--- --- --- 

Ground 0.01 0 6 < 1.9 --- 

UAV (rotorcraft) 0.62 0 400 1.9 --- 

UAV (fixed-wing) 1.01 0 700 1.9 --- 

MAV (min height) 2.30 1 3,000 3.4 --- 

MAV (max height) 13.97 1 2,180,000 14.4 --- 

Satellite ∞ 0 6 866.1 --- 

	  

Scores for the incentive system alternatives were determined through a Delphi method amongst 
the project team. These scores were based on the ease of implementing a given alternative, its 
ease of sustainability, ease of scalability, and the community value the alternative had as 
determined by the project team. These scores will be put into a utility function with weights 
elicited by the Riverkeeper and normalized for ranking.	  
 

Incentive Alternative 
Scalability Implementation Maintainability Community Total 

Weighted 
Score --- --- --- --- 

Nitrogen & Phosphorous Report 2 4 3 2 --- 

TMDL Membership Goal Card 1 2 2 5 --- 

Awareness Report 3 5 4 3 --- 

Farmers Insurance Legislation Change 5 1 5 4 --- 

Assistance Legislation Change 5 1 5 4 --- 

Figure 29: Incentive Alternatives Design of Experiments 
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8. Results 
8.1. Spectral Imagery Simulation Results 
The simulation results showed minimal difference between multispectral and hyperspectral 
systems based on the device errors evaluated. The differences in detection errors were less than 
1% up to 3% device error. At 9% device error, the most pessimistic case simulated, the 
difference between multispectral and hyperspectral systems was 2.36% over 100,000 simulation 
iterations.  
 
After having spoken with the manufacturer for the multispectral imagery system example used in 
this analysis, the manufacturer stated that the precise detection error can vary based on the 
environment where the system used but that one can generally expect a detection error within 
2%. Based on this information and the simulation results, the multispectral system should be 
sufficient for the purposes of the Riverkeeper at a far lesser cost as compared to hyperspectral 
systems, which cost $29,000 on the low end. Other hyperspectral systems can cost in the 
hundreds of thousands of dollars. 
 

 

Figure 30: Spectral Imagery Simulation Results 

	  

8.2. Monitoring System Ranking 
After running the utility function for the monitoring system alternatives, the rankings were 
determined as shown in Figure 30. The manned aircraft at 3,000 ft. AGL ranked highest though 
also at the highest cost of just under $40,000. This was closely followed both UAV systems and 
the ground system based on value. The satellite system ranked worst amongst these alternatives. 
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8.3. Incentive System Ranking 

 

Figure 31: Ranking of monitoring system alternatives with multispectral imagery subsystem and 
cost-benefit analysis 

For the final results of the incentive system, we approached the process by applying the West 
and Rhode Riverkeeper's value weights to determine the appropriate scalability, implementation, 
sustainability, and community weights based on the overall preference for the incentive system. 
 
Scalability: 0.17 x 0.13 = 0.0221 
Implementation: 0.17 x 0.44 = 0.0748 
Sustainability: 0.17 x 0.31 = 0.0527 
Community: 0.17 x 0.11 = 0.0187 
 
Next, because the scorecard alternatives have no linear correlation, the Likert scores had to be 
normalized. To do this, the mean values and standard deviations were calculated for each.  

Table 9: Original Incentive Alternatives Scorecard 
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Finally, project team calculated the t-scores for normalizing the data by using the following 
equation: 
 

𝑡  𝑠𝑐𝑜𝑟𝑒 =   
(𝑥 − 𝜇)
𝜎
𝑛

 (11) 

 
The following results were then obtained with the higher the score the better the alternative was 
preferred: 

 

Table 10: Normalized Scores for Incentive Alternatives 

 
 

These final results indicate that the highest-ranking incentive alternative is the TMDL 
membership goal card. Tied for the second highest valued incentives are the farmer's insurance 
legislation change and the assistance program for new technologies. The third highest alternative 
is the nitrogen and phosphorous report followed by the lowest ranking awareness report. 
 

 

Figure 32: Incentive Alternatives Ranking 
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8.4. Sensitivity Analysis 
Sensitivity analysis was performed on the ACR and ground resolution values for the monitoring 
system as they had the greatest weight with the Riverkeeper. Based on this analysis, the top 
ranking does not change until 64% at which point the satellite comes out as the alternative with 
the greatest value to the Riverkeeper. This is because the satellite alternative has the greatest 
ACR of all the alternatives.  

In contrast, the ground system has the greatest ground resolution because because it is directly on 
the surface. In order for the ranking to change so that the ground alternative ranks highest, the 
ground resolution value weight would have to move up to 96% however.  

 
Table 11: Sensitivity Analysis of Monitoring System Alternatives 
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9. Conclusion and Recommendation 
Based on cost-benefit analysis of the monitoring system alternatives, the ground system had very 
high value for a lower cost as compared to the UAV and manned aircraft systems. However, 
because the ground system violated the non-intrusiveness requirement, it had to be discounted.  
 
The fixed-wing and rotorcraft UAV systems, while offering the greatest balance of cost and 
benefit, are currently illegal for commercial-use. However, the FAA is currently moving in 
direction of legalizing UAV’s for agricultural applications. As a major step in this direction, the 
FAA published a Notice of Proposed Rulemaking (NPRM) on February 23, 2015. In this NPRM, 
the FAA extensively covers the proposed regulations for commercial-use of UAVs. The primary 
potential markets the FAA explores include aerial photography, precision agriculture, search and 
rescue/law enforcement, and bridge inspection [39]. 
 

	  
Figure 33: FAA NPRM for Operation and Certification of Small Unmanned Aircraft Systems 

Some of the highlights from the NPRM include that the UAV can fly up to 500 ft. AGL while 
still in line of sight of the operator. This is an upgrade to the current FAA regulations for UAV-
use for hobbyists, the only UAV-use currently permitted by FAA regulations, which states that 
the maximum height is 400 ft. AGL. Additionally, the UAVs must weight less than 55 lbs. It 
ought to be noted that the example UAV monitoring system used for this analysis weighs in at 
7.24 lbs including a multispectral imagery subsystem.  
 
Based on the incentive system alternative rankings, the following framework was developed for 
the category-based incentive system: 
 
 
 
 
 
 
 
 
 
 
 



 
	  

	   41	  

Table 12: Proposed Incentive System Framework 

Category NDVI Incentive Options 

Green 0.8 – 1.0 

TMDL Membership Goal Card 

Farmers Insurance Legislation Change 

Assistance Legislation Change 

Nitrogen & Phosphorous Report 

Awareness Report 

   

Yellow 0.4 – 0.7 

Farmers Insurance Legislation Change 

Assistance Legislation Change 

Nitrogen & Phosphorous Report 

Awareness Report 

   

Red 0.0 – 0.3 

Farmers Insurance Legislation Change 

Assistance Legislation Change 

Awareness Report 
 
 
This incentive system framework design is so that the bad actors are not punished, but still 
offered incentives or information that encourage them to implement more BMPs and reduce the 
pollution coming from their land. This is in accordance with the requirement to positively 
encourage the farmers. Good actors are able to receive the same incentive options and 
information, however, they also receiver additional incentive options to ideally help them save 
money and reward them for implementing BMPs and reducing the pollution coming from their 
land.  
 
Based on the results of this analysis for the agricultural runoff monitoring and incentive system, 
it is recommended that the Riverkeeper utilize a manned aircraft with a multispectral imagery 
subsystem for monitoring operations and test a proof of concept with the proposed incentive 
system framework. If this proof of concept is successful, move to a UAV-platform for sustained 
monitoring operations as the FAA develops regulations for commercial-use of UAVs.  
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10. Project Management 
 

 
Figure 34: Work Breakdown Structure 

 

	  
Figure 35: Gantt Chart and Critical Path 
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Figure 36: Project Risks 

 
In	  identifying	  the	  risks	  to	  the	  project,	  three	  of	  the	  most	  critical	  were	  highlighted.	  Using	  a	  
Department	  of	  Defense	  (DoD)	  risk	  matrix	  technique,	  each	  of	  these	  risks	  were	  rated	  based	  on	  its	  
likelihood	  and	  consequence.	  The	  critical	  risks	  identified	  are	  listed	  with	  their	  mitigation	  strategy	  
in	  the	  figure	  above.	  

As this project has reached its conclusion, deliverable dates have been successfully met and the 
mitigation strategies have proven effective.  
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Table 13: Project Budget 

 
 

The project budget uses rates established by the faculty advisor. Calculating these pre-set rates 
with the budgeted hours for tasks in the work breakdown structure sum to a $100,800 total cost 
for the project.  
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Figure 37: Project Cost Analysis 

 
 

 
Figure 38: Performance Index 
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