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Abstract 

Human-Centered Design of a 3D-Augmented Strategic Weather Management 

System for the Aviation Community 

Author: Sébastien Léonce Paul Boulnois 

Advisor: Lucas Stephane, Ph.D. 

Convective weather is one of the main causes of accidents in the National 

Airspace System according to the Federal Aviation Administration. The purpose of 

this research, aligned with current NextGen research efforts, was to determine how 

weather information, presented in 2D and/or 3D, and associated with interaction 

features, could impact airline pilots’ weather-related situation awareness and 

decision-making capabilities. Human-Centered Design principles, along with Design 

Thinking, were used and led to the design of a 3D-Augmented Strategic Weather 

Management System aiming to satisfy this research question. The system is called 

“Onboard Weather Situation Awareness System” (OWSAS) in the scope of this 

research. This dissertation describes the design cycles that were carried out over three 

years, including several knowledge elicitation, participatory design and evaluation 

sessions. The overall results were encouraging. The current OWSAS version is still 

at an early stage of design; further human-in-the-loop simulations and evaluations 
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should be conducted to consolidate the system usability and monitor the evolution of 

pilots’ weather situation awareness and decision-making capabilities. Furthermore, 

the rich and meaningful feedback and feedforward gathered from expert pilots were 

consolidated in a knowledge base obtained through a grounded theory study for 

current and future research. 
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Chapter 1 
Introduction 

This chapter relates to the issue of weather in aviation and its impact on the 

safety, efficiency and comfort during flights. Aviation weather facts with a highlight 

on convective weather are introduced. Also, weather-related commercial airplane 

accidents are described to show that human factors such as situation awareness and 

decision-making are often involved. Finally, the problem statement that will drive 

this dissertation is defined. 

1.1 The Issue of Weather in Aviation 

While flying in the atmosphere, pilots have to constantly interact with 

weather. In most situations, weather allows them to conduct their flights safely, 

efficiently and comfortably. However, weather can be an indirect or direct cause of 

delays, incidents or even accidents. Federal Aviation Administration (FAA) statistics 

between 2002 and 2017 show that 67.4% of delays in the National Airspace System 

(NAS) involve weather (FAA Operations & Performance Data, n.d.). In addition, 

also 23% of accidents in the NAS involve weather (app.ntsb.gov - /avdata/Access/, 
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n.d.). One of the primary causes appears to be convective weather along with 

visibility and winds, especially during summer (FAA, n.d.). 

Convective weather is characterized by the vertical transport of moist air. 

Clouds form because the moist air condenses as it rises and cools down; 

thunderstorms (i.e. rain showers associated with thunder) can often result from this 

process. Table 1 provides an overview of the main categories of thunderstorms along 

with their life cycle and associated hazards. Single-cell thunderstorms are not usually 

a threat for pilots unless appropriate environmental conditions lead to microbursts. 

Moreover, the accumulation of several cells forming more complex systems can be 

critical, especially when convective buoyancy and vertical wind shear are present in 

the atmosphere. These phenomena can cause visibility issues, hail, strong winds 

(updrafts, downdrafts) and even tornadoes. The forces can even exceed the structural 

limitations of the aircraft (Aircraft Owners and Pilots Association, 2008). The 

National Severe Storms Laboratory (NSSL) indicates that “there are about 100,000 

thunderstorms each year in the U.S. alone” and that “about 10% of these reach severe 

levels” (National Severe Storm Laboratory, n.d.). 
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Table 1. Types of thunderstorms, lifetime and associated hazards. Adapted from (National 
Severe Storm Laboratory, n.d.). 

Type Lifetime Associated hazards 

Single-cell 20-30 minutes Brief heavy rain and lightning, 
microbursts 

Multi-cell Up to many hours Hail, strong winds, brief tornadoes, 
and/or flooding 

Squall line As long as new cells 
form 

Heavy rain, hail, frequent lightning, 
strong, straight line winds, and 
possibly tornadoes and waterspouts 

Supercell More than one hour Large and violent tornadoes 

1.2 Weather-Related Commercial Aviation Accidents 

Several commercial accident reports relate to convective weather and 

associated hazards. A combination of human-related factors among others (e.g., 

situation awareness, shared situation awareness, decision-making), are often 

associated with weather. A few commercial airplane accidents are presented to 

demonstrate the link between convective weather and these human factors. 

In 2005, an Airbus A340-313 (Air France flight 358) attempted to land in 

Toronto, Ontario, and experienced a severe thunderstorm, although the crew was 

aware of deteriorating weather (i.e. via arrival weather forecast, weather-related 

delays reports while approaching Toronto, pilots report, onboard weather radar) 

(Transportation Safety Board of Canada, 2005). The report refers to decision-making 
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issues although “fairness to the individual and the advancement of transportation 

safety require that the actions of the pilots be understood within the context in which 

they were operating at the time”. The crew made the decision to land despite the 

deteriorating weather and therefore focused on their landing-related tasks. 

Consequently, due to the workload involved, they missed additional cues that could 

have changed their mind. The airplane stopped in a ravine and a total of two crew 

members and ten passengers were seriously injured. 

In 2006, a Boeing 737-200 (ADC Airlines Flight 53) took off in known 

adverse weather conditions (i.e. wind shear) from Abuja, Nigeria, and crashed a few 

minutes after in a nearby village (Accident Investigation Bureau, 2008). Four crew 

members and 92 passengers were fatally injured; one crew member and one 

passenger were seriously injured, and seven passengers suffered minor to no injuries. 

The report relates to the inadequate decision-making to take off within adverse 

weather events combined with a lack of training for stall recovery. 

In 2009, a Boeing 737-800 (American Airlines Flight AA331) landed on a 

wet runway due to heavy rain at Norman Manley International Airport, Kingston, 

Jamaica. The airplane overran the end of the runway and was destroyed after it 

collided with the sand dunes and rocks between the road and the waterline of the 

Caribbean Sea. 134 passengers suffered minor to no injuries and 14 were seriously 

injured (although it was not life-threatening) (Jamaica Civil Aviation Authority, 
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2014).  The conclusion of the report mainly highlights a lack of ground-air 

communication and crew’s situation awareness during the descent phase: “the flight 

crew’s lack of awareness of the dangers of a tailwind landing on a wet runway and 

the Approach controller not offering the RNAV (GPS) Rwy 30 approach as an option 

when the wind exceeded the limit for designating 12 as the active runway”. 

The three accidents described above show that human factors such as 

situation awareness, shared situation awareness and decision-making associated to 

weather as an environmental factor can lead to fatal instances. Also, it has to be noted 

that pilots’ situation awareness and decision-making capabilities are subjective and 

influenced by their personal motivation, training and skills. 

1.3 Problem Statement 

Pilots cannot change the weather; they have to cope with it. Weather, 

specifically convective weather, is very challenging, because of its associated 

hazards (e.g. wind shears, turbulences, hail). Moreover, several discussions with 

expert pilots suggest that its vertical characteristic is not very well understood 

because of the lack of weather-related knowledge and skills that pilots acquire during 

their training process. In addition, current operational ground-air technologies and 

services limit pilots’ weather-related situation awareness and decision-making 

capabilities, sometimes leading to deadly accidents as mentioned above. 
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In Chapter 2, the author focuses on research and development aiming to 

support the NAS users in managing weather. It includes the NextGen weather 

program, advanced/recent ground and aerial weather displays, and fundamental 

research related to the use of 2D and 3D to represent weather. 
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Chapter 2 
Foundations for Research 

This chapter describes the numerous weather-related efforts that have been 

and are being conducted to improve the safety, efficiency and comfort of flights. The 

NextGen weather program is introduced along with related weather products. 

Research and development regarding ground and aerial weather systems are 

presented. In addition, fundamental research concerning 2D and 3D visualization is 

reviewed. Finally, the research question is defined. 

2.1 Weather-Related NextGen Efforts 

In 2012, the FAA started modernizing the NAS with NextGen and has been 

slowly upgrading its infrastructure with state-of-the-art technology and equipment. 

The main goals behind this project are to improve strategic air traffic management, 

and shared situation awareness and decision-making capabilities that the NAS users 

(e.g. pilots, controllers, dispatchers) are involved in. 

Among its several programs, NextGen Weather consists of designing and 

developing enhanced aviation weather products to support tactical and strategic air 

traffic management during weather events. Novelties include (1) the NextGen 

Weather Processor (NWP) that combines weather sensors and models’ information 
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to provide NAS users with an improved weather picture; (2) the Aviation Weather 

Display (AWD) that is a part of the NWP and improves weather information 

consistency and representation of current systems for en route and terminal users; (3) 

Common Support Services (CSS-Wx) and (4) System Wide Information 

Management (SWIM) that collect, organize and disseminate weather information to 

NAS users and allow for improved shared weather situation awareness. These 

products are being integrated within the NAS as shown in Figure 1. Additional 

research efforts are presented in the next section. 

 

 
Figure 1. NextGen weather architecture (FAA, n.d.). 
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2.2 Weather Information Visualization Research Efforts 

Several academic and industrial research efforts related weather information 

visualization for NAS users (e.g. meteorologists, air traffic controllers, pilots) have 

been carried out and offer diverse interesting systems. Some of them focus more on 

the ability to provide meaningful weather information via a combination of sources 

and numerical models than the way the information is presented (Megenhardt, 

Mueller, Trier, Ahijevych, & Rehak, 2004; Klingle-Wilson & Evans, 2005). Other 

systems focus on both weather information and representations. Only the latter 

systems are presented below. In addition, some of these systems are intended for 

ground services (e.g. air traffic control) and allow for weather-related planning tasks. 

Other systems are mobile and can be used both on the ground and in the cockpit, 

under certain conditions (e.g. available internet connection). These systems allow for 

weather-related planning and navigation tasks. The content-presentation-interaction 

model (Stephane, 2013; 2014) was used to describe these systems. 

2.2.1 Ground Weather Systems 

Cooper & Lange (2004) studied the use of a stereoscopic 3D display (virtual 

reality) for air traffic control (ATC) tasks, aiming to explore the impact of such a 

display on ATC efficiency. The display includes active airplane, flight, airspace 

structures, weather and terrain information. Weather information includes turbulence 
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and icing warning, air pressure and wind speed, and wind velocity. Turbulence and 

icing warnings are represented by translucent colored blocks (respectively blue and 

white) based on the original grid cells and altitude marking zones marking of the 3D 

virtual environment. Air pressure and wind speed are represented by pressure 

isobars. Wind velocity is represented with stream-line segments. Finally, air 

movement is based on an algorithm, line integral convolution (LIC), and is 

represented by haze-like visuals. All these representations are shown in Figure 2. 14 

controllers self-assessed their time response and accuracy on identifying critical 

flight levels in both a 2D scene and the 3D stereoscopic scene of the previous version 

of this system. Both time response and accuracy were better while using the 3D 

scene. 

 

 
Figure 2. Weather representations (Cooper & Lange, 2004). 
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Kraut, et al. (2012) propose StormGen, a software tool that constructs and 

places storm cells in a simulation of the United States airspace environment. 

StormGen also includes morphing functions to enable the visualization of convective 

weather evolution over time. The storm cells can also be used by other simulation 

tools that are useful for Air Traffic Control staff and pilots. Each storm cell is a “3D 

model based on an idealized conceptualization of a typical supercell thunderstorm” 

and uses superimposed colored polygons for representing its intensity (i.e. green for 

low, yellow for medium, red for high) as shown in Figure 3. Once the storm cell is 

built, it can be integrated in a virtual environment. This tool includes several 

interaction capabilities such as pan, tilt and zoom that allow for navigation in this 

environment. 

 

 
Figure 3. Left: 3D model of a storm cell. Right: integration in a virtual environment, and 

interaction capabilities (Kraut, et al., 2012). 
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Helbig, Bilke, Bauer, Böttinger, & Kolditz (2015) developed a visualization 

application that allows for interactive 3D visualization based on many kinds of input 

data, for simulation purposes. For instance, Figure 4 shows rain being rendered as a 

set of 3D shapes based on three data resolutions marked with blue, green and red. 

Interaction capabilities are enabled with the use of the Unity game engine. Several 

interaction devices were tested to manipulate the 3D representations, ranging from a 

mouse and keyboard to virtual reality headsets and gamepad. 

 

 
Figure 4. 3D representation of rain based on three data resolutions (Helbig, Bilke, Bauer, 

Böttinger, & Kolditz, 2015). 
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2.2.2   Aerial Weather Systems 

2.2.2.1 Weather Navigation Systems 

A few aerial weather systems provide weather information and allow for 2D 

and 3D visualization. The University of Toulouse (Ecole Nationale de l’Aviation 

Civile) developed two prototypes of an onboard visualization system for integration 

within navigation displays (Letondal, Zimmerman, Vinot, & Conversy, 2015). Both 

prototypes provide pilots with convective weather information (i.e. via the rapidly 

developing thunderstorms algorithm) coming from satellites that is presented using 

red polygons (Figure 5). The former prototype presents the information via a 2D 

bird’s eye view and a 2D profile view. The latter uses a 2D bird’s eye view and two 

different 3D views: an “axonometric view” and a “perspective view”. In the first 

prototype, pilots can change the heading of the aircraft model with a virtual slider. 

The selected virtual heading highlights weather cells it crosses so pilots can identify 

an ideal trajectory. With the second prototype, pilots are still able to select a virtual 

heading by rotating a Griffin Powermate controller but can also project themselves 

into near future by pressing and rotating it at the same time. 
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Figure 5. Left: 2D visualization. Middle/right: 2D and 3D visualization. (Letondal, 

Zimmerman, Vinot, & Conversy, 2015). 

NASA also worked on a Cockpit Situation Display similar to a navigation 

display (Wu, Luna, & Johnson, 2013). Their approach consists in providing pilots 

with “historical weather information along the flight path” and allowing “pilots to 

visualize this information in a way that will support them in generating their own 

predictions of future weather development”. The system mainly provides weather 

observations coming from the NEXRAD network and includes a few forecast 

algorithms in order to give an overview of near future weather to pilots. The weather 

information is presented via colored polygons (i.e. green, yellow, and red) as shown 

in Figure 6. The system supports both 2D (bird’s eye view) and 3D (exocentric view) 

visualization capabilities. Interaction is provided via 3 sliders for changing the time 

(from -120 minutes to +120 minutes), weather visualization (i.e., possibility to see 
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only red, red and yellow), and the altitude (possibility to choose what altitude you 

want to visualize potential weather events at). 

 

 
Figure 6. 3D weather presentation of the flight deck weather avoidance decision support (Wu, 

Luna, & Johnson, 2013). 

Both Letondal, Zimmerman, Vinot, & Conversy (2015), and Wu, Luna, & 

Johnson (2013) highlight the impact of 3D representations when it comes to “assess 

the height and spread of weather and the ability to plan alternative trajectories”, 

“temporal navigation”, “follow convective cells […] during a dense meteorological 
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activity where cells levels and positions vary rapidly”. However, these systems have 

a common limitation: the interaction media and associated interaction controls used 

limit the full potential of 3D weather representations. Wu, Luna, & Johnson (2013) 

acknowledge that “because of the scale issue, it is probably important that in the 

NextGen Trajectory-Based Operation environment, pilots have access to features 

like panning and zooming so that they have a better indication of when their routes 

will take them within some unacceptable distance to the storms. The ability to pan 

over to weather impacted portions of their trajectory will allow pilots to examine 

them at a much lower scale”. 

Honeywell released an onboard weather radar called IntueVue RDR-4000 

(Figure 7). This system provides pilots with the reflectivity of precipitation intensity 

almost immediately (i.e. time between the signal radar is sent and its return). This 

information is presented to the pilots with a bird’s eye view and a profile view thanks 

to a color code which goes from black (usually no precipitation) to magenta (severe 

precipitation). The range, the tilt and the gain are the main elements pilots can adjust 

when using the system. The range can be modified to get weather information more 

or less far from the aircraft. The tilt allows for getting weather information below 

and above the aircraft flight level, so pilots can somehow build a 3D model of 

weather. Pilots can adjust the gain to filter information as needed. 
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Figure 7. RDR-4000 weather radar display (ExpertAviator, 2007). 

2.2.2.2 Weather Navigation/Planning Systems 

Some systems provide pilots with weather information available all along the 

flight path and its surroundings to allow for weather-related navigation and planning 

tasks.  

The National Center for Atmospheric Research (NCAR) designed and 

implemented such a system (Kessinger, et al., 2015). It includes different kinds of 

weather information such as Cloud Top Height (CTH, Figure 8) and Convective 

Diagnosis Oceanic (CDO) technologies with flight path. This information is 
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presented on a 2D map via a bird’s eye view using colored polygons. Pilots may 

zoom in/out and pan the map to navigate in the environment via buttons. 

 

 
Figure 8. NCAR system (Kessinger, et al., 2015). 

Honeywell released their state-of-the-art tablet-based application “Weather 

Information Service”, intended to improve flight management (Honeywell, n.d.). 

This system provides pilots with strategic weather information such as NEXRAD 

observations and cloud top that are presented via smooth colored polygons (Figure 

9). A bird’s eye view and a profile view are used to present the weather information 
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in 2D. Most of touch-based tablet interaction controls (e.g. zoom in/out, drag, tap) 

are available so pilots can easily use system. 

 

 
Figure 9. Honeywell weather information service. 

ForeFlight, a potential competitor, is probably the best flight management 

application available in the current market and allows for various features such as 

flight planning, weather information visualization or flight plan filing integrated 

altogether with similar representation and interaction features. 
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The weather systems described above used several visualization techniques 

including 2D and 3D. In the next section, the author describes fundamental research 

that has been carried out regarding 2D and 3D visualization techniques.  

2.3 2D vs. 3D Visualization 

Weather, specifically convective weather, is a phenomenon that builds over 

time across the three axes of space. Based on this fact, it would seem obvious to 

represent weather information (i.e. shape, volume) in 3D to better understand how it 

evolves in space over time. In addition, pilots fly airplanes in a 3D space (i.e. latitude, 

longitude, altitude) via pitch, roll, and yaw commands. Consequently, it would seem 

that the integration of weather and airplane information altogether would fit better if 

represented in 3D. However, the literature shows that it is not always the case, and 

that the dimensionality to use, along with other factors, is task-dependent. 

For decades, several researchers have looked at 2D and 3D information 

visualization advantages and limitations for various tasks, including aviation tasks, 

combined with different interaction capabilities. 

Haskell & Wickens (1993) conducted a study related to the design of displays 

for aviation navigation and avoidance tasks. Several attributes were evaluated (i.e. 

flight control accuracy, pilot judgment, pilots’ control strategies, and workload). 

Overall, the authors stated that “for a three-dimensional, spatial, dynamic task, a 
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three-dimensional perspective display is a viable and possibly preferable design 

alternative to an array of planar instruments”. They also stated that this claim “is true 

whenever the tasks to be performed using the display are integrated three-

dimensionally or whenever the method of performing the task with the display bears 

a strong resemblance to a similar task performed without the display”. This makes 

sense in the context of tasks related to actual flight or weather since pilots fly and see 

weather in 3D.  

Wickens (1999) conducted a design study whose goal was to address the 

challenge of display design (i.e. which frame of reference/viewpoint to pick) and 

associated attributes and transformations for three aviation navigation tasks (i.e. 

control, judgement, and checking). For example, the author cites that “empirical 

research has established that an immersed viewpoint for flight path displays is 

superior to both tethered view and to a 2D-coplanar view” because it eliminates a 

spatial transformation and provides a “higher gain of indication of error” that might 

“induce a higher gain control correction”. Among all the viewpoint comparisons 

presented in the study, the one discussing the situation awareness attribute was of 

interest and suggested that “the immersed ego-referenced display does not 

adequately support geographical awareness” because “only a small portion of the 

world can be viewed at one time, and the search through the 360° space may be 

awkward, nonsystematic and nonnatural”. The author also added that “the display 
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was poorly suited for providing global knowledge of where objects were in relation 

to each other”. Finally, “ego-referenced situation awareness questions are better 

supported by a rotating ego-referenced map frame, and world-referenced questions 

are better supported by fixed maps”. 

One year later, the same author published a study describing information 

processing demands (i.e. visual scanning, integration of information, principle of 

pictorial realism, focus attentions, ambiguity, and keyhole), and associated benefits 

and/or costs of display perspectives (i.e. egocentric viewpoint, exocentric viewpoint 

and co-planar viewpoint) for aviation tasks involving travel, situation awareness, 

visual search and precise judgement (Wickens, 2000). The conclusion of this 

research is that no single viewpoint is perfect for all tasks; therefore, one proposed 

solution provides “multiple viewpoints that can be either dedicated or user selectable,  

and can be used for the appropriate task”. 

Smallman, John, Oonk, & Cowen (2001) studied the availability of 

information in both 2D and 3D displays and addressed their respective line of sight 

ambiguity issues. They proposed a solution by providing a combination of three 

variables: (1) format, that is 2D or 3D display, (2) availability of information, that is 

with or without selection, and (3) representation, that is digital or analog. They tested 

all the possible combinations with students who performed a few tasks (e.g. select 

airplane or missiles with a high altitude or pitch). Results showed that with the 
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variables selected and the specific tasks performed, “the 3D display format is actually 

less important than information availability, and that this benefit can be readily 

obtained in well-designed 2D displays”.  

Alexander, Wickens, & Merwin (2005) designed three experiments to 

examine choice of maneuver, flight safety, and mental workload via 3D perspective 

and 2D coplanar cockpit displays tasks related to aircraft navigation. The authors 

explained that the coplanar display “suffered from scanning-related integration” 

while the 3D display “suffered from ambiguity”. In addition, they found out that the 

way information was displayed in 3D might have influenced the action of the pilots.  

Stephane (2006) performed knolwedge elicition sessions with an expert pilot 

for identifying mental operations (e.g. mental rotations, translations, integrations) 

that pilots need to perform during all flight phases in order to integrate 2D 

information from the various cockpit instruments (i.e. primary flight display, 

navigation display, vertical display) into a mental 3D scene. This knoweldge 

elicitation helped to build comparative 2D and 3D mental models and categorize 

visual cues for a 3D synthetic vision display (i.e. Global Awareness Reinforcement 

Display) based on an exocentric view. Indeed, such 3D direct visualization 

instruments seem to facilitate pilots’ situation awareness. However, eye-tracking 

experimental results showed that traditional 2D instruments are still necessary for 
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pilots to gather precise information that is sometimes hard to understand from 3D 

views because of line of sight ambiguities. 

Tory, Kirkpatrick, Atkins, & Moller (2006) reviewed several works regarding 

the benefits of 2D and 3D visualization and cited that “2D views are often used to 

establish precise relationships, whereas 3D views are used to gain a qualitative 

understanding and to present ideas to others”. In addition, she mentioned that “2D 

views can enable analysis of details and precise navigation and distance 

measurements (since only one dimension is ambiguous) whereas 3D views facilitate 

surveying a 3D space, understanding 3D shape, and approximate navigation”. In their 

experiments involving numerous 2D/3D displays (i.e. 3D with shadow, 3D rotated, 

2D, “exovis”, orientation icon) and tasks (i.e. relative positioning, orientation), they 

also showed that, in a generic way, that the use of specific displays was task-

dependent. 

Olmos, Wickens, & Chudy (2009) compared the advantages and limitations 

of three displays (i.e. egocentric viewpoint and small scale global display, exocentric 

viewpoint, and coplanar viewpoint) with a focus on perspective ambiguity and 

attention allocation, on tasks related to aircraft navigation and hazard awareness. 

Two experiments were conducted: the first experiment was intended to reveal 

strengths and weaknesses of each display. Results showed that the coplanar and the 

exocentric displays were less efficient with guidance and navigation. Regarding 
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hazard awareness, both egocentric and exocentric suffered from ambiguity and 

provided poor support in estimating the altitude of traffic. Enhancements/fixes were 

performed for each display based on the results and the second experiment was 

conducted. Results showed that performance was overall improved or did not 

decrease. 

Dübel, Röhlig, Schumann, & Trapp (2014) reviewed characteristics of 2D 

and 3D visualization techniques and presented a systematization of visualization 

techniques based on reference (e.g. map, terrain) and attribute (i.e. elements 

displayed on the reference) spaces, and their dimensionality (i.e. 2D/3D).  For each 

possible combination, the occurrence or absence of attributes such as occlusion or 

distortion were provided. This study provides a good support for the presentation of 

visualization techniques. 

More specifically, 2D and 3D visualization techniques for weather-related 

tasks (e.g. weather avoidance) have also been studied. They are briefly described 

below. 

Boyer (1994) conducted a study to examine the impact of dimensionality and 

the possibility to rotate a frame of reference in a weather avoidance task via four 

displays: 3D rotating, 2D rotating, 3D fixed and 2D fixed. Participants of the 

experiments had to travel to a point in the airspace and avoid weather events. The 

factors that were considered were the distance traveled, weather formations, and 
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situation awareness tasks. Results showed that 2D and rotating displays seem to be 

better for lateral navigation and route planning. In addition, there was no difference 

between the four displays regarding weather formations and situation awareness 

tasks. 

Lim & Johnson (2012) conducted a study to explore the dimensionality effect 

on weather avoidance. Three displays were used: 2D toggle display, 3D toggle 

display, and a 3D flexible display with a continuously controllable viewpoint. Two 

weather events were considered: convection and turbulences. 21 airline pilots 

participated to the study and had to modify their route in order to avoid weather and 

also traffic as efficiently and safely as possible. Overall, findings showed that the use 

of the 2D display was better for the task performed. In addition, the study revealed 

that using a controllable viewpoint almost removed the cost of ambiguity when using 

the 3D display and “outperformed the 2D toggle display for safety for the most 

critical measure, as it resulted in fewer weather penetrations”. Finally, the authors 

note that 2D and 3D displays have advantages and limitations depending on weather 

phenomena displayed. 

Morales, et al. (2012) tested the efficiency of weather avoidance tasks using 

a display representing 3D NEXRAD or airborne weather radar information, and 

traffic information. The display also integrated a feature for assessing the flight route 

and modifying it via a user interface. One of the tasks involved convective weather 
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avoidance. Results showed that participants (i.e. seven, including four airline pilots) 

“began maneuvering around weather sooner, reached the other side of the weather 

faster, and required fewer flight plan changes” although the information presented 

was static. According to this study, 3D NEXRAD information seems to allow for 

strategic weather management. 

2.4 OWSAS-1 and OWSAS-2 

The work presented in this dissertation (i.e. Chapter 4) relates to the design 

of a weather information system aiming to support pilots’ weather-related situation 

awareness and decision-making capabilities. The version of the system is based on 

previous prototypes that are described below using the content-interaction-

presentation model (Stephane, 2013; 2014). 

The design of an Onboard Weather Situation Awareness System (OWSAS) 

was first introduced in 2014, at the Human-Centered Design institute (HCDi) of 

Florida Institute of Technology, as an internship project. A first prototype (i.e. 

OWSAS-1) was developed; this work is presented in (Laurain, Boy, & Stephane, 

2015). The authors concentrated their work on the construction of the 3D weather 

model by representing unsafe weather areas based on archives layers from the 

NEXRAD network (i.e. reflectivity of precipitation intensity) as 3D colored 

cylinders (Figure 10). This information along with flight-path information was 
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integrated altogether in Google Earth. A horizontal flight-path modification feature 

was also added and consisted of providing the pilots with alternate routes around 

weather perturbations. In order to test the system’s presentation and interaction 

features, several devices were tested (i.e. Samsung Galaxy Note, iPad Air, Microsoft 

Surface Pro 2) and the Microsoft Surface Pro 2 was finally chosen for the evaluation. 

 

 
Figure 10. OWSAS-1. 

Three scenarios were designed in order to evaluate OWSAS-1. The first 

scenario evaluated the usability of the 3D weather model itself. The two other 

scenarios were designed to evaluate the integrated system in the flight simulator with 
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pilots not flying (pilots monitoring). Seven expert pilots were solicited to be part of 

this evaluation. Results presented in (Laurain, Boy, & Stephane, 2015) are overall 

satisfactory. However, pilots highlighted interaction issues during the experiments, 

mostly related to the use of Google Earth on a Microsoft Surface Pro 2 that required 

the pen and related buttons and taps for basic tasks such as rotating the environment 

or zooming in and out. 

In February 2015, HCDi researchers enhanced OWSAS-1 based on the 

previous evaluation feedback by focusing on interaction issues highlighted by expert 

pilots. This led to the implementation of a new prototype (i.e. OWSAS-2) and 

respective evaluations. This work is presented in (Lang, 2015). Content-wise, two 

elements were modified. First, the NEXRAD network information layers overlay 

was removed to declutter the visual scene (Figure 11). In addition, the horizontal 

flight-path modification feature was enhanced and the possibility to avoid weather 

vertically was also added. Nothing was changed presentation-wise. Finally, the 

system was transferred on an iPad Air to fix interaction issues experienced by pilots 

on the Microsoft Surface with OWSAS-1. 
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Figure 11. OWSAS-2. 

The main purpose of OWSAS-2 evaluation was to test the new interaction 

capabilities of the system. Only pilots solicited for OWSAS-1 evaluations 

participated (for consistency purposes). The visual scene was also evaluated with the 

protocol used in OWSAS-1 evaluations to allow result comparisons. The results are 

presented in (Lang, 2015). The author highlights the fact that “all pilots agreed to 

prefer the second version to the first one, finding it much easier to use.” (i.e. 

OWSAS-2 versus OWSAS-1). In addition, the removal of the NEXRAD network 
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information layers provided more importance to the 3D cylinders and the flight-path 

as relevant cues for decision-making, although “some pilots requested to have the 

ability to switch between the two models (layers and cylinders, and cylinders only)”. 

The work presented in Chapter 4 mainly relates to three new prototypes that 

were built upon OWSAS-1 and OWSAS-2 (Figure 12). Due to the consequent 

number of prototypes developed since the beginning of the project, prototypes have 

been numbered.  

 
Figure 12. Author’s contribution regarding OWSAS prototypes. 
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The term “OWSAS” refers to the system in general; OWSAS followed by a 

number refers to the version of the system (e.g. OWSAS-1, OWSAS-2.2, etc.). 

2.5 Research Question 

The weather systems described and reviewed above use both 2D and 3D 

visualization, combined with numerous viewpoints, to present weather information, 

associated with interaction capabilities. In addition, the literature shows that the 

advantages and weaknesses of visualization techniques depend on (1) the content 

displayed, (2) the dimensionality and the viewpoint used, (3) the interaction features, 

(4) the task to perform (Figure 13). Moreover, each combination of these four factors 

lead to associated tradeoffs. Also, the literature reviewed above ranges from the early 

90s to the current decade and it is important to notice that technology and therefore 

visualization techniques have been evolving at a fast rate. 
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Figure 13. Visualization-related components. 

Based on the results from past studies, and based on the problem statement, 

the research question that emerged is as follows: 

 

How can weather information, presented in 2D and/or 3D, and associated 

interaction features, impact airline pilots’ weather-related situation awareness 

and decision-making capabilities? 
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The next chapter describes the research philosophy, approaches, methods, 

techniques and tools that have been used to design a system that aims to answer this 

research question. 
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Chapter 3 
Research Methodology 

This chapters presents the Human-Centered Design (HCD) paradigm, the 

Design Thinking approach, and the methods that were used to carry out the research 

and the design of OWSAS prototypes. 

3.1 Human-Centered Design 

Human-Centered Design (HCD) is a problem-solving philosophy that 

considers the human perspective throughout the design stages. HCD is aligned with 

Human-Systems Integration (HSI) and also considers the technology that fits best 

the user needs for the design of a system (Booher, 2003). Also, the organizational 

environment, that includes all agents (i.e. human or machine) interacting with the 

people using the system directly, is to be considered for meaningful designs (Boy, 

1998). Boy (2017) proposed the AUTOS pyramid, a framework that supports HCD 

and HSI in modeling situations and stating problems to address them (Figure 14). 

The corners cover five concepts: the Artifact (i.e. the system), the User(s), the 

Task(s), the Organizational environment, and the Situation(s)). The edges describe 

the attributes that link corners with each other. They include ergonomics and training 

procedures (Artifact - User), task/activity analysis (User - Task), role/jobs analysis 
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(Task - Organizational environment), cooperation and coordination (Organizational 

environment - Situation), and usability and usefulness (Situation - Artifact). 

 

 
Figure 14. AUTOS Pyramid. 

HCD is strongly based on participatory and iterative design. Indeed, the 

design of a system often requires working in a multidisciplinary design team, but 

also involving the people that are concerned (directly or indirectly) with the system. 

For example, this research involved the author, his advisor, HCD interns, an 

environmental psychologist, and dozens of expert pilots. In addition, the design of a 

system never ends because it is almost impossible to understand people’s needs, turn 

these needs into design ideas and solutions, and build a perfect prototype that does 

not require corrections after testing sessions. Most of the time, the issue that creates 

User

Artifact Situation

OrganizationTask

Social issues

Coo
pe

rat
ion

Coo
rdi

na
tio

n

Usability
Usefulness

Information requirements

Technological requirements

Task analysis

Activity analysis

Evolution

Emergence

Role and job analyses

Situated actions

Situation 

Awareness
Er

go
no

m
ics

 

Tr
ain

ing
 (p

ro
ce

du
re

s)



37 
 

 

a purpose for such design is so complex than it requires progressive design steps. 

Therefore, one solution is to break down the design of the system into small design 

cycles and validate each design solution step by step through incremental design. In 

this research, the solution (i.e. OWSAS) was articulated with prototypes that 

progressively improved thanks to human-in-the-loop simulations and evaluations, 

and pilots’ feedback. 

Several approaches support HCD based on the advancement of the design 

(e.g. beginning of the design: exploration; prototypes iteration: refinement), and the 

nature of the design (e.g. software, hardware), such as Design Thinking, Agile, and 

Lean (Schneider, 2017). Although these three approaches are linked together (Figure 

15), Design Thinking is used in this work because the author primarily conducts 

exploratory research. In addition, the system proposed is still under development and 

is not considered finalized. The next section describes the Design Thinking stages 

and how they are mapped with the author’s research. 
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Figure 15. Design Thinking, Agile and Lean approaches (Schneider, 2017). 

3.2 Design Thinking 

Design Thinking (DT) is an exploratory approach that supports HCD and 

includes the five following design stages: (1) (re)defining the problem, (2) need-

finding and benchmarking (e.g. understanding the users and their work 

environment), (3) ideating through participatory design, (4) prototyping, and (5) 

testing and evaluating (Meinel & Leifer, 2010). DT reinforces the human-centered 



39 
 

 

paradigm by emphasizing the need to understand domain experts and operators to 

make sure that the best needs and requirements are gathered at the very beginning of 

the design cycle. Theoretically, these five stages represent a design cycle that can be 

incrementally performed in time. However, this is rarely what happens in practice 

because a perfect DT cycle requires expertise and meticulous planning skills for each 

design stage (Figure 16). 

 

 
Figure 16. Design Thinking process model - Theory vs. practice (Meinel & Leifer, 2010). 

3.3 Research & Design Methods 

Specific research and design methods have been used and modified in each 

DT stage to match the design philosophy and approach described in this work. The 

author conducted a grounded theory study to better understand the users targeted by 
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OWSAS (i.e. expert pilots) and how they work in their environment. It included 

knowledge elicitation sessions to collect data (e.g. interviews with 15 expert pilots 

were conducted to better understand how they build weather situation awareness to 

make weather-related decisions), selective coding sessions for organizing and 

filtering data, and data presentation. The knowledge elicitation sessions were also 

used to gather and generate design requirements or to validate design options. Open 

discussions were conducted during OWSAS evaluation sessions and provided 

system design recommendations for next OWSAS prototypes. These methods relate 

to the DT need-finding stage. 

Participatory design sessions were conducted by the design team members to 

turn design requirements into design solutions (i.e. DT ideation stage). Design team 

meetings were performed to discuss interview findings (including emerging 

concepts) and to refine the interview guideline; they were also performed to create 

and refine design solutions, and to discuss feature issues during the prototyping stage. 

A focus group was also conducted with two expert pilots to pre-validate design 

solutions. 

Three prototypes of OWSAS were developed on an iPad (DT Prototyping 

stage). The first prototype, OWSAS-3.1, consisted of testing a new architecture, 

enabling dynamic and interactive visual scene objects. The second prototype, 

OWSAS-3.2, considered results and pilots’ feedback from OWSAS-2 and OWSAS-
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3.1 evaluations. OWSAS-3.3 considered results and pilots’ feedback from OWSAS-

3.2 evaluation. In addition, this version was restructured; several iOS design patterns 

(Buck & Yacktman, 2009) were included in OWSAS to allow future developers to 

better understand the structure of the code and how the prototype works. 

Four evaluations were conducted to respectively assess OWSAS-2, OWSAS-

3.1, OWSAS-3.2, and OWSAS-3.3. The first evaluation was to determine what kind 

of alternative interaction devices would make OWSAS-2 easier to use in case of 

turbulences. Task completion times were recorded for three input devices with one 

expert pilot. OWSAS-3.1 features potential was evaluated by the author and 

consisted of testing features of the new architecture of OWSAS during the 

prototyping phase. The third evaluation targeted the assessment of OWSAS-3.2 

usability, along with pilots’ situation awareness and workload. OWSAS-3.2 was 

evaluated standalone with three airline pilots and two private pilots. OWSAS-3.3 

experiments consisted of evaluating pilots’ weather-related situation awareness and 

decision-making with and without the system in a Boeing 737-800 cockpit simulator. 

3.3.1  Grounded Theory Study 

In qualitative research, several approaches are available for inquiry, such as 

narrative, phenomenological, grounded theory, ethnography, or case study research 
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(Creswell & Poth, 2017). In this dissertation, the author chose to conduct a grounded 

theory study; the process is described in Figure 17. 

 

 
Figure 17. Procedures for conducting grounded theory research (Creswell & Poth, 2017). 

Rationale for Grounded Theory Research. The main goal of the DT need-finding 

stage was to understand how expert pilots manage weather during a flight. Therefore, 

the grounded theory study is appropriate because it focuses on generating a theory 
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based on how the target participants experienced the process of interest (i.e. manage 

weather). 

Research Positionality. A constructivist approach was used in this grounded theory 

study (Charmaz, 2006). The author believes that context plays an important role in 

the collection of data and that multiple perspectives of what is being studied can be 

captured. Moreover, aviation weather is a new domain that the author seeks to better 

understand. Consequently, the aim was to collect rich data to seek tacit meanings. In 

addition, it is believed that the process and methods used for collecting data are 

emergent and continuously being improved as the understanding of what is being 

studied increases. 

Data Analysis and Representation. Creswell (2017) recommends a three-step 

framework for analyzing and representing the data: (1) organizing the data (e.g. via 

knowledge elicitation sessions and transcription), (2) reducing data into themes (e.g. 

via selective coding sessions) and (3) representing the data (e.g. via figures, tables, 

or discussion). This process is described in detail below. 
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3.3.1.1 Knowledge Elicitation Sessions 

Knowledge elicitation sessions have been conducted to understand how 

expert pilots manage weather during a flight (i.e. from days before the flight to 

landing) from a pilot’s perspective. The way expert pilots deal with weather was 

generally defined as a function of operational ground-air technologies and services 

availabilities, capabilities and usefulness. Therefore, the central question was defined 

as follows:  

 

How do pilots build weather situation awareness to make weather-related 

decisions? 

 

Sub-questions for understanding how expert pilots get weather situation 

awareness to make weather-related decisions have been stated as the following: 

  
1. What operational ground-air technologies and services are available and 

used by the pilots to build weather situation awareness and make weather-

related decisions? 

2. What are the advantages and limitations of these technology and services? 

3. What are the scenarios where these technologies and services limit their 

weather situation awareness and decision-making capabilities? 
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4. How do pilots, dispatchers and air traffic controllers work together to 

manage weather? 

5. What weather phenomena are pilots the most concerned of, and why? 

6. Would 3D weather visualization be beneficial to pilots onboard? Why? 

 

Several kinds of interviews can be used to elicit knowledge based on the 

designer’s goals: structured interviews, unstructured interviews, and semi-structured 

interviews (Cooke, 1994; McLellan, MacQueen, & Neidig, 2003; Doody & Noonan, 

2013).  

Structured interviews may be used within explanatory design, when the 

interviewer has already done some research on the subject that is being studied and 

has a clear understanding of the related concepts or processes, and often include 

specific, ordered questions, supported by a questionnaire. Each participant is asked 

the same questions in the same order.  While this order makes the analysis process 

quite easy, potential questions that might emerge from the exercise are not retained 

and therefore do not enhance the initial questionnaire. 

Unstructured interviews may be used within exploratory design when the 

interviewer wants to understand a subject of interest that has not been studied before. 

These interviews are generally free form and start with a basic question or theme. 

Additional questions are asked based on the participants’ answers. This type of 
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interview allows for exploring an area of interest and for collecting very rich data. 

However, the resulting analysis process is often tough and requires a lot of patience 

and rigor. 

Finally, semi-structured interviews are positioned in between the two first 

types of interviews. The interviewer has a set of questions that are generally open-

ended and can lead to emerging questions that were not considered when the 

questionnaire was first designed. In this research, such interviews were conducted 

and are described below. 

Sampling Strategy. The sampling was initially based on two main criteria to form a 

homogenous group: (1) own an Air Transport Pilot (ATP) license and (2) have flown 

for at least 1000 hours as an ATP. A total of 15 expert pilots have been interviewed 

and are profiled in Table 7 (Appendix A). 

Interview. One-on-one semi-structured interviews were performed. They were 

composed of two main phases based on Cooke (1994), Hoffman (1995), Doody & 

Noonan (2013), and Shadbolt & Smart (2015). The first phase was aligned with a 

forward scenario simulation perspective including sub-questions 1. and 2. (i.e., sub-

questions 1. and 2. were asked in different contexts such as at the airport gate, in the 

cockpit before take-off, etc.) The second part of the interview was less structured and 
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included sub-questions 3. to 5-6. A few exploratory questions were also included 

(e.g. weather training) as well as questions that emerged during the interviewing 

process. 

Interview Guide. A guide was designed to structure the interview. It started with 

presenting the interviewer and the project. The interviewee was then asked to read 

the informed consent form in order to continue the interview. The interviewee was 

then asked to present her/his aviation background (e.g. license(s), main airplane(s) 

flown, type of flights, flight hours). The interviewer then stated that any additional 

remarks or experiences were welcomed at any time during the interview. Then, sub-

questions 1. to 5. along with other questions were asked to the expert pilots. The 

interview guide was not pre-tested with expert pilots. However, it was incrementally 

improved thanks to the cognitive and physical feedback of the participants (e.g. signs 

of misunderstanding, need for rephrasing certain questions) and concepts that 

emerged during the interviews.  

Interview Materials. Face-to-face interviews (or teleconference interviews) were 

performed and took place in a quiet and private research room. Face-to-face 

interviews data was recorded thanks to video cameras. Teleconference interviews 

data was audio/screen recorded. 
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Timeline. The interviews were performed over a one-year range due to pilots’ 

availability and schedule constraints. 

Interview Transcription. Interview recordings were verbatim-transcribed (Poland, 

1995). If an excerpt was difficult to understand, after a few back-and-forth actions, 

the “[?]” code was inserted. In addition, a set of additional codes were used and 

integrated in the transcripts to inform reactions of the interviewer and the interviewee 

(e.g. participant/researcher hesitating: “[hesitates]”, interviewer/interviewee 

laughing: “[laughs]”). 

3.3.1.2 Selective Coding Sessions and Presentation of the 
Results 

Two selective coding sessions were performed in this research to reduce data 

into themes and allowed for validating design options (from OWSAS previous 

prototypes) and finding pilots’ needs (Figure 18). The details of these sessions and 

associated results are respectively presented in sections 4.4 and 4.6. 
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Figure 18. Selective coding sessions timeline.  

3.3.2  Open Feedback and Feedforward 

Open feedback and feedforward discussions were performed with the 

participants at the end of OWSAS evaluations to respectively validate design 

solutions and gather data related to general user experience, discuss emerging 

behaviors that occurred when they used the prototype, and to improve OWSAS in 

general (Figure 19). 

Selective coding 1 
4 expert pilots

Selective coding 2 
15 expert pilots

OWSAS-3.1
OWSAS-3.2 OWSAS-3.3
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Figure 19. Discussion with an expert pilot after OWSAS-3.3 evaluation. 

3.3.3   Participatory Design 

The design of OWSAS prototypes involved the participation of several 

people the author, two interns, and an environmental psychologist all under the 

academic supervision of the researcher’s advisor. 

Design team meetings were conducted to debrief the first interviews and to 

refine the questionnaire as well as the interview guide. Another design team meeting 

was carried out for generating OWSAS-3.2 representation solutions and discuss 

potential associated technical issues. 
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A focus group was conducted with the design team and two expert pilots 

(Figure 20) to discuss OWSAS-3.2 weather representations solutions that were 

generated and pre-validate the best design option. 

 

 
Figure 20. Focus group with the design team and two expert pilots. 

3.3.4   Design Rationale 

The use of the DT approach suggests that design requirements and ideas 

collected during the need-finding stage are turned into design solutions during the 

ideation stage. Very often, it is the designer’s decision to pick the solution(s) that 

will be implemented based on a thinking process. The Question-Option-Criteria 

(QOC) method was used several in this work to illustrate this decision process 
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(MacLean, Young, Bellotti, & Moran, 1991). Figure 21 shows an example of a QOC 

related to the design rationale of an ATM machine. The questions represent the 

design issues; the options represent potential and possible design solutions; the 

criteria compare and assess each option. Strong lines are used to link questions with 

options. Dashed lines are used to link questions to related emerging questions (i.e. 

sub-questions). Options are positively linked with criteria with strong lines and 

negatively linked with dashed lines. 

 

 
Figure 21. QOC related to the design of an ATM machine (MacLean, Young, Bellotti, & 

Moran, 1991). 

This design rationale technique was used for rationalizing OWSAS-3.2, and 

OWSAS-3.3 design components (Figure 22). 
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Figure 22. Simplified version of the QOC method for the representation of the reflectivity of 

precipitation intensity in OWSAS-3.2. 

3.3.5   Prototyping 

Design ideas and concepts can be sometimes very difficult to share within a 

design team. People tend to draw schemes or pictures because it is fast and more 

tangible for the others. Prototyping is aligned on this idea and consists of making 

these concepts and ideas turn into prototypes that you can then share and discuss with 

your team and especially with the end users. 

In this dissertation, three OWSAS prototypes (OWSAS-3.1, OWSAS-3.2, 

and OWSAS-3.3) were developed with various levels of fidelity. Each prototype 

includes specific features that were incrementally tested with expert pilots. OWSAS 

prototypes were designed and tested on a tablet for testing-commodity reasons. 

Current commercial tablets are broadly used and therefore eliminate a large part of 

usability issues. In addition, they have a big advantage at design time because they 

are easily programmable and consequently provide large flexibility for incremental 
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modifications. This is consistent with the agile development approach, which 

consists of incremental design and formative evaluations of prototypes toward 

satisfactory solutions (Boy, 2016; Chatty, et al., 2016). 

 

 
Figure 23. OWSAS prototypes. 

OWSAS-3.1

OWSAS-3.2

OWSAS-3.3
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3.3.6   Iterative Design and Evaluation Process 

Each prototype designed by the author was evaluated (Figure 24). The results 

from each evaluation were considered for the next design iteration. In addition, the 

sequence of evaluations increased progressively the level of human-systems 

integration. OWSAS-3.1 evaluation was conducted internally by the author to pre-

validate the prototype features; OWSAS-3.2 evaluation was conducted standalone, 

with expert and less experienced pilots; OWSAS-3.3 evaluation was conducted with 

expert pilots in a Boeing 737-800 cockpit simulator (Figure 25). The design and 

evaluation methods as well as the experimental design will be detailed in Chapter 4. 

 

 
Figure 24. Design iterations along with evaluations. 

OWSAS-3.1 OWSAS-3.3OWSAS-3.2

Evaluation Evaluation Evaluation
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Evaluation
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Previous work Contribution
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Figure 25. Boeing 737-800 cockpit simulator. 
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Chapter 4 
Design Thinking Cycles 

The work presented below was based on the DT approach. Theoretically, DT 

is presented as linear. In practice, it often happens in a scrambled mode (Meinel & 

Leifer, 2010). Table 8 (Appendix B) and Figure 26 illustrate this mode and what has 

been done in practice during the current research (Boulnois & Stephane, 2018). 

 

 
Figure 26. Scrambled DT process in the current research. 
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4.1 Evaluation of Interaction Devices Based on OWSAS-2 

OWSAS prototypes were developed on tablets for flexibility reasons and 

therefore relied on touchscreen-based interactions controls (e.g. touch, pinch out/in). 

However, such configuration might be an issue onboard, especially when the airplane 

encounters turbulence. A preliminary study was conducted to explore the capabilities 

of various interaction devices for 3D navigation and visualization. 

Participants. One expert pilot (i.e. airline pilot, 12,000 hours of flight) participated 

to the study. 

Task. The task was composed of two parts and was based on three locations as shown 

in Figure 27. The participant was first positioned at Fort Lauderdale Hollywood 

airport KFLL (location 1). He was then asked to navigate in the virtual environment 

to reach the convective cell (point 2) and inspect it by turning around it. Finally, he 

was asked to reach Melbourne International airport KMLB (point 3). 
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Figure 27. Task description visualization for the input device study. 

Evaluation methods. Two criteria were evaluated during the study: the performance 

time and the ease of navigation. The latter criterion was subjective and was elicited 

when the participant was done with each related input device. 

Equipment. A computer was used to display the content of OWSAS-2 (based on 

Google Earth). Three input devices (i.e. the SpaceMouse, the Leap Motion, and the 

Myo armband controllers) were chosen to perform the task (Figure 28).  
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The SpaceMouse controller has a 6-degrees-of-freedom sensor that allows 

the user to push, pull, twist or tilt and respectively allows for pan, zoom, and rotation 

capabilities in a 3D environment (3DConnexion, n.d.).  

The Leap Motion controller is a hand-tracking device that is able to recreate 

hand gestures (Leap Motion, n.d.). The user places one hand above the device and 

can go forward, backward, to the left, to the right, up, and down to recreate these 

movements in Google Earth. The user may also incline the hand up or down to rotate 

forward and backward in the virtual environment. 

Finally, the Myo armband controller combines an EMG sensor with a Highly 

sensitive nine-axis IMU containing three-axis gyroscope, three-axis accelerometer, 

and three-axis magnetometer to offer gestures and motion showed in Figure 29 (Myo, 

n.d.). 

 

 
Figure 28. From left to right: SpaceMouse, Leap motion, Myo armband controllers. 
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Figure 29. Myo armband gestures and motion capabilities. 

Procedures. The pilot was welcomed and seated in front of the computer. The task 

was presented to him. Then, the input devices were introduced one by one. Each 

input device was presented to the pilot and a training session was followed in Google 

Earth, without the weather and flight information. Finally, the pilot was asked to 

perform the task. At the end of the activity, questions related to the pilots’ feelings 

and ease of navigation when interacting with each device was asked. 

 

Results. The performance time and the pilot’s feedback for each input device is listed 

in Table 2. 

The pilot achieved the task in three minutes and 20 seconds with the 

SpaceMouse controller and liked it very much. He mentioned that it was “a great 

tool” and that the “interaction was intuitive”.  

The Leap Motion Controller was the input device that the pilot was the most 

efficient with. The task was performed in two minutes and 30 seconds. The pilot 

himself was very surprised of his performance. He qualified the controller as a “very 

intuitive” tool and “fast to take in hand”.  



62 
 

 

Finally, the pilot decided to abandon the task after 17 minutes and 30 seconds 

with the Myo armband. He got very frustrated and qualified the tool as “terrible” and 

“not intuitive at all” (for this particular task).  

Indeed, the armband was not very responsive to the commands sent by the 

pilot. However, he ended up balancing his feedback by telling the researcher that his 

right forearm muscles were weakened due to surgery. Obviously, further tests would 

be required with healthy pilots to evaluate this controller. 

Table 2. Performance time and pilot’s feedback. 

Device Performance time Feedback 

SpaceMouse 3”20 “Great tool” 
“Interaction is intuitive” 

Leap Motion 2”30 “Very intuitive” 
“Fast to take in hand” 

Myo armband 17”30 “Terrible” 
“Not intuitive at all” 

 

 

This study indicatively suggested that the SpaceMouse and the Leap Motion 

controllers were efficient with navigation tasks in a 3D environment. Of course, the 

study had limitations. First, only one expert pilot participated; additional evaluations 

with other pilots have to be performed to consolidate this first positive result. In 

addition, the experiment was conducted on a computer, on the ground, in a stable 
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environment. This experiment should be conducted in a motion simulation 

environment capable of generating turbulences, or at least a comparable motion. 

4.2 Design and Evaluation of OWSAS-3.1 

4.2.1    Ideation: Need for a New Architecture 

The OWSAS architecture (Figure 30) used for OWSAS-1 and OWSAS-2 can 

be found in (Laurain, 2014). The presentation of the visual scene required several 

actions. Regarding the integration of the weather information, a request had to be 

sent to NOAA to get the NEXRAD network data. A reference number (i.e. HAS 

number) was sent by email. The Weather Climate Tool (Ansari, n.d.) was then used 

to load the visual content of NEXRAD network data corresponding to the reference 

number. This content had then to be saved as a Keyhole Markup Language Zipped 

(kmz) file. This kmz file was then loaded through Google SketchUp (SketchUp, n.d.) 

2D/3D modeling tool. The 3D cylinders were manually built based on the NEXRAD 

weather information layers. The whole content was then saved as a 3D model. 

Regarding the integration of the flightpath, a database with the flight waypoints that 

were needed for the flight was created as an EXCEL file. Then, Earth Point 

(EarthPoint, n.d.) was used to generate the flightpath according to these flight 

waypoints. A kmz file of this content was generated. Both 3D models and the kmz 

file were finally loaded in Google Earth.  
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Figure 30. OWSAS-1 and OWSAS-2 architecture, adapted from Laurain (2014). 

Several tools and actions were required in this architecture. In addition, the 

3D weather model was built manually based on the NEXRAD network weather 

archives and the 3D cylinders that were not fully interactive (i.e. information could 

only be shown or removed). Also, Google announced back in 2015 that Google Earth 

for tablets would be deprecated, although it is now available again. In other words, 

this architecture had a significant lack of flexibility. Based on these limitations, a 

research on available virtual geographic environments was performed to determine 

what technology would be best to fix the above issues.  

Table 3 lists the main virtual geographic environments (VGEs) that the 

OWSAS architecture could be based on for allowing more flexibility. Lots of VGEs 

Weather Climate Tool

Google SketchUp

Google Earth

Earth Point
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Weather avoidance algorithm

Flight waypoints

HAS number

New flight-path

Flight waypoints 
information

Weather information

Weather information 
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SimConnect

Flight 
parameters



65 
 

 

were available but were most of the time applications that could not be customized 

with proprietary content. Besides, they were not free. Google Earth was kept in the 

list since it was not deprecated anymore. WhirlyGlobe is a Software Development 

Kit (SDK) developed by MouseBird (n.d.) running on mobile operating systems (i.e., 

Android, iOS) providing the possibility of customizing 2D and 3D interactive maps 

and globes with several features such as shapes (e.g. cylinders, spheres), object 

models, annotations and so on. Globe3Mobile (n.d.) is supported on Android, iOS 

and on computer operating systems (HTML5-based applications) and allows for 

features similar to those offered by WhirlyGlobe. EarthView is an SDK developed 

by Anderson (n.d.). only available on iOS. It also proposes a 3D interactive globe 

but seems limited in terms of features (i.e., maps textures that you can use, camera 

control limitations, and so on).  

WhirlyGlobe and Globe3Mobile seemed to be the best 3D environments in 

terms of content, features, and customization. Both of them developed a good 

community network that can be useful when technical problems arise. Moreover, 

both of them provide commercial annual support, which means that they can develop 

new features according to user needs or answer user questions efficiently. 

Globe3Mobile doesn’t provide any documentation to help the user. Therefore, 

WhirlyGlobe was ultimately selected. 
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Table 3. Available VGEs. 

 Google Earth WhirlyGlobe Globe3Mobile Earth 
View 

Type Application/SDK SDK SDK SDK 

Runs on 
Windows / OSX / 
Linux / IOS / 
Android 

IOS/Android IOS/Android/ 
HTML5 IOS 

Environment 2D/3D 2D/3D 2D/3D 3D 

Customizable Yes Yes Yes Yes 

 

4.2.2    Prototype Features 

A preliminary prototype (i.e. OWSAS-3.1) was developed on an iPad in order 

to test the presentation and interaction features offered by WhirlyGlobe with basic 

information that may be used in OWSAS. Figure 31 shows two features that were 

explored at that time: basic 3D cylinders that represent some weather events, and a 

round symbol that represents an airport. The difference with OWSAS-1 and 

OWSAS-2 is that the elements became interactive and dynamic as they could be built 

programmatically and manipulated as needed. After an informal feature evaluation 

was performed by the author, it was decided to keep WhirlyGlobe as the new VGE 

for OWSAS-3.  
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Figure 31. Weather cylinders (left), airport representation (middle), airport representation 

selected (right). 

4.3 Proposal of a Generic Architecture of a 3D-
Augmented Strategic Weather Management System 

The ideal architecture for OWSAS-3 prototypes (Figure 32) was intended to 

integrate maps with near real-time (e.g. two to six minutes from NEXRAD network) 

weather information, flight plan (i.e. information coming from PROMSIM737, a 

software that can generate flight routes) and airplane information (e.g. 3D location, 

attitude, speed coming from our B737 cockpit simulator). 
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Figure 32. OWSAS-3.2 ideal architecture. 

4.4 Grounded Theory Study: First Selective Coding 
Session 

The first session was conducted with the data collected from the first four 

pilots before OWSAS-3.2 was prototyped. At this time, the author was interested in 

better understanding what weather information was crucial for pilots. In addition, 

there was an interest for determining the rationale for 3D weather representations 

from the pilot’s perspective. Although data regarding operational ground-air 
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technologies and services were collected, they were not presented at this time. The 

initial concepts that were used for filtering the data were (1) weather information and 

(2) 3D weather visualization. Additional concepts emerged during the coding process 

(i.e. availability of weather information, weather evolution, shared situation 

awareness). The final concepts that were retained were (1) weather information, (2) 

availability of weather information, (3) 3D weather visualization, and (4) weather 

evolution (Figure 33). The results are presented below, per final concept. 

 

 
Figure 33. First selective coding process. 

Weather information. Pilots heavily rely on their onboard weather radar to get 

weather situation awareness during a flight. This system provides them with 
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reflectivity of precipitation intensity information. Also, pilots are often concerned 

about wind information because it can lead to challenging events (e.g. turbulences, 

wind shears, microburst) and cause injuries. Turbulence information, specifically 

clear air turbulence, is an element of concern because it is rarely possible to detect it 

before the airplane enters it. 

Availability of Weather Information. This concept, that could also have been 

called “big weather picture” is mainly relevant en route with weather, and 

specifically relates to precipitation and winds. The onboard weather radar provides 

pilots with “accurate” precipitation information up to 150 nautical miles ahead of the 

airplane. Pilots have access to a wind shear alert system that only provides them with 

wind shear information. Also, they can get wind information from the flight 

management system (e.g. wind velocity). However, this information is only available 

as they are penetrating the concerned area. Pilots want to be able to anticipate such 

weather events for safety, efficiency and comfort reasons and hope to have systems 

that would provide them with this information all along the flight path. 

Weather Evolution. Currently, the onboard weather systems do not allow to 

understand how weather evolves with time (i.e. no weather observations or forecast 
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are available). Pilots mentioned several times during the interviews that having 

access to the evolution of weather would be beneficial. 

3D Weather Visualization. The concept of having a 3D weather picture is of interest 

for pilots because it matches their view of the world during a flight by adding the 

vertical dimension. Currently, they have a poor mental picture of what is around 

them. Also, it would keep them from having to “play” with the onboard weather radar 

to get a 3D mental model of the weather. In addition, they provided several scenarios 

where such visualization would support them: (1) en route and at night, when it is 

very difficult to detect isolated thunderstorm cells, or embedded thunderstorms; (2) 

prior to take off, when they are already out on the runway and they are trying to 

evaluate what they are going to do immediately after takeoff; (3) en route when they 

encounter a line of weather; (4) at destination inside of a 100 miles from the airport 

so that they could get a macro of what is happening at the airport. 

4.5 Design and Evaluation of OWSAS-3.2 

4.5.1   Ideation 

The first research focus for OWSAS-3.2 was the representation of 3D 

weather information. Based on the results from the knowledge elicitation sessions 

with expert pilots, 3D representations of the reflectivity of precipitation intensity was 
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the first item to design (e.g. aligned with OWSAS-1 and OWSAS-2) along with 

winds and turbulence information. Note that, for prototyping reasons at this stage, 

compared to radar information that includes additional information (e.g. doppler 

velocity, spectrum width data), only the reflectivity of precipitation intensity was 

considered in the current OWSAS-3 design. 

One HCD intern investigated and reviewed the different ways to get such 

information (Abdelkrim, 2016). The THREDDS catalog seemed to be the best 

solution at that time because it allowed retrieving matrices of data (i.e. information 

coming from the NEXRAD network) including longitude, latitude, height and 

intensity values for each precipitation reflectivity point. It was decided to address 

wind shear and turbulence information later in the design. 

A participatory design session was carried out with the design team members 

to identify representation ideas. Four representation solutions were designed: point 

cloud, cluster of point clouds, polygons and advanced polygons (Figure 34). These 

representations were supported by a QOC available in (Grandin, 2016).  
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Figure 34. Weather representation options. 

A focus group was then created by adding two expert pilots to the design 

team in order to discuss these representations and pre-validate the best design option. 

Out of the two candidate design options, i.e. point cloud and polygons, the latter was 

retained because the pilots were not sure if the point cloud option would represent 

weather situation realistically. They thought polygons would be a better option since 

it is very close to the shapes they can see on their onboard weather radars. 
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4.5.2   Prototype Features 

Figure 35, Figure 36, Figure 37, and Figure 38 show illustrate OWSAS-3.2. 

Three key knowledge elicitation concepts (i.e. availability of weather information, 

3D weather visualization, and weather evolution) were implemented in OWSAS-3.2. 

WhirlyGlobe was selected as the new VGE to integrate maps, weather, flight path, 

airplane and camera information altogether. The map information came from NASA 

servers. While near real-time precipitation intensity reflectivity data provided by 

NOAA was freely available (via the THREDDS catalog), it was decided to simulate 

the weather information for feasibility and experiment controllability reasons (e.g. 

scheduled human-in-the-loop evaluations). Therefore, the weather information was 

simulated based on radar archives and 3D radar images. The flight path information 

was generated via the PROSIM737 instruction station that is used to create flight 

scenarios for the B737-800 cockpit simulator and was transferred in OWSAS-3.2. 

The airplane information was collected from the simulator and was available in 

OWSAS-3.2 in real time via a third-party program that handled the data transfer 

(Boulnois, Tan, & Boy, 2015). 

All the information was presented both in 2D via a bird’s eye view and in 3D 

via an exocentric view for enabling strategic and tactical weather and flight situation 

awareness. In the 2D view, the weather information was represented with colored 

polygons (i.e. green, yellow and red). These polygons were then elevated in the 3D 
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view to enable the 3D visualization. The flight plan information (i.e. set of navigation 

points) was represented by a set of white/gray symbols, aligned with FAA standards, 

linked with each other via a magenta line in both views. The coordinates and altitude 

of these information points were also presented to the user in a pop-up window, on 

click. The airplane information was represented by a 3D model in the 3D view and 

an airplane symbol in the 2D view, both colored in gray. Distance/time information 

relative to the airplane was also represented by white 180° arcs around the airplane 

in both views. Finally, an orange pinpoint was used in the 2D view to inform the user 

on the location of the virtual camera (i.e. viewpoint of the 3D view). 

The 3D view synchronized with the 2D view when the pilot selected an area 

of interest in the 2D view (i.e. the 3D viewpoint was adjusted accordingly). The user 

also had the option to adjust the size of each 2D or 3D view dynamically by holding 

and sliding up and down the white views splitter in the middle of the screen. Also, a 

vertical slider was available on the left side of the 3D view allowing the user to 

change the viewpoint of the 3D view vertically only. A horizontal slider was 

integrated at the top of the 3D view to allow for visualization of weather forecast 

information (simulated also) up to one hour ahead. Finally, the rest of the interaction 

controls (e.g. zoom in/out, rotate, pan) were touch-based and are aligned with the 

native interaction controls that iPads provide to users (Figure 70). 
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Figure 35. OWSAS-3.2. 

 
Figure 36. OWSAS-3.2 - Content. 
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Figure 37. OWSAS-3.2 - Viewpoints. 

 

Figure 38. OWSAS-3.2 - Interaction features. 
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4.5.3    Evaluation 

The experiment was purely exploratory and was not designed to compare 

different groups of population. The main goal was to assess the overall usability of 

the system and to evaluate pilots’ situation awareness and workload while using the 

system. 

Participants. Five pilots participated to the experiment. Three of them were expert 

pilots (i.e. airline pilots with an average of 16,833 flight hours). The two other ones 

were less experimented private pilots with an average of 225 flights hours. All of 

them confirmed their ease with tablets with an average rating of 7.6/10 and four of 

them already used weather applications such as ForeFlight or MyRadar. 

Scenario. One scenario was chosen for the experiment and consisted of a flight going 

from Miami International airport (KMIA) to Denver International airport (KDEN). 

In the middle of the way, convective weather was developing and crossing the flight 

path of the aircraft (Figure 39). The detailed design of the scenario is available in 

(Grandin, 2016). 
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Figure 39. Sample of the scenario proposed during the experiment. 

Evaluation methods. The various assessment methods used are available in Table 4 

and were used for consolidating the proposed design options (i.e. compare 

expectations generated from a designer’s perspective with the user’s perspective) and 

for exploration purposes (i.e. collect information to improve the design). The forms 

are available in Appendix C. 
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The standard System Usability Scales (SUS) method was employed for 

measuring the usability of OWSAS (Brooke, 1996). The thresholds of acceptability 

by Bangor, Kortum, & Miller (2009) were used for interpreting SUS results. 

The Cognitive Walkthrough (CW) is also a usability method that 

“encourages” the use of the system features via defined tasks (Wharton, Rieman, 

Lewis, & Polson, 1994) and allows to discover potential design errors during their 

exploration, focusing on relevant cues and available actions after each task is 

performed. For reducing the intrusiveness during experiments, we observed how 

users performed the actions, instead of asking a series of questions as prescribed in 

the original method. Questions about the relevant cues were mapped with each 

SAGAT level, as described hereafter (Table 5). 

The Situation Awareness Global Assessment Technique (SAGAT) assesses 

the situation awareness of the pilots. This technique consists of freezing and blanking 

the system being evaluated and ask questions related to the 3 levels of Endsley’s 

situation awareness model (i.e. perception, comprehension, projection) (Endsley, 

1988). However, this technique was modified the system was not frozen nor hidden 

before questions were asked to the pilots. Indeed, the author aligned himself with 

Crutchfield, Moertl, & Ohrt (n.d.) that stated that “there seems to be no reason to 

remove the situation to assess SA” and that “response time will capture SA 

differences” if pilots reexamine the display after the questions are asked. Moreover, 
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this modified technique was combined with the CW because questions about relevant 

cues and available actions are aligned with SAGAT questions. The combination of 

these methods is shown in Table 5. 

The Cognitive Compatibility - Situation Awareness Rating Technique (CC-

SART) has been used to evaluate the system cognitive compatibility and is based on 

Rasmussen’s model of human behavior (Rasmussen, 1983) since cognitive 

compatibility “refers to ease of perceiving, thinking and doing, in line with past 

experience, training and expectations” (Taylor, 1995). Three versions of this method 

are available. The 3D CC-SART was chosen since we wanted to relate situation 

awareness with a more generic mental model based on skills, rules and knowledge 

(Rasmussen, 1983). 

Finally, a modified version of the NASA-Task Load Index (NASA-TLX), 

that evaluates the workload of the pilots while using the system (Hart, & Staveland, 

1988), was used by expanding the mental demand scale with a visual demand scale 

since OWSAS-3 is highly visual (Stephane, 2013). The visual scale was defined as 

“How much visual activity is required to process the visual scene (2D vs 3D; 2D and 

3D integration; cluttering effects; visual cues such as 3D perspectives, relative size, 

etc.)”. 
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Table 4. Evaluation methods used for the experiment. 

Criteria Method Purpose 

Usability 
System Usability Scale (SUS) Exploration 

Cognitive Walkthrough 
(modified) Exploration 

Situation 
awareness 

CC-SART Exploration 

Situation Awareness Global 
Assessment Technique 
(SAGAT - modified) 

Validation 

Workload NASA-Task Load Index 
(NASA-TLX - modified) Exploration 
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Table 5. Sample of the modified and combined CW and SAGAT questions. 

# SA level / 
Action Task/Question Expected 

answer 
Correct? 
(Y/N) 

Relevant 
cues / 
Available 
actions 

Used 

1 Perception 

In the bird’s 
eye view: 
Where is 
Miami airport 
(KMIA) 
located? 

At the 
beginning of 
the flight-
path 

 
BEV icon  
- 
pan / zoom 

 

2 Perception 
What are 
KMIA 
coordinates? 

25.7959° N, 
80.2870° W. 

 

BEV icon 
and 
annotation  
- 
select 

 

3 Action 

In the bird’s 
eye view: 
Locate the 
waypoint MEI 

  
BEV WP 
icon 
- 
pan / zoom 

 

4 Perception 

In the bird’s 
eye view: Is 
there any bad 
weather 
information 
between 
waypoints MEI 
and TUL? 

Yes  

BEV WP + 
weather 
colors 
- 
pan / zoom 

 

 

Equipment. A computer-based PowerPoint presentation was used to provide pilots 

with an overview of the experiment. The experiment itself was conducted on an iPad. 

OWSAS-3.2 was tested standalone and was not integrated in our B737-800 

simulator. Video cameras were used to record the experiment, so we could observe 
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the activity of the pilots while they were using the system and were able to discover 

potential emerging behaviors and properties. 

Procedure. Pilots were welcomed in the cockpit design lab at the Human-Centered 

Design institute of Florida Institute of Technology although the system was tested 

standalone. They first filled out an informed consent form to make sure they agreed 

to participate and a background questionnaire about their flight qualifications and 

ease with tablets. A training system was developed (Figure 40) so that the pilots could 

get familiar with the interaction capabilities provided by the VGE, as it would be the 

case when a new system is being integrated in an aircraft. The content of OWSAS-

3.2 was not used for feeding the training system. Instead, basic shapes were used 

such as spheres or rectangles. The same presentation concepts were kept and were 

presented in a 2D bird’s eye view and a 3D exocentric view. Finally, the interaction 

controls were the same since the same VGE was used. The pilots first discovered the 

system by themselves during a few minutes. They were also provided with a guide 

showing the gestures capabilities to help them (Figure 70, Appendix D). They were 

then asked to perform basic tasks to make sure they understood the way the 

interaction controls work. They were introduced to OWSAS-3.2 features with 

PowerPoint slides and were finally ready to start the experiment. The experiment 

was mainly driven by the tasks and questions (i.e. integration of Cognitive 
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Walkthrough and SAGAT) that pilots respectively had to perform and answer. Pilots 

were asked to answer 12 SAGAT questions (i.e. four perception, six comprehension 

and two projection questions) and to perform three actions. The other evaluation 

sheets (i.e. SUS, CC-SART and NASA-TLX forms) were answered by the pilots 

after the experiment was done. An open-feedback session was included at the end of 

the experiment to collect additional information about their experience with the 

system. 

 

 
Figure 40. Training system. 
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Results. All pilots successfully went through the scenario and were able to use 

OWSAS’ features and controls to perform every action. SAGAT perception and 

projection questions were successfully answered. Pilots’ answers to SAGAT 

comprehension questions went beyond the safety expectations of the design team 

(e.g. enlarged safety margins reported by pilots, compared to the minimum ones 

expected by the design team). SUS results were very positive with an average score 

of 97/100. Based on Bangor, Kortum, & Miller (2009), this score is acceptable 

(Figure 41). System cognitive compatibility results (CC-SART) had also a good 

average (94/100). NASA-TLX results were very positive. However, OWSAS-3.2 

was not tested in the B737-800 cockpit simulator. Therefore, the results reflect only 

workload related to the use of OWSAS-3.2 standalone. Consequently, only the 

individual components were considered (especially the visual demand) to collect 

trends (Figure 42). All the components were rated between 0 (low) and 100 (high) 

except for the performance that was rated between 0 (good) and 100 (poor). We can 

notice that the visual demand is balanced. The first hypothesis of the design team is 

that the definition of the visual demand scale was not understood in the same way by 

all the pilots. While three pilots did not give any feedback when rating a low score 

for visual demand, two other pilots actually mentioned the following things: What 

could you do without it, right?”, “Of course there is much visual demand, so visual 
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demand is very high because you can’t do this without visuals, you got to be able to 

look at the stuff, colors, terrain, lines, weather, so that is very high.”. 

 

 
Figure 41. SUS score interpretation based on Bangor, Kortum, & Miller, (2009). 

 

 
Figure 42. NASA-TLX results by individual components. 
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Finally, the open conversations with the pilots were very useful because pilots 

gave their feedback regarding the system and its impact on situation awareness. 

Specifically, they all mentioned that the presentation of weather information in a 3D 

view, along with its evolution, would definitely improve their decision-making 

capabilities if integrated in cockpits. In addition, they proposed a lot of ideas to 

improve OWSAS-3.2, such as the integration of altitude cues in the 3D view, a 

compass or a “play button” that loops the evolution of weather information. 

This testing was mainly to validate design options and evaluate the usability 

of this early stage prototype, although most situation awareness questions were 

successfully answered. Open conversations with the pilots suggested that the current 

system presented to them was headed in the right direction (i.e. the system would 

impact positively their weather-related situation awareness and decision-making). 

4.6 Grounded Theory Study: Second Selective Coding 
Session 

The second coding session was more in depth and was based on the data 

collected from 15 expert pilots. This session took place before the design of OWSAS-

3.3. As shown in Figure 43, a first set of concepts were generated based on the central 

question and the sub-questions: (1) operational weather resources, (2) weather 

situation awareness, (3) decision-making, (4) main weather concerns, (5) challenging 

scenarios, and (6) 3D weather visualization. Additional concepts were generated 
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based on my discussions with the pilots during the interviews: (7) availability of 

weather information, (8) weather evolution, and (9) shared situation awareness. 

Finally, a few merges have been done (e.g. weather situation awareness has been 

replaced by availability of weather information and weather evolution) and six final 

concepts have been retained for the presentation of results based on the central 

question, sub-questions and design requirements and ideas (aligned with DT need-

finding and bodystorm steps): (1) operational weather resources, (2) availability of 

weather information, (3) weather evolution, (4) decision-making, (5) main weather 

concerns, and (6) 3D weather visualization. 

 

 
Figure 43. Second selective coding process. 
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Operational Weather Resources. Figure 45 shows the main operational weather 

resources that airline pilots may use during a flight to build weather situation 

awareness or to make weather related decisions. The list is not exhaustive; some 

items might have been omitted either by the pilots or during the coding process. They 

are described below following a chronological order (Figure 44). 

 

 
Figure 44. Phases related to the availability/use of operational weather resources. 
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Figure 45. Operational weather resources used by airline pilots. 
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Before the flight. Before the flight (e.g. during the week preceding the flight), pilots 

usually watch TV weather channels to get a rough idea of what the weather might be 

(e.g. temperatures, winds). It helps them to plan what personal items they should 

bring if they perform a long-haul flight (e.g. if cold temperatures are expected, they 

will likely bring warm clothes with them). 

Pilots also use the internet to get weather situation awareness, either via 

websites or applications. The most popular website they look at is 

aviationweather.gov. The information of interest includes radar and satellite imagery, 

wind charts, and forecast. The advantage is that the information is available 

everywhere in the U.S. and includes weather dynamics (e.g. observations loops, 

forecast via prediction models).  

Weather applications such as MyRadar or Foreflight, available on tablets and 

smartphones, provide pilots with weather information (e.g. reflectivity of 

precipitation intensity, winds, convective areas) on a map. Some applications allow 

pilots to import their flight plan, so they can better understand how weather may 

impact their flight. The main advantage of these weather applications is that the 

precipitation intensity information is coming from ground radars (i.e. NEXRAD) and 

is then available everywhere on the map. However, it is not updated in real-time and 

usually has a refreshing rate that varies between two and six minutes. In addition, the 

weather information is presented in 2D, therefore pilots are not provided with vertical 
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information that is key for building a 3D mental model of the weather situation. Such 

applications would still be beneficial to the pilots if they were embedded in their 

cockpit, like their electronic flight bags (EFB). However, WIFI is currently rarely 

available in the flight crew cabin for security and regulation reasons. 

At the airport, out of the cockpit. When pilots get to the airport, they usually have 

access to a flight crew area where computers are available, so they can check the 

weather situation thanks to weather websites or applications specifically provided by 

the airline company.  

At this time, they are also provided with a dispatch list that includes weather 

information related to their flight plan such as a radar picture, forecast information, 

wind charts, or METARs. This information is not older than one hour.  

When they reach the gate, they sometimes discuss with pilots that just landed 

to have an idea of how the weather is around the airport. 

At the airport, in the cabin, on the ground. Once they reach the cabin, pilots usually 

listen to the Automatic Terminal Information Service (ATIS) via the radio to get the 

current weather situation at the airport and its surroundings. This service mainly 

provides meteorological terminal aviation routine weather reports (METARs). They 

can also retrieve the information digitally via the aircraft communication addressing 
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and reporting system (ACARS). ATIS also provides information at any equipped 

airport and its surrounding in the country. The information is generally updated every 

hour and can be updated immediately after weather changes. The main limitation is 

that the information is either spoken or typed, making it very challenging for pilots 

to build a mental model of the weather situation.  

They may also contact Air Traffic Control (ATC) via the radio and ask if they 

received any pilots’ reports (PIREPS) in the vicinity. When possible (i.e., when there 

is no house, nor buildings, nor people around), they may turn their onboard weather 

radar and start looking at the weather ahead. 

In the cockpit, in the air. Airline pilots can use an onboard weather radar once in the 

air. This radar is basically an antenna that sends pulses ahead of the airplane to detect 

precipitation. The pulses returns are displayed on the navigation display in the 

cockpit via a color code based on the precipitation intensity (i.e. green, yellow, red 

and magenta). Pilots can change what they see on the navigation display by adjusting 

the vertical tilt (i.e. the antenna can sense weather information above and below the 

airplane flight level), the range (i.e. how much weather information is displayed) and 

the gain (i.e. sensitivity of the antenna). The main benefit of onboard radars is that 

they provide pilots with real-time weather information. However, they have several 

limitations. First, the weather picture displayed on the navigation display is reliable 
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for weather situation understanding up to a certain range (i.e. pilots cite a maximum 

range of use between 80 and 150 nautical miles, although the range capabilities can 

go up to 640 nautical miles). Secondly, the onboard weather radar can experience the 

attenuation phenomenon (Figure 46). In other words, the radar antenna is sometimes 

not capable of going through the first layer of precipitation that pilots encounter in 

case of severe weather. Consequently, the radar does not provide pilots with weather 

information that may potentially be behind this first layer of precipitation. This 

phenomenon impacts pilots’ weather perception. Thirdly, the radar does not 

distinguish the nature of precipitation (e.g. rain vs. hail). Finally, the navigation 

display provides pilots with 2D representations of weather information, although 

some radars are capable of scanning 3D weather information (e.g. Honeywell 

IntueVue RDR-4000). Hence, building a 3D mental model of the weather situation 

via this display is challenging and requires a lot of experience (e.g. correct use of 

manual tilt and gain, see Figure 47). This impacts pilots’ weather perception and 

understanding.  

Pilots may also request the ATIS information from several airports via the 

ACARS to build a more global weather situation awareness.  

In addition, they can communicate with ATC and request PIREPS. ATC also 

has a radar that can detect precipitation intensity. Most of the time, this system is 

primarily used to track, separate, and deviate airplanes from severe weather. Unless 
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pilots request weather information in an area of common interest (i.e. ATCs dealing 

with other flights in the area close to where pilots are), it can be challenging to get 

help from ATC due to their constant workload.  

Finally, pilots can ask dispatchers about the weather situation in an area of 

interest based on the global weather picture they have access to on their weather 

information displays. However, this information is often not relevant to pilots as it 

describes strategic weather information in big areas while they are interested in local 

weather situations. Moreover, pilots and dispatchers rarely communicate after take-

off. 

 

 
Figure 46. Attenuation phenomena (The Points Guy, n.d.). 



97 
 

 

 
Figure 47. Use of the onboard weather radar. 
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Availability of Weather Information. This concept, that could also have been 

called “big weather picture”, is mainly relevant once pilots have to deal with weather 

en route, and specifically relates to precipitation and winds. The onboard weather 

radar provides pilots with “accurate” precipitation information up to 150 nautical 

miles ahead of the airplane. The wind shear alert system only provides them with 

wind shear information as they are penetrating the concerned area, as well as the 

flight management system with regular wind velocity. However, pilots want to be 

able to anticipate such weather events for safety, efficiency and comfort reasons and 

hope to have systems that would provide them with this information all along the 

flight path. 

Weather Evolution. Currently, no onboard system onboard provides pilots with an 

evolutive picture of weather over time (either observation or forecast). They want to 

be able to see how weather evolves with time. 

3D Weather Visualization. The concept of having a 3D weather picture is of interest 

for pilots because it matches their view of the world during a flight by adding the 

vertical dimension. Currently, they have a poor mental picture of what is around 

them. Also, it would keep them from having to “play” with the onboard weather radar 

to get a 3D mental model of the weather. In addition, they provided several scenarios 
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where such visualization would support them: (1) en route and at night, when it is 

very difficult to detect isolated thunderstorm cells, or embedded thunderstorms; (2) 

prior to take off, when they are already out on the runway and they are trying to 

evaluate what they are going to do immediately after takeoff; (3) en route when they 

encounter a line of weather; (4) at destination inside of a 100 miles from the airport 

so that they could get a macro of what is happening at the airport. 

Decision-Making. The main decision-making process relates to weather avoidance 

and is mostly driven by (1) weather situation awareness and (2) airplane performance 

capabilities and limitations. Pilots can build weather situation awareness via the 

operational weather resources described above. In addition, some airplanes cannot 

take off if the crosswind component exceeds what is being recommended by the 

airplane manufacturer. Once these two components are considered, their subjective 

judgement, experience and skills are also considered before they contact ATC for 

requesting a clearance (Figure 48). First, pilots contact ATC and send a request for 

clearance (scenario 1). ATC will grant deviation if the action is possible or will reject 

the request if it is not. In this case, pilots can choose to stick to the current flight path 

or contact ATC for the second time and call for a “need to deviate” (scenario 2). At 

this point, either ATC grants or rejects deviation. If pilots really have to deviate, they 
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will contact ATC again and will declare an emergency (scenario 3). At this point, 

ATC has to do whatever necessary to help the pilot deviate from severe weather. 

 

 
Figure 48. Pilots-ATC communication for weather avoidance. 
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Main Weather Concern. Pilots’ main concern is definitely convective weather 

(thunderstorm systems) and how it evolves in time. The first reason is that such 

weather can lead to associated hazards such as severe winds, turbulences, 

microbursts, hail, tornadoes and so on. The second reason is that they have airplane 

performance limitations that keep them from operating in such weather.  However, a 

few pilots first considered winds or ice; one hypothesis is that these pilots experience 

strong winds or ice more often than thunderstorms in the area they fly in. 

Summary. The current operational weather resources available for pilots seem to 

limit their weather situation awareness and decision-making capabilities in some 

ways. The results of these interviews were considered and used in the design of 

OWSAS-3.3 to attempt to improve pilots’ weather situation awareness and decision-

making capabilities. More specifically, availability of weather information, its 

evolution, and 3D weather visualization concepts were implemented as features in 

OWSAS-3.2 and OWSAS-3.3. The situations described by the pilots where 3D 

weather visualization would be beneficial to them will be used for designing the 

experiment scenarios and potentially demonstrate that OWSAS can improve pilots’ 

weather experience. 
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4.7 Design and Evaluation of OWSAS-3.3 

4.7.1    Prototype Features 

OWSAS-3.3 was developed following a new software structure (i.e. transfer 

from Objective-C to Swift) and is mainly aligned with the OWSAS-3.2 prototype. 

Some features were not transferred due to time constraints. 

Figure 49, Figure 50, Figure 51, and Figure 52 illustrate OWSAS-3.3. Maps, 

weather, flight path, and airplane information were integrated in the WhirlyGlobe 

VGE altogether. The map information came from NASA servers. The weather 

information was still simulated, however by using a drawing method that was more 

efficient than the one used for OWSAS-3.2 (Appendix E). Weather altitude level 

information was added (Figure 50). The flight path information was also generated 

via the PROSIM737 instruction station that was used to create flight scenarios for 

our B737 cockpit simulator and was transferred in OWSAS-3.3. The airplane 

information was collected via the synchronization of the system with the Boeing 737 

cockpit simulator. 

All the information was presented in the same 2D bird’s eye view and 3D 

exocentric view. The weather information was represented with colored polygons 

(i.e. green, yellow and red). The flight plan information (i.e. set of navigation points) 

was represented by a set of white/gray symbols, aligned with FAA standards, linked 
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with each other via a magenta line in both views. The airplane information was 

represented by a 3D model in the 3D view and an airplane symbol in the 2D view, 

both colored in orange. A compass was included so pilots were able to know what 

direction the camera viewpoint was pointing towards in the 3D view. 

The 3D view synchronized with the 2D view when the pilot selected an area 

of interest in the 2D view (i.e. the 3D viewpoint was adjusted accordingly). The user 

also had the option to adjust the size of each 2D or 3D view dynamically by holding 

and sliding up and down the enhanced white views splitter in the middle of the 

screen. The horizontal slider for weather forecast information visualization was 

replaced by playing weather observation loops when the “Play” button was pushed. 

A location button was implemented and allows pilots to center both views on the 

current position of the airplane as needed. Finally, the rest of the interaction controls 

(e.g. zoom in/out, rotate, pan) stayed identical. 

 



104 
 

 

 
Figure 49. OWSAS-3.3. 

 
Figure 50. OWSAS-3.3 - Content. 
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Figure 51. OWSAS-3.3 - Presentation. 

 
Figure 52. OWSAS-3.3 - Interaction features. 
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4.7.2    Evaluation 

 The goal of this experiment was to mainly explore the impact of OWSAS-

3.3 on pilots’ weather-related situation awareness and decision-making. In this 

experiment, OWSAS-3.3 was integrated in a B737-800 cockpit and was compared 

with the navigation display during a specific scenario. Pilots’ situation awareness, 

decision-making, information seeking and processing, and workload, and the 

system’s usability were evaluated. 

Participants. Six expert pilots (i.e. airline pilots with an average of 13,083 flight 

hours) participated to the experiment. 

Scenario. Three challenging scenarios were identified based on feedback from pilots 

during the knowledge elicitation session: (1) The airplane is on the ground and the 

pilots are waiting to take-off; there is convective weather activity in the vicinity of 

the airport; (2) The airplane is in the cruise phase; there is convective weather activity 

ahead of the airplane; (3) The airplane is about to start descending to reach the arrival 

airport; there is convective weather activity on approach.  

It was decided to proceed with the first scenario (i.e. before takeoff) in the 

scope of this research due to time and technical constraints and limitations. This 

scenario was performed at night time. In addition, pilots performed it once with the 
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navigation display and what pilots could see outside of the cockpit, and once with 

OWSAS-3.3 and what pilots could see outside of the cockpit. The order of the 

scenarios was randomized to minimize bias in the results. The design of scenario 

(technical part) is available in Appendix G. 

Evaluation Methods. A questionnaire was built and included questions related to 

situation awareness and decision-making. In addition, each question was followed 

by a scale to assess their confidence with each answer (Appendix F). 

An evaluation form adapted by Stephane (2013), based on the Risk 

Information Seeking and Processing Model (RISP) (Griffin, Dunwoody, & 

Neuwirth., 1999; Griffin, Neuwirth, Dunwoody, & Geise, 2004) was used to 

understand how pilots were seeking risky weather-related information to answer the 

questions they were asked. While risk is implicit in the employed situation awareness 

assessment methods, it seemed useful to explicitly ask pilots to rate the sufficiency 

of risk-related weather information provided by OWSAS-3.3. 

The usability and workload were assessed with the methods described in the 

OWSAS-3.2 evaluation (i.e. respectively CC-SART and SUS, and NASA-TLX). 

The forms are available in Appendix C. 
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Equipment. A computer-based PowerPoint presentation was used to provide pilots 

with an overview of the experiment. The scenario itself was conducted in a Boeing 

737 cockpit simulator (Figure 25). An iPad was used to display OWSAS-3.3 visual 

scene. Due to simulation purposes, the regular navigation display available in the 

B737-800 cockpit simulator (Figure 53) was replaced by a lighter version redesigned 

on an iPad (Figure 54). The purpose of this iPad navigation display was to insure a 

perfect visual match for weather and flight-path information on both devices. (i.e. 

OWSAS and navigation display). In the current development version, it was difficult 

to represent the weather-related level of detail captured by the regular navigation 

display in OWSAS. However, in the future, the integration of the real reflectivity of 

precipitation intensity information, either real-time (i.e. from NEXRAD network) or 

coming from NOAA archives, will allow for a faster and more realistic 

synchronization between the regular navigation display (i.e. from our B737-800 

cockpit simulator) and OWSAS. 

The iPad navigation display was only available in map mode. The range and 

tilt knobs were replaced by segmented controls; the gain was replaced by a slider and 

was fixed to AUTO. The pilots were able to control the range from five to 80 nautical 

miles. Also, they were able to control the positive tilt from 0 to + 14 degrees.  

Video cameras were used to record the experiment. 
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Figure 53. Regular navigation display integrated in the Boeing 737-800 cockpit simulator and 

associated controls. 
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Figure 54. Navigation display designed for OWSAS-3.3 experiment and its integration in the 

B737-800 cockpit simulator. 

Procedures. The participants were welcomed in the cockpit design lab at HCDi. 

They first filled out an informed consent form to make sure they agreed to participate. 

Based on the order of the scenarios, they were either first introduced to the iPad 

navigation display or OWSAS-3.3. The training system that was developed for 

OWSAS-3.2 experiments was not reused. Instead, a short video showing OWSAS-

3.2 gestures capabilities was played; additional comments were provided by the 
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author when the video played to reinforce their understanding of the system. They 

were also provided with the interaction control guide used in OWSAS-3.2 evaluation 

(Figure 70).  

Scenarios then started, and pilots were asked the questions related to situation 

awareness and decision-making. For each question, they rated the scale of confidence 

(Appendix F). After the last question, they filled out the RISP, CC-SART, NASA-

TLX and SUS evaluation forms (Appendix C). At the end of the session, an open 

discussion was conducted with participants to gather their user experience related to 

the use of OWSAS-3.3, possible use cases, and possible improvements. 

Results. The results related to the situation awareness and decision-making questions 

are summarized in Table 6. All the pilots were able to perceive the overall weather 

situation with both displays and associated colors (green, yellow, and red). Because 

OWSAS-3.3 did not integrate any kind of measuring scale, the pilots had difficulties 

to answer questions related to the width and depth of the weather cells with OWSAS-

3.3. It was slightly better with the navigation display. However, they were all capable 

of perceiving the height of the weather with OWSAS-3.3 while it was not possible 

with the iPad navigation display (i.e. the weather was so close that the navigation 

display tilt feature was not able to capture the whole vertical dimension of the 

weather situation). Both displays allowed them to understand that severe weather 
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was developing ahead of the aircraft, along the cost. They were almost not able to 

describe how the weather would evolve (i.e. intensity, movement) in the near future 

with the navigation display because they would have to wait to see the weather 

picture moving. Two pilots guessed that it would be moving towards the land, based 

on previous flight and weather experience around the Miami area. However, 

OWSAS-3.3 allowed them to describe the weather evolution thanks to the weather 

evolution (intensity, movement) feature. 

Table 6. Summary of situation awareness and decision-making answers. 

QUESTIONS NAVIGATION 
DISPLAY OWSAS-3.3 

Situation 
Awareness 

Perception 

Weather situation 
Colors (green, yellow, red) 

Width 
Depth 
Height 

Width 
Depth 
Height 

Comprehension Severe weather 

Projection Intensity evolution 
Movement evolution 

Intensity evolution 
Movement evolution 

Decision-Making 
Wait 

Take off and request an early left turn to 
avoid weather 
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The decision-making answers related to takeoff were either “wait for the 

weather to pass” or “take off now and request an immediate left turn to avoid the 

weather situation”. Five pilots out of six did not change their decision-making from 

a display to the other one, whatever the decision was. One pilot decided to take off 

while using OWSAS-3.3 because he was confident that he could take off before 

encountering the weather situation. While using the iPad navigation display, he could 

not determine the evolution of the weather and decided to wait a few minutes in order 

to understand how the weather was evolving. This finding shows that the weather 

evolution feature may impact decision-making through better dynamic situation 

awareness. Future experiments with a larger pilot sample may confirm this finding. 

Regarding the risk information seeking and processing, the results show that 

the information sufficiency was better with OWSAS-3.3 because of the integrated 

information of weather height, and intensity and movement evolution over time in 

OWSAS-3.3’s exocentric view, compared to the iPad navigation display (Figure 55, 

Figure 56). The other RISP components (i.e. routine, heuristic, and systematic) seem 

quite the same. Since pilots are used to the navigation display, the routine with the 

iPad navigation display is higher than with OWSAS-3.3 and conversely, they seem 

to employ more heuristics with OWSAS-3.3. 

 

 



114 
 

 

 
Figure 55. RISP results (average) - navigation display. 

 
Figure 56. RISP results (average) - OWSAS-3.3. 
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The workload individual components were also compared (Figure 57, Figure 

58). The mental demand, manual demand, temporal demand, and effort were lower 

with OWSAS-3.3; the pilot’s performance was better. The visual demand stayed 

identical. However, the frustration level was slightly higher with OWSAS-3.3 (i.e. 

due to minor issues related to the design of the system such as the location of the 

weather evolution timeline). 

 

 

Figure 57. NASA-TLX individual components results (average) - navigation display.  
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Figure 58. NASA-TLX individual components results (average) - OWSAS-3.3. 

The cognitive compatibility of the participants with both systems were 

compared (Figure 59, Figure 60). The better score for OWSAS-3.3 (i.e. 92.593/100) 

compared to the iPad navigation display (i.e. 81.581/100) shows that the current 

design of OWSAS is very well mentally integrated by the pilots although it proposes 

new features. 
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Figure 59. Cognitive compatibility results - navigation display. 

 
Figure 60. Cognitive compatibility results - OWSAS-3.3. 
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Finally, the overall usability of both systems was acceptable and was 

qualified “good” for the iPad navigation display and “excellent” for OWSAS-3.3 

based on (Bangor, Kortum, & Miller, 2009) (Figure 62, Figure 63, Figure 63). 

 

 

Figure 61. System Usability Scales results - navigation display. 
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Figure 62. System Usability Scales results - OWSAS-3.3. 

 

 

Figure 63. System Usability Scale score interpretation - navigation display (blue arrow) vs 
OWSAS-3.3 (orange arrow). 

The open discussion sessions at the end of the evaluation were very rich. All 

the pilots claimed that OWSAS-3.3 allowed for integrated 3D weather information 
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visualization and its evolution over time in term of intensity and movement, and 

consequently for having a better overall understanding of the weather situation. The 

three major improvements suggested were the integration of a distance measurement 

scale in the bird’s eye view, the integration of reference lines for the altitude cues in 

the exocentric view, and a better integration of the weather evolution information 

(i.e. update times). These results are however to be furtherly explored with a 

traditional navigation display since the iPad navigation display did not provide all 

the features that pilots are used with (e.g. simulation fidelity of the weather picture 

related to the vertical tilt on the navigation display). 
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Chapter 5 
Conclusion 

5.1 General Summary of the Research 

This research addressed the current limitations of operational ground-air 

technologies and services regarding pilots’ weather-related situation awareness and 

decision-making. 

A complementary system that integrates precipitation intensity and flight 

information, both in 2D and 3D, along with interaction features, allowing for weather 

visualization and management, was designed using the HCD philosophy along with 

the Design Thinking approach. 

The evolution of this system reflected the use of participatory and iterative 

design perspectives emphasized in HCD. The author’s work was supported by 

multidisciplinary team members, including potential users of the system (i.e. air 

transport pilots) and incrementally improved the design of the system. Knowledge 

elicitation sessions throughout the design process were pivotal to better understand 

the pilots’ work environment and the way they build weather situation awareness to 

make weather-related decisions during a flight. The continuous creative process that 

was possible through design team meetings allowed for efficient ideas and design 

solutions.  
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The programming knowledge of the researcher allowed for the rapid 

prototyping of interactive systems that were tested with expert pilots, based on 

usability and human criteria.  

Results were positive overall although they were mostly qualitative. Indeed, 

the evaluation sessions were formative as the current prototype stills needs to be 

evaluated regarding various criteria of interest. However, OWSAS-3.3 evaluation 

results showed that the integration of 3D visualization of the evolution of weather in 

term of movement and intensity over time increased pilots’ situation awareness 

although their decision-making was overall not impacted within the chosen scenario. 

It seems that with the available information, even though situation awareness seems 

to be better with OWSAS, the threshold of decision-making changing was not 

reached. In other words, it is not because situation awareness was better that decision-

making changed within the given scenario. In the future, it will be helpful to involve 

pilots for selecting the most relevant weather scenarios combined with the flight 

phases to fully explore the efficiency of OWSAS. The pilots’ feedback collected 

during the open conversations suggested that such a system would impact positively 

weather management in flight. 
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5.2 Remarks Concerning HCD, DT, & Research and 
Design Methods 

First, this work focused on supporting pilots’ weather situation awareness and 

decision-making capabilities. However, HCD, through the AUTOS pyramid model 

(Figure 64), suggests that this work could be extended with studies involving ATC 

and dispatchers. 

 

 
Figure 64. AUTOS Pyramid in the context of adverse weather. 
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of expertise with the approach. In practice, it often happens as illustrated in Table 8 

and Figure 65. 

 
Figure 65. Scrambled DT process. 
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Moreover, the knowledge elicitation sessions that were conducted in the 

context of the grounded theory study led to the collection of a huge amount of data. 

In the scope of this research, the two selective coding processes that were conducted 

were carefully chosen to capture pilots’ needs and ideas that could be used in 

OWSAS prototypes. Additional selective coding processes can be conducted and 

lead to countless data analysis and presentation cycles. 

5.3 Recommendations for Future Work 

Future work recommendations have been selected by the author and are listed 

below: 

• As discussed with the committee members, it is important to define 

future relevant weather scenarios for each flight phase (i.e. take-off, 

cruise, descent) in order to emphasize the optimal benefits of 3D 

weather instruments such as OWSAS; 

• Perform additional knowledge elicitation and need-finding sessions 

with pilots, ATC and dispatchers to discuss the potential benefits and 

limitations of this system for ground services, and of a possible 

ground-air synchronization; 

• Perform additional usability and human factors studies of the system, 

preferably integrated in an airliner cockpit simulator to collect more 
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realistic results regarding the impact of the system on pilots’ situation 

awareness and decision-making; 

• Improve the synchronization of flight parameters between the flight 

simulator controls (e.g. simulator yoke) and OWSAS (OWSAS 

aircraft mockup), as explored during the current research (Appendix 

H); 

• Perform additional usability studies to determine what interaction 

devices would fit best for 3D weather visualization and navigation in 

the 3D VGE when integrated in cockpits, especially during turbulence 

periods; 

• Develop an algorithm that renders precipitation intensity information 

in the system based on NOAA archives or real-time data; 

• Enhance the current weather rendering technique (i.e. basic 

polygons); 

• Integrate additional weather information of concern in the system 

such as wind or ice information; 

• Integrate other sources of weather information such as doppler 

velocity and spectrum width (i.e. turbulence) with NEXRAD 

reflectivity; 
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• In the future, improve the translation from the reflectivity of 

precipitation intensity to color based on real data (beyond the current 

usage of weather simulation images from weather databases). 

It is crucial to address the issue of weather in aviation for improving the 

safety, efficiency and comfort of the NAS users and of the passengers. The author 

believes that this future work will allow OWSAS to unleash its full potential and to 

positively impact pilots’ and other NAS agents’ situation awareness and decision-

making. 
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Appendix A 
Airlines Pilots Selected for the Interviews 

Table 7. Profile of airlines pilots selected for the interviews. 

Pilot # Hours of flight Type of flight Main airplane 

1 13,500 Domestic (USA) B737 

2 20,000 Domestic (USA) B737 

3 20,000 Domestic (USA) CRJ-900 

4 18,000 Domestic (USA) / 
International B737 

5 19,000 Domestic (USA) / 
International B767 

6 3,500 Domestic (USA) MD88 

7 7,500 Domestic (USA) / 
International B737 

8 1,500 Domestic (France) A320 

9 12,000 International A320 

10 4,500 Domestic (USA) CRJ-700 

11 1,500 International A320 / A340 

12 6,000 International B717 

13 12,000 International MD11 
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14 5,000 International A320 

15 20,000 International B737 / B777 
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Appendix B 
Design Thinking Process - Scrambled Mode 

Table 8. Timeline of DT stages performed in this work. 

Design Thinking Stage Activity 

Define the problem 1 (OWSAS) 

Current operational ground-air technologies and 
services show limitations in supporting pilots’ weather-
related situation awareness and decision-making 
capabilities. 
 
Research question: How can weather information, 
presented in 2D and/or 3D, and associated 
interaction features, impact airline pilots’ weather-
related situation awareness and decision-making 
capabilities? 

Test 1 (OWSAS-2) Evaluation of computer version with four input devices - 
measure of time performance + user feedback 

Ideation 1 (OWSAS-3.1) Need for new system architecture 
Prototype 1 (OWSAS-3.1) Transfer from Google Earth to WhirlyGlobe 

Test 2 (OWSAS-3.1) Internal evaluation of WhirlyGlobe features 

Ideation 2 (OWSAS-3.2) Cognitive Function Analysis (CFA) - Part 1: modeling of 
OWSAS-3.2 functions from designer’s viewpoint) 

Understanding 1 (OWSAS-3.2) 
Knowledge Elicitation (interview with four expert pilots) 
 
Selective coding process 1 (Grounded Theory Research) 

Ideation 3 (OWSAS-3.2) 

Research of weather information sources that allows for 
3D visualization 
 
Weather representation brainstorming 
 
Knowledge elicitation (interactive discussion with two 
expert pilots on weather representation options) 

Prototype 2 (OWSAS-3.2) iPad - Objective-C - WhirlyGlobe VGE 

Test 3 (OWSAS-3.2) 
Usability (SUS, CW) 
Situation Awareness (CC-SART / SAGAT) 
Workload (NASA-TLX) 

Understanding 2 (OWSAS-3.3) 
Knowledge Elicitation (interview with eleven expert 
pilots) 
 
Selective coding process 2 (Grounded Theory Research) 

Prototype 3 (OWSAS-3.3) iPad - Swift - WhirlyGlobe VGE - iOS design patterns 

Test 4 (OWSAS-3.3, to come) 
Situation Awareness 
Decision-Making 
Usability / Workload? 
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Appendix C 
Evaluation Forms 

 
Figure 66. RISP evaluation form. 

Page 6 

Comments:

Category Ranking 

Background 

Hazard Experience Low                                                                          High 

Political Philosophy Low                                                                                  High 

Current Knowledge Low                                                                                  High 

Visual Scene 

Information Sufficiency Low                                                                                  High 

Information Seeking 

Routine Low                                                                                  High 

Heuristic Low                                                                                  High 

Systematic Low                                                                                  High 
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Figure 67. Cognitive compatibility evaluation form. 

CC-SART

Natural 
Automatic
Intuitive

Associated

Level of processing Analytic
Considered
Conceptual

Abstract
FAST SLOW

Confusing
Contradictory

Ease of reasoning
Straightforward
UnderstandableSLOW FAST

Strange
Unusual

Activation of knowledge
Recognizable

FamiliarSLOW FAST
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Figure 68. NASA-TLX evaluation form. 

1. MENTAL DEMAND

2. VISUAL DEMAND

3. MANUAL DEMAND

4. TEMPORAL DEMAND

5. EFFORT

6. PERFORMANCE

7. FRUSTRATION

1 5 10 15 20

Low High

1 5 10 15 20

Low High

1 5 10 15 20

Low High

1 5 10 15 20

Low High

1 5 10 15 20

Low High

1 5 10 15 20

Poor Good

1 5 10 15 20

Low High
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Figure 69. System usability (SUS) evaluation form. 

System Usability Scale

Strongly 
disagree

Neutral Strongly 
agree

Strongly 
disagree

Neutral Strongly 
agree

Strongly 
disagree

Neutral Strongly 
agree

Strongly 
disagree

Neutral Strongly 
agree

Strongly 
disagree

Neutral Strongly 
agree

Strongly 
disagree

Neutral Strongly 
agree

Strongly 
disagree

Neutral Strongly 
agree

Strongly 
disagree

Neutral Strongly 
agree

Strongly 
disagree

Neutral Strongly 
agree

Strongly 
disagree

Neutral Strongly 
agree

1. I think that I would like to use this 
system frequently.

2. I found the system unnecessary 
complex.

3. I thought the system was easy to 
use.

4. I think that I would need the 
support of a technical person to 
be able to use the system.

5. I found the various functions in 
the system were well integrated.

6. I thought there was too much 
inconsistency in this system.

7. I would imagine that most people 
would learn to use this system 
very quickly.

8. I found the system very 
cumbersome to use.

9. I felt very confident using the 
system.

10. I needed to learn a lot of things 
before I could get going with this 
system.
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Appendix D 
OWSAS-3 Gestures Capabilities 

 
Figure 70. OWSAS-3 gestures capabilities. 

Interaction controls

Pan (left, right, up, down) Zoom in/out

Rotate (left, right) Select/tap (map or objects)

Auto-tilt feature when zoom in/out

Adjust views size
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Appendix E 
Weather Information Simulation Method 

Weather shapes in OWSAS-3.2 were built manually by creating vectors 

thanks to arrays of coordinates in the WhirlyGlobe VGE (Grandin, 2016). In 

OWSAS-3.3, the researcher developed a method to directly draw weather shapes on 

a map to then turn them into vectors in the VGE. This method is presented below. 

1. Drawing the Weather Shapes 

A web-based shapefile creation tool was used to draw shapes in 2D on a 

world map (Geospatial @ UCLA, n.d.). In the example illustrated by Figure 71, the 

researcher built three shapes with a set of vectors, corresponding to the three main 

levels of precipitation intensity (i.e. green, yellow, and red). Each shape was then 

named and exported as a shapefile, a geospatial format that handles vector data. 
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Figure 71. Vectors drawn for each precipitation intensity layer (i.e. green, yellow, and red). 
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2. Importing the Shapes in WhirlyGlobe 

Each shape was then imported in WhirlyGlobe and represented as a 2D vector 

object in both views. Finally, these shapes were elevated to the desired altitude in the 

exocentric view to create a 3D representation (Figure 72). 

 

 
Figure 72. Shapes representations in the WhirlyGlobe VGE 
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Appendix F 
OWSAS-3.3 Evaluation Questionnaire 

 

 

Sébastien Boulnois Human-Centered Design, Innovation & Art 06/15/2018

OWSAS-3.3 Experiments - Before Takeoff
SCENARIO 1 (BEFORE TAKE-OFF)

1. Navigation display / Eyes
1. How is the weather situation ahead? (SA)

2. How high is the weather? (Vertical dimension, SA)

3. What altitude is the top at? (Vertical dimension, SA)

4. How wide is the weather? (Horizontal dimension, SA)

5. Do you think it will cross your flight-path at some point if you take off now? (Integration, 
SA)

6. If so, what altitude do you expect the flight-path to cross the weather at? (Vertical 
dimension / integration, SA)

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure
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Sébastien Boulnois Human-Centered Design, Innovation & Art 06/15/2018

7. How long would it take before you have the opportunity to take-off? (Evolution, SA)

8. Would you take off now? (Decision-making)

9. If not, what would be your set of actions? (Decision-making)

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure
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Sébastien Boulnois Human-Centered Design, Innovation & Art 06/15/2018

2. Navigation display / Eyes + OWSAS-3.3
1. How is the weather situation ahead? (General SA)

2. How high is the weather? (Vertical dimension, SA)

3. What altitude is the top at? (Vertical dimension, SA)

4. How wide is the weather? (Horizontal dimension, SA)

5. Do you think it will cross your flight-path at some point if you take off now? (Integration, 
SA)

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure
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Sébastien Boulnois Human-Centered Design, Innovation & Art 06/15/2018

6. If so, what altitude do you expect the flight-path to cross the weather at? (Vertical 
dimension / integration, SA)

7. How long will it take before you have the opportunity to take-off? (Evolution, SA)

8. Would you take off now? (Decision-making)

9. If not, what would be your set of actions? (Decision-making)

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure

0 1 2 3 4 5

Not sure Sure
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Appendix G 
Design of the Weather Scenario for OWSAS-3.3 

Evaluation 

 
Figure 73. Design of the weather event at t=0min (current time). 

 
Figure 74. Design of the weather event at t-10 min. 
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Figure 75. Design of the weather event at t-20 min. 

 
Figure 76. OWSAS-3.3 weather event (t=0, current time) measurements. 

15 NM

5 NM

3 NM

8 NM

2 NM

2.5 NM

10 NM

10 NM

4 NM

13 NM 4.5 NM

18 NM

50 NM
6.5 NM

1.5 NM
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In WhirlyGlobe (VGE), the weather event has been elevated to create the 

vertical weather information visualization. The weather information (i.e. reflectivity 

of precipitation intensity, all intensities) started from the ground and was elevated to 

41,000 feet. 

 

 
Figure 77. Aircraft location (ProSim737). 

 

 
Figure 78. Weather set up on the B737-800 cockpit simulator (ProSim737). 



151 
 

 

Appendix H 
Synchronization between the B737-800 Cockpit 

Simulator Controls and OWSAS 

 
Figure 79. Synchronization of the B737-800 cockpit simulator yoke controls and OWSAS 

aircraft mockup. 


