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1.0 Context 

1.1 Contrails  

 

Condensation trails, more commonly known as contrails, are clouds that form in the wake 

of aircraft and can produce cloud formations. These artificial clouds are formed under specific 

atmospheric conditions [2]. According to an Intergovernmental Panel on Climate Change (IPCC) 

Report, contrails covered  0.1% of the Earth in 1992 and it is estimated this number will grow to 

around 0.5% by 2050 [4]. However, just in terms of cloud cover, nearly 7% of all clouds are 

made via contrails [2]. 

When the hot and humid air from the aircraft’s exhaust mixes with cold ambient air in the 

troposphere, the air condenses on a nucleation site (usually composed of soot); these particles are 

the make up the contrail. In general cases, at cruising altitude, contrails will form if the ambient 

temperature is less than -40°C and the relative humidity with respect to ice is 100% [6]. If the 

ambient relative humidity with respect to ice is high enough, there is a higher chance that the 

contrails will become extended cirrus clouds [7]. These regions that host the generation of these 

artificial clouds are referred to as Ice Supersaturated Regions (ISSRs). 

This artificial cloud layer being created by contrails contributes to global warming. Many 

of the contrails are persistent and/or persistent spreading, which means they can linger in the 

skies for hours and cover even more area [5]. This is especially dangerous to the atmosphere as it 

can increase the solar radiation that prevents heat from escaping the Earth.  

 

1.2 Ice Super-Saturated Regions 

  

ISSRs are usually present in the upper troposphere and often occur at flight levels 

between 29,000 and 41,000 feet. In terms of prediction of contrails, it is still not completely 

understood as to when a contrail will form. For example, it is not uncommon that a plane will fly 

through an ISSR and not form a contrail. In a study conducted in 2012, researchers found that 

though upward wind airflow promotes the presence of ISSRs, it does not mean this region will 

form.  

In terms of where, regionally, ISSRs are likely to be found, they occur in places with 
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anti-cyclonic flow. In the United States, anticyclonic flows can be found in the mid-west and east 

coast where there are often humid air streams mixing with other cold dry fronts [8]. In terms of 

when, research shows that the summer months (June-September) are the most prevalent for 

ISSRs [2]. Figure 1 below shows how the ISSRs vary during different seasons (MAM being 

March, April, May; JJA is June, July, August etc.) [23] 

 

Figure 1: ISSR Coverage by Season 

 

 Analysis of weather data obtained from the sponsor yielded the results shown in figure 2. 

The data spanned from May 1st to August 31st between Dulles International Airport (IAD) and 

Orlando International Airport (MCO). It was found that the percent ISSR coverage at lower 

cruising altitudes was low, but increased rapidly above flight level (FL) 330. The peak coverage 

occurs between FL 390 and FL 410, where 67% of the atmosphere at this altitude is meets the 

criteria for ISSRs. This means that flying an aircraft at higher altitudes will have a higher 

likelihood of encountering an ISSR, and thus have a higher likelihood of generating contrails. 
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Figure 2: ISSR Coverage by Altitude 

 

1.3 Air Traffic Growth 

 

        The FAA forecasts that the number of passengers on U.S. carriers will increase by an 

average of 2.1 percent per year over the next 20 years, with a slightly higher rate of 2.4 percent 

in the earlier years due to lower fuel costs [24]. Over this time, airfare is expected to increase at a 

slower rate than inflation. Revenue passenger miles (RPMs), one of the FAA’s measures of 

system traffic, is projected to increase by 2.1 percent per year domestically, and 3.5 percent per 

year internationally. Available seat miles (ASMs) is expected to grow proportionally with the 

increase in demand. 
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Figure 3: Projected Growth of Domestic Passenger on Commercial Flights 

 

 The price of oil dropped sharply in 2015 and is predicted to hit a low of $43 per barrel in 

2016. However, prices are expected to jump up to $100 per barrel by 2023, and eventually reach 

$150 per barrel by 2036. This is largely due to the projected increases in demand and extraction 

costs.  

Year 2015 marked a historic high in domestic load factor, achieving an average of 84.5%. 

This is not expected to exceed 86.5% due to logistical difficulties in perfectly matching supply 

and demand. The international load factor, in comparison, was 80.61 in 2015 [24]. The number 

of domestic departures decreased during 2015 due to the use of larger aircraft. This is reflected in 

the increase in ASMs, RPMs, and enplanements (rebounding from 2008 economic 

depression).  If the demand for air transportation increases as it is forecasted to, the number of 

flights per year will have to increase in order to meet demand. An increase in flights will 

inherently increase the amount of aviation based emissions released into the Earth’s atmosphere, 

leading to global warming. This tradeoff will be analyzed further in the data portion of this 

research. 
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1.4 Radiative Forcing 

 

Radiative forcing (RF), more commonly known as the “greenhouse effect”, refers to the 

heating of the Earth due to some of the Sun’s radiative heat being captured in Earth’s 

atmosphere.  There are many causes of radiative forcing, the main cause being greenhouse gases 

(GHG).  These gases include nitrous oxide, methane, and carbon dioxide.  Although some 

radiative forcing factors actually help in the cooling process, the Earth is experiencing a positive 

net energy due to this forcing. A positive net radiative forcing correlates with a heating of the 

Earth’s atmosphere. According to the National Oceanic and Atmospheric Association (NOAA), 

“the total effective climate forcing for all GHGs including carbon dioxide (CO2 )and ozone (O3) 

since the beginning of the industrial revolution in 1750 to the year 2000 is 2.63 watts per square 

meter.”   

A recent study conducted by Klaus Gierens of the Institute of Atmospheric Physics in 

Germany attempted to better understand the interactions of contrails with radiant heat. He also 

found the major factors that the impact a contrail has on the Earth’s energy.  These include 

contrail lifetime, contrail width over time (spreading rate), contrail advection (movement due to 

fluid) over time, and the changes of environment and its microphysical and optical properties 

over time; all which factors have an incredibly high natural variability. 

The IPCC believes that out of all aviation-based emissions, contrails produce the most 

positive radiative forcing. This means that contrails contribute more net heating than CO2; 

potentially five times as much. Figure 4 shows the aviation based emissions that contribute to 

radiative forcing. The majority of the time, these emissions contribute net positive RF. To this 

point, the main focus on emission reduction in the aviation industry is to reduce CO2. This has 

been achieved through a combination of improving aircraft technology, optimizing flight plans to 

minimize fuel burn, improvement of national airspace monitoring of aircraft, and occasionally 

through the use of alternative fuels. 
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Figure 4: Radiative Forcing of Aviation-Based Emissions (IPCC) 

 

A paper published by seven scientists through NASA called Radiative Forcing by 

Contrails helps explain some the important dynamics of radiative forcing.  First, radiative 

forcing due to contrails is negative during the day, and positive at night [15].  This is due to 

contrails blocking heat from entering the lower atmosphere during the day, and preventing heat 

from leaving the atmosphere at night.  Contrails tend to persist when “the ambient air is moist 

with relative humidity above ice saturation.  According to satellite data, persistent contrail clouds 

can cover at least 0.5% of central Europe at noon on an annual average [15].  With air traffic 

increasing every year, this number is expected to continue to increase.   

In the past, contrail dynamics have been studied by examining the similar cirrus 

clouds.  However, contrails are different than cirrus clouds in that they have “relatively small 

vertical depth and occur mainly at temperatures below a threshold of order -40C.”  Another 

factor that can cause the radiative effect of contrails is how much soot a contrail contains.  Soot 

in the ice particles “may increase absorption of solar radiation by the ice particles and hence 

reduce the albedo of the contrails.”  The albedo (or reflection coefficient) measures the whiteness 

of a surface it also affects the reflectivity of a surface 
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2.0 Stakeholder Analysis 

 

 

Figure 5: Relationships between Stakeholders 

 

2.1 Federal Aviation Administration (FAA) 

 

The Federal Aviation Administration (FAA) is the main organization responsible for 

managing domestic flight operations. Their two main functions are Regulations and Air Traffic 

Management. Regulation is done through the licensing and certification of aircraft, airports, 

airlines, pilots and other personnel. On the other hand, Air Traffic Management involves the 

handling of facilities and equipment related to freight and space operations. Major 

responsibilities include safety regulation, airspace and traffic management, operation and 

maintenance of air navigation facilities, research, engineering, and development. Safety is the 
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number one goal of the FAA, which is enforced by regulation. These responsibilities are broken 

down into two main categories: regulation and licensing, and airspace management. 

From figure 5, it is apparent that the laws from Congress impact the regulations mandated 

by the FAA. If their regulations are complied with, the FAA is allowed to ground the violating 

entity until it can pass a re-inspection. Different punishments can be handed out by the FAA 

depending on the offence. The main method of detecting violations (more on the equipment side) 

is through a high level of surveillance by the FAA on air carrier operations and manufacturing 

facilities. It is crucial that these mandates are followed by airlines to avoid fines. 

The FAA's air traffic management process begins at the originating airport. A dispatcher 

relays flight information to an Air Traffic Control (ATC), where a ground controller and local 

controller guide the plane to the runway and clears for takeoff. After the plane has travelled 

roughly 5 miles, a local terminal radar approach controller (TRACON) monitors the plane as it 

ascends to an altitude of 17,000 feet. At this point, an en route controller at one of 21 air route 

traffic control centers (ARTCC) in the country monitors the plane. Each control center is 

responsible for large sections of airspace, broken down into sections that are managed by an 

individual en route controller. As the plane passes through different sections of airspace, en route 

controllers pass on monitoring responsibilities. The process reverses as the plane descends and 

eventually lands at the arriving airport.  

 

 

2.2 Airlines 

 

 Airlines are the main center of attention due to the role they play in the release of CO2 

and contrails in the atmosphere. Through their aircrafts which cause contrails formation to the 

atmosphere, airlines are known to cause radiative forcing. Therefore, there is a need for them to 

abide by regulations put forth by the FAA. Though airlines do serve to provide transportation to 

the people, it is in the airlines best interest to operate at as low of a cost as they can to increase 

their profit. Airline management constantly seeks out methods of differentiating their airline 
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from other airlines. From figure 5, it is evident that citizens, airlines and the earth have a direct 

interconnection and plays a big role in influencing climate change through emission of contrails. 

The Environmental Protection Agency (EPA), and International Civil Aviation 

Organization (ICAO) are expected to release regulations regarding carbon dioxide emissions in 

2017; in anticipation for this, Boeing has started to manufacture planes such as the B787 that 

operates 20% more environmentally friendly [25]. In the spirit of environmental protection, other 

airlines should follow the steps of Boeing and start manufacturing environmental friendly planes. 

Heeding to this call will have a tremendous impact on the amount of contrails released in the 

atmosphere and consequently reducing the radiative forcing effect.   

 

2.3 Congress  

 

           Citizens vote for politicians with confidence that they will formulate laws that reflect what 

they want and what is good to them. As a branch of the government, Congress formulates laws 

regulations for the government agencies such as FAA. Congress oversees the FAA funding and 

therefore has a vested interest in all of its operations. Congress wants to make sure that the funds 

allocated for the FAA are put to good use and are not wasted on systems and projects that do not 

function or add to the FAA's operational capacity.  

Also, environmental issues are filling a larger and larger spot in congressional politics; 

this means that senators and representatives will want to tout successful government plans that 

reduce the overall effects of global warming. Congress will also be more likely to allocate 

funding for these projects. By doing this, the Congress aims at addressing the eminent issue 

which is climate change since citizens are becoming more concerned about the negative impact 

of global warming on human activities. To demonstrate its commitment, the government through 

the congress and senate is trying to put its best foot forward to mitigate the effects of climate 

change.   
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2.4 Citizens 

 

 Citizens have two main goals in terms of air travel: 1. live in a clean environment and 2. 

Purchase reasonable airfare. These two requirements can oppose one another and can often times 

leave customers dissatisfied when obtaining an expensive tickets knowing that each flight 

contributes to global warming.  

The category of citizens wanting to purchase airfare can be further separated into 

first/business class passengers and economy passengers. Understanding the differences between 

these two types of customers can be shown via their demand elasticity for purchasing airfare. 

Business class passengers are usually have inelastic demand; this means that if the price of the 

flight were to increase, their demand wouldn’t shift, i.e. they would pay more for the same flight. 

However, economy passengers are often associated with having elastic demand; they are not 

willing to pay more.  

 

2.5 Tensions between Stakeholders 

 

Airlines receive significant pressure from the other three main stakeholders. Citizens 

wish to purchase airfare at affordable prices, but simultaneously want to reduce the 

environmental impacts of air travel. Congress, motivated by the voting power of citizens, applies 

the same types of pressure on the airlines. In addition, the FAA imposes constraints on the 

airlines to ensure safety for passengers. These constraints force airlines to maintain their 

equipment up to specific standards, as well as limit the amount that personnel can work. The 

environmental and safety constraints that the airlines must abide by increase operating costs, 

which can force ticket prices to increase. An increase in ticket prices goes against the other 

pressures imposed by citizens and congress, and can reduce the number of potential passengers 

that can afford to fly due to inelastic demand. The relationship of tensions between the four 

stakeholders is displayed in figure 6. Citizens have dual goals of finding cheap airfare and 

reducing environmental impacts; they put these same desires on congress to do the same via 

lobbying. Congress will additionally create legislation that is then adopted by the FAA. These 

laws enforce safety regulations that require airline compliance. It is clear that airlines have 

tensions from all parties involved.  
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Figure 6: Stakeholder Tensions 

 

 

2.6 Win-Win Scenario  

 

 A win-win scenario can exist if airlines are able to implement an environmental 

conservation strategy that appeals to passengers enough to boost ticket sales and increase airline 

revenue. The strategy would also have to keep increased operating airline costs to a minimum. 

After analyzing the demand elasticities (willingness to pay increased ticket prices) of different 

types of passengers, airlines could increase the ticket price of business class seats to absorb the 

additional costs incurred under the new strategy.  This would establish feasibility for the airlines 

to invest without relying on additional funding subsidies from congress. Additionally, such a 

strategy could boost an airline’s public reputation with respect to environmental conservation 

efforts. 
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3.0 Problem & Need Statement 

3.1 Problem Statement 

 

Aviation based radiative forcing is projected to grow by 280% from 1992 to 2050 [IPCC, 

2007]. This correlates with a 2°C increase in atmospheric temperature. With air traffic demand 

growing by roughly 2.1% per year until 2036, this means that more planes will be demanded and 

with more planes there will be higher levels of radiative forcing. There is currently no system 

within the National Airspace System (NAS) to monitor and manage contrail production despite 

the belief that they are contribute the greatest amount of positive net radiative forcing Without an 

immediate solution to mitigate contrail generation, RF will increase along with the growth of the 

air travel. 

 

 3.2 Need Statement 

 

 There is currently no system in place to mitigate the generation of contrails. Therefor, a 

system needs to be developed to utilize the opportunity in aircraft contrail generation 

optimization to prevent radiation from entering the Earth’s atmosphere and allow outgoing heat 

to escape. This functionality will reduce contrail-based radiative forcing and improve quality of 

life by reducing the negative effects of global warming. In order for the system to be effective 

and feasible, it must also incorporate a tradeoff between net radiative forcing generated on a 

flight route, fuel burn of the route, and flight duration. Lastly, the system needs to abide by FAA 

standards and regulations so that it can be integrated into the current NAS. 

 

 

3.3 Performance Gap 

 

        As domestic air travel continues to increase, the harmful effects of radiative forcing due to 

air travel increase as well.  The air travel system must become RF neutral in order to stop these 

harmful effects.  A system that is RF neutral will allow for air travel to continue to grow without 
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the negative results of fuel burn, CO2 emission, and contrail radiative forcing.  

The gap seen Appendix A was based off an IPCC report. The growth rate that this figure 

was based off of used a conservative estimate.  

 

3.4 Operational Concept (CONOPS) 

 

The solution to the problem mentioned above is Controptimal. Controptimal is a system 

that encompasses a developed simulation in order to optimize contrail generation based on the 

presence of ISSR atmospheric conditions and time of day to reduce net radiative forcing. It is a 

decision support software (DSS) that will interact with airline dispatchers in the flight planning 

process. 

Radiative forcing levels will be reduced through flight plans that seek and avoid ISSRs 

(and thus control the probability of generating contrails) based on the time of day. For example, 

by ensuring contrails are present in the morning, shortwave radiation from the sun will be 

blocked from entering the Earth’s atmosphere. Having this artificial cloud cover blocks and/or 

reflects radiative forcing that would otherwise be absorbed into Earth in the form of heat. More 

specifically, when the shortwave radiation reflected is greater than the long wave radiation 

absorbed, this is cloud formation is beneficial. In the afternoon hours, however, the aim would be 

to allow the longwave radiative forcing (that was able to penetrate the cloud cover in the 

morning hours) to freely escape Earth; for this to happen, no contrails can be present. In this 

case, the longwave radiation absorbed is greater than the shortwave radiation reflected, so 

contrail formation is indeed detrimental to the environment.  

Figure 7 displays the functional architecture of system users and the functions they 

perform when interacting with the system. This class diagram documents the attributes and 

operations associated with each class. The rapid refresh (RAP) weather data serves to populate 

the Controptimal database in terms of weather data which will then be utilized when the main 

system is calculating contrail optimal routes in real time. Airline management's stake in the 

system is to monitor the performance of the system and to make adjustments to the weighting 

criteria, this will then be approved by Controptimal. However, since Controptimal is primarily a 
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decision support system, it will be mainly interacting with Airline Dispatch, which can be shown 

in Figure 7.  

 

Figure 6: Controptimal Functional Architecture 

 

 

The sequence diagram below shows all of the interactions and performed functions 

between the airline dispatcher and the Controptimal system when a flight plan is being 

developed. Intuitively, the process begins when the airline dispatch will log into the 

Controptimal web-based service. From there, a normal operational flow and use case occur with 

the final technical action ending with the storage of filed route information. This storage enables 

the system to keep a history of how eco-conscience the airline is that will be using the system -- 

a feature that will then be utilized for business case (see section 8).   
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Figure 7: Sequence Diagram of Flight Planning Process between Airline Dispatcher and the 

Controptimal Software 

 

 

 

4.0 Requirements 

 

 

 

                          = Functional            = Design            = Mission            = Non-Functional                
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Refer to Appendix C for more information regarding requirements in CORE.  

 

 

The following requirements represent the entirety of the goals set forth for this project in 

order to create a system that will help lower radiative forcing. The requirements are a reflection 

upon sponsor meetings and research that reflect requirements for the Controptimal system. The 

team has also determined that they are feasible. In order to capture the high-level requirements, 

Mission Requirements were established. Following the Mission Requirements, the Functional 

Requirements specify the behavior of the decision analysis tool while the Non-Functional 

Requirements shows how the system can be judged in terms of legality, time to operational 

status, and compliance with federal code. The hierarchical breakdown of the requirements can be 

visualized in above.  

4.1 Mission Requirements 

 

M.1: The system shall inform dispatch if the plane will pass through an ISSR.  

 M.1.1: The system shall alert users when there is an ISSR present pre-flight.  

M.2: The system will provide an updated flight plan that will include recommendations to divert 

from original route or stay at planned altitude.  

 M.2.1: The system shall account for environmental impacts including CO2 emissions.  

 M.2.2: The system shall account for environmental impacts including net RF.  

M.2.3: The system shall account for environmental impacts including fuel burn.   

4.2 Functional Requirements  

 

FR.1: The system shall access flight location, time, weather data, and aircraft’s trajectory.  

 FR.1.1: The system shall access flight location at 30km intervals when flight is at 

cruising altitude (29,000ft - 41,000ft).  
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 FR.1.2: The system shall have access to local flight time.  

 FR.1.3: The system shall access local weather at cruising altitude at 30km intervals when 

flight is at cruising altitude (29,000ft-41,000ft).  

 FR.1.4: The system shall access flight aircraft’s trajectory.  

FR.2: The system shall compute fuel burn, CO2 emissions, contrail persistence, contrail 

spreading, and radiative forcing.  

 FR.2.1: The system shall compute fuel burn.  

 FR.2.2: The system shall compute CO2 emissions.  

 FR.2.3: The system shall compute contrail persistence.  

 FR.2.4: The system shall compute/model how contrails will spread.  

 FR.2.5: The system shall compute/model the radiative forcing.  

FR.3: The system shall provide user with tradeoff analysis, cost breakdown, and an alert.  

 FR.3.1: The system shall provide user with trade off analysis when prompted for the 

extra information.  

 FR.3.2: The system shall provide user with cost breakdown of alternatives.  

 FR.3.3: The system shall provide user with an alert when there is an ISSR at any point 

within the flight plan (this checked preflight, at 30 km intervals). 

FR.4: The system shall provide users with a recommendation as to whether or not to divert and if 

so, the system shall give dispatch a new cruising altitude.  

 FR.4.1: The system shall provide users with a recommendation as to whether or not to 

divert.  

 FR.4.1.1: The system shall provide users with a recommendation (if diverted) for a new 

cruising altitude.   

Please refer to Appendix D for more requirements.  

 

Considering those functional requirements, the system’s architecture was then derived. At 
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a high level, figure 9 shows the context diagram overview of the ICOMs of the system. To 

further understand the capabilities of the system at a lower level, figure 10 shows the four main 

system functions which trace back to the functional requirements. These capabilities include 

access information, compute RF, provide tradeoff, and provide recommendation as an IDEF0 

diagram. The figure highlights all inputs, outputs, and controls needed to perform each function. 

 

Figure 8: A-0 Context Diagram 
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Figure 9: IDEF0 

 

4.3 Non Functional Requirements  

 

NF.1: The system shall be ready for use in standalone mode and have a plan for integration no 

later than May 1, 2017.  

 NF.1.1: The system shall be ready for use in stand-alone mode by May 1, 2017.  

 NF.1.2: The system shall have a plan for integration by May 1, 2017. 

NF.2: The system shall comply with the Code of Federal Regulation, Title 14, Part 91-- Subpart 

A: General Operating and Flight Rules, §91.3 and §91.16(a) §91.103, §91.133.  

NF.2.1: The system shall comply with the Code of Federal Regulation, Title 14, Part 91-- 

General Operating and Flight Rules, §91.3(Responsibility and Authority of the Pilots in Control). 

 NF.2.2: The system shall comply with the Code of Federal Regulation, Title 14, Part 91-- 

General Operating and Flight Rules, §91.13(a) (Aircraft Operations for the Purpose of 

Navigation).  
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NF.3: The system shall comply with the Code of Federal Regulation, Title 14, Part 91-- Subpart 

B: Flight Rules, §91.103 (a), §91.111(a), §91.119, and §91.133.  

 NF.3.1: The system shall comply with the Code of Federal Regulation, Title 14, Part 91-- 

Flight Rules, §91.103 (Preflight Action). 

 NF.3.2: The system shall comply with the Code of Federal Regulation, Title 14, Part 91-- 

Flight Rules, §91.111 (Operating Near Other Aircraft).  

 NF.3.3: The system shall comply with the Code of Federal Regulation, Title 14, Part 91-- 

Flight Rules, §91.119 (Minimum Safe Altitudes).  

 NF.3.4: The system shall comply with the Code of Federal Regulation, Title 14, Part 91-- 

General Operating and Flight Rules, §91.133.  

Please refer to Appendix D for more requirements.  

5.0 Modeling 

5.1 Model Overview 

 

As the ultimate goal of this project is to determine if creating a system that will optimize 

flight paths based on radiative forcing optimality will be a viable option to reduce the net RF to 0 

W/m
2 

by 2050, the model reflects simulations that need to be tested in order to confirm or deny 

the use of ‘Controptimal.’ In order to determine the optimal RF flight path, the model must 

output the radiative forcing due to contrails as well as the radiative forcing due to CO2. In 

addition, time of flight and fuel cost will be output for later analysis.  The model will consist of 

six sub models that determine the outputs necessary; this can be visualized in figure 11. 
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Figure 10: Model Overview 

 

5.2 Trajectory Model 

 

 The trajectory model is derived by Functional Requirement 1.4. Initially the model will 

rely on utilizing the initial Great Circle Distance, or GCD, this will serve as an input into the 

Trajectory Model. It should be noted that the GCD is shortest distance on the globe from two 

points; the model will only use these coordinates as a baseline for comparison as the GCD 

generally correlates with the fastest flight time and lowest fuel burn. The outputs of the 

Trajectory Model are the thrust and the path of the flight. However, on the second iteration, since 

the GCD will not be used, there will instead be other coordinates generated in order for those to 

be used as the input for the trajectory model. The can be shown in Figure 12. 

 

 

 

       [a] 
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                      [b] 

 

 

Figure 12a shows the initial input of the Great Circle Distance (GCD) to the Trajectory Model. 

These coordinates are used as a baseline. Figure 12b will rely upon deviations from the original 

GCD coordinates; the new coordinates will be based on routes optimized for radiative forcing.  

 The equations used to calculate thrust are displayed below.  

 

Table 1: Aircraft Trajectory Equations 

Climb at Constant Velocity Cruise at Constant Velocity Coefficient of Drag 

𝑇 =  
(𝐷 +  𝑤𝑠𝑖𝑛(𝛾))

𝑐𝑜𝑠(𝛼)
 

𝑇 =  𝐷 
𝐷 =  

𝐶𝐷𝑉𝑇𝐴𝑠
2 𝑆

2
 

  

Table 2: Aircraft Trajectory Variables 

Symbol Name Units 

T Thrust 𝑁 

D Drag 𝑁 

W Weight 𝑘𝑔 

𝛾 Flight Path Angle 𝐷𝑒𝑔𝑟𝑒𝑒𝑠 

𝛼 Angle of Attack 𝐷𝑒𝑔𝑟𝑒𝑒𝑠 

𝐶𝐷 Coefficient of Drag 𝑈𝑛𝑖𝑡𝑙𝑒𝑠𝑠 

⍴  Air Density 𝑆𝑙𝑢𝑔𝑠/𝑓𝑡3 

𝑉𝑇𝐴𝑆 True Air Speed 𝑓𝑡/𝑠 

S Wing Platform Area 𝑓𝑡2 

 

Figure 11: Trajectory Model 



 

 

 

 

 

26 

5.3 Fuel Flow Model 

 

The Fuel Flow Model above is derived from FR.2.2 and utilizes the thrust generated in 

the Trajectory Model in order to compute the burn. This computation will be based upon the 

three different modes of fuel burn: climb, cruise, and descent. The values for each one of these 

categories come from the BADA aircraft performance tables, as seen in Figure 14 [BADA 

AIRCRAFT]. 

  

 

Figure 13: BADA Aircraft Performance Table for the Boeing 737 

 

Figure 12: Inputs and Outputs of Fuel Flow Model 
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5.4 CO2 Emissions Model 

 

After computing the fuel burn via the Fuel Flow Model, the CO2 Emissions Model 

(derived from FR.2.2) uses the burn rate in order to compute emissions. The formula for the CO2 

Emissions can be seen in Figure 15.  

 

Figure 14: Inputs and Outputs of the CO2 Emissions Model 

𝑪𝑶𝟐 𝑬𝒎𝒊𝒔𝒔𝒊𝒐𝒏𝒔 =  𝟑. 𝟏𝟕𝟓(
𝒌𝒈 𝑪𝑶𝟐

𝒌𝒈 𝑭𝒖𝒆𝒍
) ∗  𝑭𝒖𝒆𝒍 𝑩𝒖𝒓𝒏 

 

5.5 Weather Model 

 

RAP data from NOAA serves as one of the inputs into the Weather Model. The RAP is a 

vital resource as it returns the weather conditions at each specific coordinate and altitude. This 

specific data set includes wind speed (knots), wind direction (from-true-north, degrees), 

temperature (kelvin), pressure (Pascals), and relative humidity (%).  

As mentioned, knowledge of the temperature and relative humidity are crucial for 

determining if a contrail will form in an ISSR – this is the analysis that will be conducted in the 

weather model to generate ISSRs with corresponding floors and ceilings. The output of this 

model will be the predicted weather on the path—ie. the presence of ISSRs on the path which 

will feed into analysis portion of the model.  
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Figure 15: Inputs and Outputs of the Weather Model 

 

5.6 Contrail Model 

 

The output of this model will be the predicted weather on the path—ie. the presence of 

ISSRs on the path which will feed into analysis portion of the model. The model for predicting 

contrail formation will be based off the Schmidt-Appleman criterion. This criteria relates relative 

humidity with respect to ice (RHi) and the temperature of a point in the atmosphere to the 

likelihood of a contrail forming.  This model estimates the probable formation of persistent 

contrails to happen around 100% RHi and -40C.  Figure 17 below shows in detail the levels of 

RHi and Temperature needed to create contrails at varying altitudes.  The blue shaded region 

shows the altitudes this project will be focusing on (from 29K to 45K feet). 
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Figure 16: Appleman Chart 

 

 

The contrail model will also determine the persistence and spreading of the contrail after 

its formation.  For the modeling of this the persistence will be normally distributed and the 

spreading rate will remain constant. In addition, the albedo, or whiteness of the contrail, will 

remain constant.   

 

Figure 17: Inputs and Outputs of the Contrail Model 
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5.7 Contrail RF Model 

 

Figure 18: Inputs and Outputs of the Radiative Forcing Model 

 

In addition, the albedo, or whiteness of the contrail, will remain constant. In order to 

compute the radiative forcing of a contrail, the model will utilize research conducted by Ulrich 

Schumann at the National Institute for Atmospheric Physics in Germany.  This research helped 

to develop a parametric model for contrail radiative forcing.  The model splits radiative forcing 

into two categories: longwave and shortwave.  The longwave equation, shown below, relates the 

temperature (T) and the Outgoing Longwave Radiation (OLR) to a number of parameters in 

order to determine the radiative forcing due to longwave radiation.  This value will always be 

positive because it represents radiation being absorbed by the contrail or being reflected back 

towards the surface. 

 

  The shortwave equation (shown below) relates the Solar Direct Radiation (SDR), the 

effective albedo (Aeff), and the Solar Zenith Angle (µ) to other parameters in order to compute 

the radiative forcing due to shortwave radiation.  This value will always be negative because it 

represents radiation being reflected out of the atmosphere. 

 

After implementing these equations, data was obtained for Temperature, Outgoing 

Longwave Radiation, Solar Direct Radiation, and the Solar Zenith Angle for one year.  The chart 

below shows the radiative forcing over the course of one year.  The line is oscillating between 

the low and high points along the graph, representing midday and nighttime.  It also shows that 

radiative forcing is at its most negative around the middle of the year (summer solstice) while 

radiative forcing is most positive sometime after the solstice (mid-August).  This information is 
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particularly interesting because it hints that contrail optimal routing may change based on the 

time of year as well as the time of day.  

 Figure 20 below shows the net radiative forcing for every hour of the year based on a set 

of data from 2015. The net RF oscillates daily as the solar zenith angle changes and adjust the 

amount of longwave and shortwave RF occurs. 

 

Figure 19: Net RF due to Contrails for One Year of Weather Data, in Terms of Contrail RF and 

Time of the Year 

 

Figure 21 is a three dimensional graph of figure 20, with the added parameter of ambient 

air temperature. The Contrail RF and Time of Year axes have the same shape as figure 20. As 

ambient air temperature increases, contrail RF decreases.  
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Figure 20: Net RF due to Contrails for One Year of Weather Data, in Terms of Contrail RF, 

Time of the Year, and Ambient Air Temperature 

 

 

5.8 Tradeoff Analysis 

 

After the CO2 radiative forcing and contrail radiative forcing have been computed, these 

two will be combined to determine a net radiative forcing.  From our model we will also 

determine the fuel burn and the time of the flight in order to compute the costs related to those 

two factors.  With this information, we will conduct a tradeoff analysis that shows what level of 

added cost will result in certain target levels of RF reduction.  The main level that will be 

checked is when RF is equal to zero.  This value will be represented in terms of cost per seat on 

the plane, in order to put the cost into terms more easily visualized by the airline companies. 
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6.0 Simulation 

6.1 Simulation Overview 

 

 The simulation will implement a network of potential locations of the plane within 

feasible cruising altitudes and along the path from Washington Dulles (IAD) to Orlando (MCO).  

From this network will come an enumeration of all possible paths considering maximum ascent 

and descent angles.  Each of these paths will be tested against our airspace models to determine 

what paths are optimal at varying times of the year. 

 

6.2 Simulation/Design Requirements 

 

The following design requirements were approved by the sponsors and deemed achievable by the 

team:  

D.1: The simulation shall accept historical weather data, Great Circle Distance lat/long, and 

deviations from Great Circle Distance in csv format. 

 D.1.1: The simulation shall accept weather historical weather data in csv format. 

D.1.2: The simulation shall accept previously calculated GCD for baseline weather from 

csv format.  

 D.1.3: The simulation shall accept deviations from the GCD from csv format. 

D.2: The simulation will output a tradeoff that will analyze net RF, time spent if diverted, and 

fuel consumed. 

 D.2.1: The simulation will output a tradeoff that will analyze net RF. 

D.2.2: The simulation will output a tradeoff that will factor time spent if diverted. 

 D.2.3: The simulation will output a tradeoff that will factor the fuel consumed. 

Please refer to Appendix D for more requirements.  
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6.3 Design of Experiment 

 

The design of experiment is a factorial design analyzing the categories of: RF Emissions, 

Fuel Burn and duration of the flight. The inputs are day of the year, time of the day, and cruise 

altitude. Figure 22 displays a sample of the experimental output seen in Excel. The baseline 

altitude for the experiment is FL 350. This was determined to be the baseline because it is the 

average cruising altitude between IAD and MCO based on analysis of flight data. Alternative 

altitudes were tested starting from FL 290 to Fl 450 in 2000 foot vertical increments. 

 

 

Figure 21: Sample Simulation Output for FL 350 (Baseline), FL 290, and FL 310 

 

Furthermore, the resulted flight plans are narrowed down with the utilization of the 

Logical Decisions software. Each flight plan was given a utility value in the following 

categories: flight duration, fuel burn, and net radiative forcing. These factors and their associated 

weights are displayed in figure 23.  The utility scores were based off of each category’s single 

dimensional value function (SVDF) via range and then ranked.  Flight duration had a SVDF that 

was exponentially decreasing which fuel burn and net radiative forcing were linearly decreasing. 

In all of these cases, a lower value for each measure resulted in a higher utility. The high level 

weights were developed by having the stakeholders rank the categories of importance.  Using the 

averages of stakeholder input, the hierarchy weights were determined and are listed as follows: 
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net radiative forcing = 0.45, fuel burn = 0.36, and flight duration = 0.18. The stakeholders 

interviewed in this process were current air traffic control employees and an ex-pilot. 

 

 

Figure 22: Objectives Hierarchy 

 

7.0 Results 

 

 

 The initial run of the simulation yielded the results is displayed in the figure below. 

Based on the determined weights assigned to the objectives hierarchy, FL 310 has the highest 

utility value at 0.694. Compared to FL 350, FL 310 and FL 330 reduced net RF by 94% and 76% 

respectively. 
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Figure 23: Utility Scores of 8 Flight Levels Compared to the FL 350 Baseline 

  

  

The above figure shows that FL 310 had the lowest overall net radiative forcing, 

relatively high fuel burn, and had the shortest overall flight duration compared to all other flight 

paths tested. FL 350 placed in the middle of the tested routes based on utility score. Generally 

speaking, the lower altitude routes performed scored the highest and lowest based on utility, 

while the medium to high level altitudes placed in the middle.  

 Below are Matlab outputs of two individual routes simulated between IAD and MCO; the 

first cruised at FL 350 (baseline), and the second cruised at FL 310 (highest utility value from 

initial simulation). Both performed similarly in all fields except for contrail RF. Between 1.3 and 

1.7 hours into the flight, FL 350 passed through several ISSRs and created contrails. In the areas, 

the instantaneous contrail RF spikes significantly, and then decreases back around zero as the 

plane passes through the ISSR conditions. FL 310 flies below the ISSR occurrences that FL 350 

experiences and generates far less RF due to contrails as a result. Since the RF due to CO2 

is similar between the two flight paths, FL 310 has a lower net radiative forcing contribution.  
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Figure 24: Flight Performance Data for One Iteration of FL 350 
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Figure 25: Flight Performance Data for One Iteration of FL 310 

 

 

  

 When looking at over 600 takeoff times at FL 310 and FL 350 between May 1st and 

August 30th, similar results were found. Figure 27 below shows the contrail RF of FL 310 

(orange line) and FL 350 (blue line). Although FL 350 appears to have more negative radiative 

forcing than FL 310, it actually stays positive for roughly 90% of the time. FL 310 mostly stays 

near zero and contributes less contrail RF. This information suggests that different altitudes can 

return different net RF values, and that contrail optimization strategies could be used in order to 

further reduce net RF. 
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Figure 26: Contrail RF of FL 310 and FL 350 

 

 Sensitivity analysis was performed on the weights of net radiative forcing and fuel burn. 

This was done in order to determine where the weights would have to be to favor higher altitude 

routes over the lower altitudes. Figure 28 shows that net RF would need a weight of 

approximately 0.25 or lower in order for FL 450 and FL 430 to have higher utility values than 

FL 310. 
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Figure 27: Sensitivity Analysis on Weighting of Net Radiative Forcing 

  

 

 Figure 29 shows that the weighting of fuel burn would need to increase to approximately 

0.5 or higher in order to favor FL 450 and FL 430 over FL 310. 

 

 
Figure 28: Sensitivity Analysis on Weighting of Fuel Burn 

  

   

 As mentioned previously, the results of the initial simulation show the potential for 

further reduction of net radiative forcing through the optimization of contrail generation. An 

optimized network simulation was developed to create a flight paths to reduce net RF based on 
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the inputted weather data. The first route generated in the optimized network simulation began 

cruising at FL 330, and ascended to FL 380 roughly one hour into the flight. This route 

decreased net RF by 94%, increased fuel burn by 3%, and was roughly four minutes longer 

compared to the top performing cruising altitude using the same weather data as an input. When 

the performance of both routes was subjected to the weights listed in the objectives hierarchy, the 

optimized route had a utility of 0.65 compared to the alternative flight path utility of 0.49. 

 In addition to the tradeoff analysis, a cost breakdown was also outputted by the system. 

The excess cost per seat was computed based on the excess fuel burn needed to fly the optimized 

route. From the cost breakdown output, it was found that the optimized route only increased the 

ASM cost of a 160-passenger configured Boeing 737-800 by $0.55 based on the 10 year jet fuel 

cost average of $2.68 per gallon. 

  

8.0 Business Case 

 

8.1 Controptimal Business Case 

 

 A business case was developed for the web-based Controptimal DSS to satisfy two gaps 

in the current market: (1) the availability of aviation-based “green systems”, and (2) the public 

knowledge of environmental conservation efforts taken by airlines. The tool will be used by 

airline dispatchers to generate contrail-optimal flight plans. Airlines will benefit from 

Controptimal through improved public reputation with respect to environmental conservation 

efforts, resulting in increased ticket sales and revenue.  

 The target market of Controptimal is the U.S. domestic air transportation system (ATS). 

This market is composed of approximately 18 airlines; four of which hold nearly 70% of the 

overall market share. The market breakdown of the ATS is shown in figure 30 below. 
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Figure 29: Airline Domestic Market Share Breakdown 

 

 The introduction of Controptial will satisfy the two gaps in the market that were 

previously mentioned. Ultimately, the goal is for Controptimal to be used to some degree by all 

major airlines in the market by the tenth year of business.  

 One of the ways that airlines are currently attempting to reduce the environmental impact 

of air travel is through the implementation of carbon offset programs. These programs allow 

passengers calculate the carbon footprint of their trip, and then give them the opportunity to 

purchase a carbon offset using either money or accrued airline miles. Airlines claim that the 

purchased carbon offset money goes toward supporting projects aimed at reducing greenhouse 

gases, such as a tree planting initiatives. However, there is typically little information available 

as to where the carbon-offset donations go, and what percentage of the donation is actually 

received by the individual offset programs. Figure 31 displays the process for making an online 

carbon offset donation through one of the four largest airlines in the market.  
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Figure 30: Carbon-Offset Program Donation Process 

 

 While offset programs show an initial willingness from the airlines to reduce the 

environmental impact of air travel, they do not solve the actual problem at hand. Emissions will 

still continue to grow along with the growth of air transportation demand. Controptimal actively 

lowers net radiative forcing, and can even lower atmospheric temperature instead of just slightly 

increasing methods of carbon reduction.  

 

    

 

 

8.2 Airline Business Case 
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 Airlines will not invest in Controptimal without a legitimate business case which includes 

use of the new system. According to a 2013 study performed by Robert J.P. Mayer, 

approximately 25% out of 543 surveyed airline passengers agreed that people should pay more 

for the negative environmental impacts associated with air travel. Additionally, 95% of the 

passengers that identified as environmentally concerned under the study stated that they were 

willing to pay more for airfare if it meant that airlines would invest in practices that reduce 

emissions. This represents a large number of passengers willing to pay more when scaled up to 

the 650 million passengers that flew in 2015. 

  

8.3 Business Plan 

 

 Controptimal will be made available to airlines as a yearly subscription service. A 

subscription gives an airline a seat license to a single password, to be used by an individual 

dispatcher. Once a dispatcher has password access, they may use Controptimal’s online service 

and schedule contrail-optimal flight plans for any flight that the dispatcher is responsible for 

planning. 

 Routes that frequently select the most contrail-optimal flight plan can earn a rating of 

gold, silver, or bronze, based on the percentage of contrail-optimal flight plans that are flown. 

This information will be confirmed and collected via flight tracking. The results of the rating 

system mentioned will be prominently displayed on ticket booking websites in order to inform 

customers of an airline’s flight planning habits in terms of environmental friendliness.   

 

 

Figure 31: The Gold, Silver, and Bronze Badges to be used on Ticket Booking Websites 
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Figure 32: Controptimal Badges on a Ticket Booking Website 

 

 Calculating the additional costs incurred by airlines through increased fuel burn was done 

under the assumption of a 160-passenger configuration of a Boeing 737-800. Using the average 

jet fuel price from 2007 to 2017 ($2.68 per gallon), the available seat mile (ASM) cost per flight 

between IAD and MCO increased by $0.55. This means it costs the airline an additional $0.55 

per seat per mile during the specified route. If the 2016 average jet fuel price of $1.46 is used 

instead, the ASM cost increases by only $0.29 on the same route.  

 

8.4 Costs and Break Even Point  

 

 The fixed yearly costs of running Controptimal as a business, including office space rent, 

employee salaries, and equipment, is approximately $860,000. Variable costs amount to $60,000. 

The subscription rate for an individual dispatcher password is $100,000 per year of service. The 

breakdown of both costs are displayed in the tables below. 
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Table 3: Controptimal Annual Fixed Costs 

Annual Fixed Costs 

Rent $100,000 

Marketing $10,000 

Equipment/Software $50,000 

Employees (10) $70,000 * 10 

Total $860,000 

 

 

 

Table 4: Controptimal Variable Costs 

Variable Costs 

Support/Certification $60,000 

Total $60,000 

 

 

 If 15 password subscriptions are sold in the first year of business with a 20% growth 

rate, the break-even point will be reached early in the third year of business. Growth rates of 

25% (optimistic) and 15% (pessimistic) adjust this break-even point by roughly six months, as 

shown in figure 34. 
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Figure 33: Controptimal Break-Even Point at 15%, 20%, and 25% Growth 

 

 

 

 

9.0 Project Plan 

 

9.1 Statement of Work 

 

Scope of Work 

       The work that will be completed in this project includes, planning, design, implementation, 

risk mitigation, validation, and verification. At the specified days for project briefings, the team 

will be held accountable to make sure the deliverables are completed and presented before 

moving on to the next deliverable; with that said, it is the responsibility of the team that 

resources - such as man-hours - are allocated to tasks in order to stay on time and on budget.   
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Context of Work 

        The design of a system to optimize contrails will span from August 31, 2016 to May 5, 

2017 (roughly 178 days). The budget is a reflection upon this time frame and work to be done to 

the system outside of this time frame will be at the discretion of the team and the stakeholders 

and will require a modification to the costs. 

        This system will be developed by Caroline Abramson, Faie Almofeez, John Carroll, and 

Chris Margopoulos for Senior Design (SYST 490, 495) at George Mason University. All work 

will be done either at the facilities of George Mason University or at one of the sponsor sites. 

Meetings with stakeholders will be scheduled as deemed necessary by either party. 

Work Requirements: 

        The following list summarizes the main tasks that need to be completed and what the 

stakeholder can expect from the team to be held to in terms of accountability. The description of 

the work is a general summary and is not all-inclusive of the entirety of the work that is 

performed in completing a task. 

Management: This project shall be managed in the three pronged approached; staying on time, 

on budget, and ensuring that the stakeholders are up-to-date on the project’s progression. 

Communication is of utmost importance not only interagency but also throughout the team itself.  

Research: Though heavy preliminary research has been conducted and implemented, it is 

ultimately a responsibility for the team to be ethical and change the system if new information is 

released or made available. Modifications to the system will always be discussed with 

stakeholders. 

System Requirements: The requirements have been further categorized by: Mission, Functional 

Non-Functional, and Design, in order to be all-encompassing of the system’s needs. These 

requirements can be found in APPENDIX D. 

Operational Concept: The operational concept of designing a support system that will plan 

flights in order to optimize when contrails are present will help achieve the ultimate goal of 

reducing radiative forcing. Fuel burn, CO2 emissions, and flight duration will also be factored 

into the data analysis for decision-making. 

Simulation Design: The software will be developed in a way that will allow simulations of a 
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particular flight route to run while taking the following into account: 1) weather data 2) radiative 

forcing model 3) fuel burn 4) CO2 Emissions. These inputs into the Matlab-based software will 

allow the team to create a probabilistic model in order to understand radiative forcing. 

Results Analysis: The outputs of the simulation will lead to a tradeoff analysis in which system 

can make recommendations based on the discussed tradeoff across the different routes flown. 

However, it should be noted that the system shall only serve as a guided recommendation and it 

is ultimately up to the pilot and air traffic controller to monitor the safety of that flight path. 

 

Deliverables/ Milestones: 

Start                                                         August 31, 2016 

SYST 490 Briefing 1                                     September 19, 2016 

SYST 490 Briefing 2                                     October 3, 2016 

Proposal Draft Paper                                October 12, 2016 

SYST 490 Briefing 3                                     October 24, 2016 

SYST 490 Briefing 4                                     November 7, 2016 

Faculty Presentation                                 November 18, 2016 

Proposal Final Report                               December 7, 2016 

Proposal Presentation                               December 7, 2016 

Draft Conference Paper                            December 7, 2016 

Draft Poster                                                December 7, 2016 

SYST 495 Briefing 1               January 30, 2017 

SYST 495 Briefing 2    February 13, 2017 

SYST 495 Briefing 3    March 20, 2017 

SYST 495 Briefing 4    April 3, 2017 

Final Faculty Presentation                       April 21, 2017 
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GMU Dean’s Business Plan Competition   April 22, 2017 

GMU PITCH-IT Competition  April 22, 2017 

SIEDS Conference – UVA                        April 28, 2017 

Conference at West Point                         May 4, 2017 

 

 

 

9.2 Work Breakdown Structure  

 

 

 

Figure 34: The Full Work Breakdown Structure Hierarchy 

 

The hierarchy in figure 35 displays a decomposition of all work tasks that must be carried 

out in order to complete the project. The project has been broken down into thirteen high-level 

tasks. 
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Figure 35: Task 1 and its Subtasks 

  

 

 The first briefing is composed of research, problem statement development, context 

analysis, and stakeholder analysis. The preliminary research done at this phase of the project will 

be used to develop the other three subtasks in this briefing, as well as briefings two, three, and 

four.  
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Figure 36: Task 2 and its Subtasks 

 

The second briefing is decomposed by the development of the need statement, 

requirements, project plan, and CONOPS. The need statement will be defined after analysis of 

research, context, and stakeholders is complete. Once the need is defined, the requirements can 

be developed. A project plan composed of a work breakdown structure, schedule, statement of 

work, budget, and project risks will be completed and is to be followed for the rest of the 

project’s life cycle. Lastly, the preliminary concept of operations will be created. 
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Figure 37: Tasks 3-6 and their Subtasks 

 

Briefing 3 will begin the development of the simulation. Requirements will be developed 

to define what the simulation should accomplish. The design of the simulation should reflect the 

requirements made. 

 Briefing 4 does not introduce any new tasks; it is the last stage for refining material 

before the faculty presentation. The faculty presentation should be prepared for by completing all 

of the preceding tasks. 

 Final deliverables include the IEEE conference paper, a draft of the poster used during 

495 competitions, and the final report for 490. The final report will be an updated version of the 

report turned in as a midterm for 490. 
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Figure 38: Tasks 7-13 and their Subtasks 

 

Simulations will be run on a base route (calculated by using the great circle distance) and 

two alternative routes aimed at optimizing contrail generation depending on weather conditions 

and time of day. The results of the simulation will be analyzed to see if alternative routes were 

recommended over the base route after taking into account the defined environmental and cost 

tradeoffs. 

The remaining tasks are briefings and conference presentations given during 495 in the 

spring. 
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9.3 Schedule 

 

 

Figure 39: Project Schedule and Gantt Chart 

 

9.4 Critical Path 

 

Table 5: Tasks on the Critical Path 

Critical Tasks Task Name 

1.1 Research 

1.2.1 Problem Analysis 

1.2.2 Define Problem 

1.2.3 Gap Analysis 

1.3.1 Context Analysis 

1.3.2 Define Context Boundaries 
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1.4.3 Stakeholder Analysis : Public 

1.4.4 Stakeholder Analysis: Congress 

1.4.5 Stakeholder Tensions 

4.0 Briefing 4 

5.0 Faculty Presentation 

11.0 495 Briefing 3 

12.0 495 Briefing 4 

13.0 495 Conferences 

 

 

9.5 Budget 

 

     As the system is completely software based, the most important component of cost is 

labor.  The project employs four systems engineers that will be responsible for all labor 

associated with the system life cycle.  Each engineer earns an hourly rate of $45.00 times the 

George Mason University overhead/fringe multiplier of 2.13, for a total cost of $95.74 per 

engineer per hour. 

      The planned average amount of hours worked per engineer is 18, with weeks varying 

between 5 and 30 hours per engineer.  The following table shows our planned costs for the 

duration of the project. 
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Table 6: Planned Cost 

 
Individual Total (8/29-5/13) Team Total (8/29-5/13) 

Planned Time (Hours) 684 2736 

Planned Value (PV) $65,500 $262,000 

 

9.6 Earned Value Management 

 

      Project control metrics such as earned value (EV), schedule performance index (SPI), and 

cost performance index (CPI) have been monitored to ensure the project is on schedule and on 

budget.  Although SPI and CPI both started with large fluctuations around a value of 1, the two 

metrics seem to be approaching 1 in recent weeks.  This can be attributed to the team having a 

better understanding of the work that needs to be done as time goes on.  The path of these 

metrics can be seen below. 
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Figure 40: CPI and SPI 

 

 

Figure 41: EVM 
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9.7 Project Risks and Mitigation  

 

The table below represent the major risks for the project and the risks mitigation. For the 

team to complete the project on time, all critical tasks must be completed by the set deadline. 

Failure to finish the critical tasks on time is the greater risk of all. Failure to satisfy stakeholders 

objectives ranked second with risk priority number (RPN) of 120. Since there is not enough 

research done on contrails, there is a risk of not finding enough research to support the design. 

To mitigate this risk, the team will work with what they have and make sensible estimations. The 

simulation model for a system like this is very complex and require integration of different 

models so there is a risk of not finish coding on time. Finally, the risk of not getting the correct 

data from the sponsor, and to prevent that from happening, the team will have an early and well 

documented communication with the sponsor.   

 

Table 7: Project Risks 

Risk S L D RPN Mitigation 

Critical Tasks: Failure to complete critical 

tasks on time can delay project. 

8 7 4 224  Begin early and distribute additional time for 

critical tasks 

Stakeholders: Failure to satisfy stakeholders’ 

objectives. 

8 5 3 120 Justify solution by achieving stakeholder's 

feasible objectives. 

Background Information: Risk of not finding 

enough research done on contrails. 

6 5 4 120 Work with what we have and make sensible 

estimations. 

Simulation: Simulation is very complex and 

requires integration of different models; risk to 

finish coding 

7 4 3 84 Prioritize coding-based models, reach out to 

CS professors for framework guidance 

Communication with Sponsor: Risk of not 

getting correct data from Sponsor 

6 2 2 24 Early and well documented communication 

with the sponsor.   
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Severity (S): 1 (least severe) - 10 (most severe) 

Likelihood (L): 1 (less likely to occur) – (10 almost certain to occur) 

Detection (D): 1 (easy to detect) - 10 (hard to detect) 

 

 

 

10.0 Conclusion 

 

 After testing four months of simulated flight paths, there is sufficient evidence to prove 

that flying routes that reduce net RF while remaining fuel-efficient is not only possible, but 

feasible for airlines. On average, there was an 85% decrease in net RF when comparing flight 

paths with most optimal altitude with least optimal altitude. Flying only 4,000 feet lower along 

this path could mean 94% lower net RF due to air travel on average. In addition, the lower FL 

310 had a lower variance in contrail RF as compared to the FL 350 baseline. As aircraft engines 

become more efficient, contrail mitigation will become a much larger aviation related 

environmental factor. With expansion of this research to the national level comes an opportunity 

to design a more environmentally sustainable national airspace.  Controptimal’s custom built 

simulation design has commercial promise for airlines that are attempting to market to 

environmentally conscious customers. 
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Appendix A 

 

 

 

 

 Aviation Net RF 2015 (W/m^-2) Aviation Net RF 2050 (W/m^-
2) 

Scenario 1 0.114 0.193 

Scenario 2 0.114 0.192 

Scenario 3 0.114 0.129 

Scenario 4 0.114 0.28 

Scenario 5 0.103 0.385 

Scenario 6 0.146 0.564 

Scenario 7 0.114 0.275 

  

 

 

 

 

 

 

 

-- Current Projection  

-- Aim for Neutrality   
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Appendix B 

 

Stakeholder:  Goal: Tensions: 

FAA Provide safety,  Enforcing standards that airlines 

won’t like  

Airlines Minimize Operating Costs ie. Profit, 

Short Routes etc.  

Taking longer routes that will result 

in more fuel money 

Citizens  Live in a clean environment 

Low travel cost 

Ticket prices increase 

Congress Make policy to reflect citizens 

wants 

Passing Legislation difficult 
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Appendix C 
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Appendix D 

 

Class 

Numbe

r Element Description 

Component   System Context The system context 

identifies the physical 

context (the 

environment and 

external systems your 

system interacts with) 

enabling you to specify 

the system boundary. 

Function   _Perform System Context 

Functions 

  

OperationalActivity   _Perform Architecture 

Context Functions 

  

Performer   Architecture Context The architecture 

context identifies the 

physical context (the 

environment and 

external systems your 

architecture interacts 

with) enabling you to 

specify the system 

boundary. 
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Requirement D.1 Accept Weather Data The simulation shall 

accept historical 

weather data, Great 

Circle Distance 

lat/long, and deviations 

from Great Circle 

Distance in csv format. 

Requirement D.1.1 Historical Weather Data The simulation shall 

accept weather 

historical weather data 

in csv format. 

Requirement D.1.2 GCD Weather Data The simulation shall 

accept previously 

calculated GCD for 

baseline weather from 

csv format. 

Requirement D.1.3 Deviations The simulation shall 

accept deviations from 

the GCD from csv 

format. 

Requirement D.2 Analyze Outputs The simulation will 

output an tradeoff that 

will analyze net RF, 

time spent if diverted, 

and fuel consumed. 

Requirement D.2.1 Analyze Net RF The simulation will 

output an tradeoff that 

will analyze net RF. 



 

 

 

 

 

73 

Requirement D.2.2 Time Spent The simulation will 

output an tradeoff that 

will factor duration. 

Requirement D.2.3 Fuel Consumption The simulation will 

output an tradeoff that 

will factor the fuel 

consumed. 

Requirement D.3 Testing   

Requirement D.3.1 Test Fuel Burn The system shall be 

able to test  accuracy in 

the fuel burn with a +/- 

5% margin of error. 

Requirement D.3.2 Test Weather The system shall be 

able to test  accuracy in 

the weather model with 

an r^2 value of .7. 

Requirement D.3.3 Test Trajectory The system shall 

ensure that flight times 

are within +/-10% of 

the computed times. 

Requirement D.3.4 Test CO2 The system shall 

ensure that the CO2 

calculations are +/-

10% of computed CO2. 
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Requirement D.3.5 Test Contrail Model The system shall 

ensure that the contrail 

model calculations are 

verifed by other 

models. 

Requirement D.4 Multiple Flights Testing The system shall test at 

least 5 routes at flying 

at different altitudes 

consistently 

throughout the 

duration of the 

simulation. 

Requirement D.4.1 Simulation The system shall 

demonstrate 

capabilities of testing 

multiple flight plans 

over time, and real 

time flight planning for 

contrail optimization. 

Requirement D.4.2 Real-Time The system shall 

demonstrate the 

capability of flight 

planning for contrail 

generation 

optimization in real 

time. 
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Requirement FR.1 Access FP Info The system shall access 

flight location, time, 

weather data, and 

aircraft's trajectory. 

Requirement FR.1.1 Location The system shall access 

flight location at 30km 

intervals when flight is 

at cruising altitude 

(29,000tf-41,000ft). 

Requirement FR.1.2 Time The system shall have 

access to local flight 

time. 

Requirement FR.1.3 Weather The system shall access 

local weather at 

cruising altitude at 30 

km intervals when 

flight is at cruising 

altitude (29,000tf-

41,000ft). 

Requirement FR.1.4 Trajectory The system shall access 

flight aircraft's 

trajectory. 

Requirement FR.2 Compute The system shall 

compute fuel burn, 

CO2 emissions, 

contrail persistence, 

contrail spreading, and 

radiative forcing. 
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Requirement FR.2.1 Fuel Burn The system shall 

compute fuel burn. 

Requirement FR.2.2 CO2 Emissions The system shall 

compute CO2 

emissions. 

Requirement FR.2.3 Persistence The system shall 

compute contrail 

persistence. 

Requirement FR.2.4 Spreading The system shall 

compute/model 

contrail spreading. 

Requirement FR.2.5 Radiative Forcing The system shall 

compute/model the 

radiative forcing. 

Requirement FR.3 Provide The system shall 

provide user with 

tradeoff analysis, and 

cost breakdown. 

Requirement FR.3.1 Tradeoff Analysis The system shall 

provide user with 

tradeoff analysis when 

prompted for the extra 

information. 

Requirement FR.3.2 Cost Breakdown The system shall 

provide user with cost 

breakdown of 

alternatives. 
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Requirement FR.4 Recommend The system shall 

provide users with a 

recommendation as to 

whether or not to 

divert and if so, the 

system shall give 

ATCers a new cruising 

altitude. 

Requirement FR.4.1 Diversion The system shall 

provide users with a 

recommendation as to 

whether or not to 

divert. 

Requirement FR.4.2 Altitude Change The system shall 

provide users with a 

recommendation (if 

diverted) for a new 

cruising altitude. 

Requirement M.1 Inform The system shall 

inform dispatch if 

plane will pass through 

an ISSR. 

Requirement M.1.1 ISSR Presence The system will create 

a new flight path based 

on optimized radiative 

forcing. 
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Requirement M.2 M.2 Update FP The system will 

provide an updated 

flight plan that will 

include 

recommendations to 

divert from original 

route or stay at 

planned altitude. 

Requirement M.2.1 Factor CO2 The system shall factor 

for environmental 

impacts including 

CO2. 

Requirement M.2.2 Factor Net RF The system shall factor 

for environmental 

impacts including net 

RF. 

Requirement M.2.3 Factor Fuel Burn The system shall factor 

for environmental 

impacts including fuel 

burn. 

Requirement NF.1 Completion The system shall be 

ready for use in stand-

alone mode and have a 

plan for integration no 

later than May 1, 2017. 

Requirement NF.1.1 Stand-Alone The system shall be 

ready for use in stand-

alone mode by May 1, 
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2017. 

Requirement NF.1.2 Integration The system shall have a 

plan for integration by 

May 1, 2017. 

Requirement NF.2 NF.2 Compliance: 

Operations 

The system shall 

comply with the Code 

of Federal Regulation, 

Title 14, Part 91-- 

Subpart A: General 

Operating and Flight 

Rules, §91.3 and 

§91.16(a) §91.103, 

§91.133. 

Requirement NF.2.1 Authority The system shall 

comply with the Code 

of Federal Regulation, 

Title 14, Part 91-- 

General Operating and 

Flight Rules, 

§91.3(Responsibility 

and Authority of the 

Pilots in Control) 
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Requirement NF.2.2 Navigation The system shall 

comply with the Code 

of Federal Regulation, 

Title 14, Part 91-- 

General Operating and 

Flight Rules, §91.13(a) 

(Aircraft Operations 

for the Purpose of 

Navigation) 

Requirement NF.3 Compliance: Flight Rules The system shall 

comply with the Code 

of Federal Regulation, 

Title 14, Part 91-- 

Subpart B: Flight 

Rules, §91.103 (a),  

§91.111(a), §91.119, 

and §91.133. 

Requirement NF.3.1 Pre-Flight Action The system shall 

comply with the Code 

of Federal Regulation, 

Title 14, Part 91-- 

Flight Rules, §91.103 

(Preflight Action) 

Requirement NF.3.2 Aircraft Proximity The system shall 

comply with the Code 

of Federal Regulation, 

Title 14, Part 91-- 

Flight Rules, §91.111 

(Operating Near Other 
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Aircraft) 

Requirement NF.3.3 Safety Altitudes The system shall 

comply with the Code 

of Federal Regulation, 

Title 14, Part 91-- 

Flight Rules, §91.119 

(Minimum Safe 

Altitudes) 

Requirement NF.3.4 Prohibited Areas The system shall 

comply with the Code 

of Federal Regulation, 

Title 14, Part 91-- 

General Operating and 

Flight Rules, §91.133 

Requirement   All Reqs   

Requirement   Design Requirements   

Requirement   Functional Requirements   

Requirement   Mission Reqs   

Requirement   Non-Functional   

Requirement   Test RF   
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Requirement   VerificationRequirement_0

01 

  

State   _Exhibit Architecture 

Context States 

  

State   _Exhibit System Context 

States 

  

VerificationRequireme

nt 

D.1 Testing The system shall test 

the following models: 

fuel burn, weather, 

trajectory, RF and 

CO2, and contrail. 

 

 

 


