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Abstract:
“Loss of Control” (LOC) is the leading cause of fatal accidents among large commercial and business jet transports.  This study analyzed reports of 71 LOC business jet accidents that occurred from 1991 through 2010. The most common accident categories were Unintentional Stall, Crew Automation Mismanagement, and Flight Control Malfunction.  Icing was contributory for 9 stall accidents. Two-thirds of the LOC accidents occur within 1,000 of the ground. 48 percent of the LOC accidents occurred during approach-and-landing, and 18 percent occurred during takeoff.  Aircraft had flaps and landing gear extended in 73 percent of the accidents.   This project also reviewed 246 NASA ASRS and 57 FAA incident reports which involved a temporary LOC.  Wake turbulence, automation mismanagement, atmospheric turbulence and high altitude operational issues were the most common ASRS categories.  Analysis of the data also revealed the success of  systemic strategies to prevent historically threatening phenomenon, to include thunderstorm, microburst and high altitude mach tuck.  Recommendations include multi-level strategy in which greater emphasis is placed on early recognition and avoidance using a “systems safety” methodology of risk reduction, safety designs, warning devices and training.  These would include design considerations to avoid flight control anomalies, refinements in the certification and maintenance of aircraft components for flight into icing conditions, adoption of better warning systems, advanced weather detection and avoidance,  aircraft maintenance inspection procedures, and air traffic control procedures.  This report also recommends revisions to flight crew procedures to enhance cross-checking and monitoring, special airport qualification programs, enhancements to automation and high-altitude training, flight crew ground and simulator training curriculums.
Introduction



“Loss of Control” (LOC)  is the leading cause of fatal accidents in several segments of the aviation industry, to include large commercial jet and business jet sectors.  According to data compiled by the Commercial Aviation Safety Team, from 1999 through 2008, LOC in flight was the largest category of commercial jet fatal accidents worldwide, resulting in 4,717 on-board fatalities. (1)


This study reviewed reports of business jet accidents that occurred in 43 countries from 1991 through 2010.  This included aircraft being used under Part 135 and Part 91 flight rules (or the non-U.S. equivalent), which includes private, business, corporate, non-scheduled and fractional operations.  This focused on turbojet aircraft purpose-designed for the business industry, generally with fuselage-mounted engines. This study excluded large transports normally associated with scheduled airline operations.    This study also excluded aircraft that were undergoing certification flight testing by test pilots. 


The LOC accident is defined as "an aircraft put into an unrecoverable position due to aircrew, aircraft or environmental factors, or combination of these.” A total of 71 business-jet accident reports fitting the LOC definition were reviewed by this study.   


While there are many important similarities between business jet and large commercial transports, there are also significant differences.  Most business jets have maximum operating altitudes significantly higher than large commercial transports.  Several have operating speeds above 0.9 mach and maximum operating altitudes to FL510.  The typical business aircraft has fuselage-mounted engines and has far less inertia in the roll axis than large commercial transports with wing-mounted engines and considerable fuel loads contained in the wings.   A substantial percentage of the business jet designs have direct “cable and pulley” flight control systems.   Some business jets are equipped with pneumatic de-ice boots for ice protection.  Business aircraft frequently operate into uncontrolled airports which lack precision approach navigational aids, terminal approach radar, air traffic control towers, weather reporting, and runway condition reporting, etc.   Several popular business aviation locations are surrounded by steep mountainous terrain. 


The ‘Aircraft Upset and Recovery Training Aid’ (2) divides  the major LOC causes into the following sub-categories:
Environmental factors: thunderstorms, windshear, microbursts, wake turbulence, turbulence and icing; 

Aircraft factors: flight instruments, flight controls, and autopilot malfunctions; 

Pilot Induced Upsets:  Incomplete instrument cross-check, inattention, distraction from primary cockpit duties, vertigo or spatial disorientation, pilot incapacitation, improper use of airplane automation, and improper pilot techniques.


The general categories of the 71 business-jet LOC accidents were as follows:  

Unintentional Stall


31

Crew Automation Mismanagement
7

Flight Control Malfunction

6

Low Level Wind Shear

6

Intentional Maneuver


5



Undetermined



4

Turbulence



4

Wake Turbulence


3

Other 




3

Aeromedical



2


48 percent of the LOC accidents occurred during approach-and-landing, and 18 percent occurred during takeoff.  Taken together, two-thirds of all LOC accidents occurred very  close to the runway. 

Table 1: Phase of Flight for LOC Accident

Takeoff

13

Climb


5

Cruise


7

Maneuvering

6

Descent

4

Approach, Landing
34

Go-Around

2


The altitudes of the onset of the LOC correlate with this. Fully two-thirds of the LOC accidents occur within 1,000 of the ground.  This unfortunately means that most of the accidents occur with very little margin of safety.

Ground level to 1,000’ AGL

45

1,000’ AGL to 10,000’ AGL

7

10,000’ AGL to 20,000’ AGL
4

20,000’ AGL to 30,000’ AGL
4

30,000’ AGL +


6

Unknown



5


Aircraft were configured with gear and flaps extended (either partially or fully) in 52 of the 71 accidents.  This is significant to the discussion of the prevention of a LOC accident because the aircraft is in a high drag configuration with less excess power available for aircraft acceleration, as well as the more restrictive load factor limits on the aircraft when the flaps are extended.  Furthermore, in the slower speed regime, the aircraft tends to be at a higher angle of attack which can further limit the aircraft’s maneuverability without stalling the aircraft, is typically closer to the back side of the power curve, and at a slower airspeed with less kinetic energy to aid in a recovery.


The “Airplane Upset Recovery Training Aid” defines an upset as “a pitch attitude greater than 25 degrees nose-up or 10 degrees nose-down, a bank angle greater than 45 degrees, or within these parameters but flying at an airspeed inappropriate for the condition.” Nine  of the 71 accidents involved a pitch and/or roll excursion beyond these limits.


This study also searched through the FAA’s Incident Database of 1,234 business jet incidents between 1 Jan 1991 and 31 Dec 2010 and found 57 incidents in which control of the aircraft was temporarily compromised.  These were: 

Flight Control
Malfunction

18

Stall (Flare)



13

Low Level Windshear


10

Automation Mismanagement

10

Clear Air Turbulence


6


In addition, an exhaustive search of more than 6,300 reports from business jet pilots in the NASA ASRS database found 246 which involved deterioration of control of the aircraft. The leading categories of LOC incidents in the ASRS were as follows:

Wake Turbulence

54

Automation Mismanagement
38

Mountain Wave

38

High Altitude Aerodynamics
34

Low Altitude Stall

31

Thunderstorm


18

Flight Control Malfunction
11

Low Level Windshear

9

Clear Air Turbulence

8

Intentional Maneuver

4

Icing



3

Others



3

Low Altitude Stalls


Unintentional stalls, particular at very low altitudes during critical phases of flight, occurred in 31 accidents.  An additional 31 ASRS reports indicated stalls at low altitudes in which control of the aircraft seriously deteriorated. 

While this leads to the logical recommendation of the need for additional emphasis on stall prevention training, common training practices have  strong potential for negative habit transfer which are likely to exacerbate stall prevention and recovery.  

Nine of the 31 stall accidents involved icing.  John P. Dow, Sr., the recently-retired subject matter expert on icing issues in the FAA’s Aircraft Certification Service, emphasizes a very important disparity between the “normal” stall recovery instilled during training and a “real world” stall induced by ice on the wing.   The vast majority of commercial pilots are trained in simulators to respond to the first indication of a stall by applying power and maintaining pitch attitude, with the objective of minimizing altitude loss  during recovery.  The “standard recovery” procedures are somewhat dictated by the FAA’s Practical Test Standards which require recovery to be initiated at the first indication of an impending stall, as well as minimizing altitude loss.  (3)  According to Daniel Meier, Jr., aviation safety inspector, flight operations, FAA headquarters, “A stall caused by icing is extremely hazardous because you cannot conserve altitude by maintaining attitude. Adhering to the standard of minimum altitude loss ingrained in training has resulted in pilots failing to recover from ice-related stalls and upsets that have resulted in altitude losses in excess of 5,000 feet…..”  (3)   


Since nearly all of the approach stall accidents occurred with the aircraft in the fully configured configuration, a “standard stall recovery” would normally involve initial application of maximum available power and some retraction of flaps.  Flight test data from several common business jets indicates that the application of power creates a strong adverse nose-down pitching moment.  Retraction of the flaps conversely creates a strong nose-up pitching moment in several popular models of business jets.  Thus the reality is that such “standard” stall recovery control inputs create a gyrating series of pitching moments which can be difficult to control. 


Simulator training of stall entries and recoveries extends to portions of the simulator envelope in which extrapolations from actual aircraft performance and handling measurements are used and in which the simulator’s aerodynamic model is highly questionable.  Flight crew exposure to a simulator with insufficient fidelity of the aircraft’s stall characteristics has led to pilots making control column inputs that hindered recovery in the actual aircraft.  The 1996 accident of a DC-8 in which the NTSB cited the differences in the aircraft’s handling characteristics near the stall versus the handling characteristics programmed into the simulator pointedly demonstrate the severe consequences of such negative training (4)  The extensive discussions regarding simulator fidelity during maneuvers close to the aircraft’s flight envelope after the Airbus accident at JFK in 2001 further heightened awareness of this problem. (5)   At present, there is no requirement for an evaluation of a simulator for physical fidelity, motion fidelity, visual fidelity, and cognitive fidelity to assure the simulator will accurately portray the airplane during the “edge of the envelope”  maneuvers.  There is a significant risk of negative training and yet these practices are still a common practice in the industry. (6)


Deeper evaluation of the stall accidents reveals the need for more focused preventive measures.  13 of the 31 stall accidents occurred on takeoff.  The effects of any combination of  improper weight and balance calculations, lack of adequate acceleration, over-rotation, improper calculation of takeoff speeds, failing to unlock the parking brake, and/or lifting surface contamination didn’t become obvious in these accidents until the flight crew rotated for takeoff.  All of these aircraft struggled to remain airborne but couldn’t.   12 of these 13 accidents killed everyone on board and destroyed the aircraft.   Whether additional “stall training” would be beneficial given these factors is debatable, as clearly several of these factors will render the aircraft unrecoverable very close to the ground, and the emphasis should be on prevention of these factors. 


The remainder of the stall accidents (18 of the 31) occurred during approach and landing.
 Most of the causal statements for the unintentional stall accidents contained the primary finding of “pilot failed to maintain adequate airspeed.”   While true, that doesn’t dig deep enough to help us better determine “how” and “why” these accidents happened, nor has it been sufficient to provide meaningful preventive measures.   Evaluation of these 18 accidents found the leading contributing factors were inadequate cross-checking and monitoring, abnormal circling approaches, particularly in confined “mountain bowl” locations, and icing, most notably in aircraft equipped with pneumatic de-icing boots.  


NTSB Board Member Robert Sumwalt has clearly stated, “A flight crew member must carefully monitor the aircraft’s flight path and systems, as well as actively cross-check the other pilot’s actions, or safety can be compromised.”   (7)  The LOC problem isn’t the only undesired aircraft state caused by inadequate cross-checking and monitoring.  A study of business jet approach and landing accidents found similar trends. (8)  Forty-three percent of the 132 approach and landing accident reports indicated inadequate monitoring.  Most of the monitoring errors were associated with crew members preoccupied with other important duties, to include communications, checklists, configuration changes, scanning for air traffic, reprogramming the FMS, and managing aircraft systems. 


Poorly designed cockpit procedures negatively impact the flight crew members’ ability to focus on cross-checking and monitoring.  That study found numerous problems with flight crew procedures, to include non-critical items on checklists, checklists inducing high workload and requiring high communications during critical phases of flight, and non-linear sequencing of items in the checklist.   For example, a review of “Before Landing” checklists of several common business jets found very lengthy checklists, sometimes requiring over 12 items to be checked after extending the landing gear. 


Twelve items on a “Before Landing” checklist is an example of the “dumping ground” design philosophy.  Event Review Committees from ASAP programs may (mistakenly) believe that adding an item to a checklist will be an effective method to prevent such an error in the future.  Legal departments may want certain items added to a checklist as a guard against liability claims.  Customer service departments will want their items added.  Safety officials are always tempted to add additional items, hoping those line items will serve as memory triggers to prevent such events as forgetting to shut and lock external doors. Some managers, upon being made aware of a pilot making an error that is related to configuration, may feel that since one pilot could make this mistake, then the only way to prevent others from making the same mistake is to add new provisions to the checklist. 


The problem with checklists becoming “dumping grounds” for everyone’s pet peeve is that it creates worse problems.  According to Dr. Wiener’s studies, “A long and detailed checklist is no guarantee of absolute safety, as demonstrated by plenty of accidents in the past.   Long and detailed checklists carry the risk that too many pilots will choose not to use the checklist or conduct it poorly because of its length.” (9,10) The FAA’s Air Transportation Operations Inspector's Handbook sums up these three major issues very well.  It states “Each additional item that is added to a checklist increases the potential for interruption when the checklist is accomplished, diversion of the crew’s attention at a critical point, and the missing of critical items.” (11)

Furthermore, according to the FAA’s Human Performance Considerations in the Use and Design of Aircraft Checklists, “If the established flows are not logical and the checklist itself correct and consistent with procedures prescribed in related manuals, the probability is very high that the crew may revert to their own methods, cut corners, omit items, or even worse, ignore the checklist entirely.” (12)

Captain/Board Member Sumwalt emphasizes,  “Management of flight operations departments, as well as regulatory officials, must realize that it is incumbent on them to provide air crews with clearly thought-out guidelines to maximize their monitoring of aircraft trajectory, automation, and systems.  Procedures that conflict with crew monitoring must be minimized or eliminated.”  (7)

It is noteworthy to point out the success of properly integrated human-centered design and proper procedures for enhancing cross-checking and monitoring.   Line Operational Safety Audits and Flight Operations Quality Assurance  data have noted that the 777 aircraft, whose cockpit instrument lay-out, ergonomics and flight crew procedures were intended at the very earliest design stages to enhance monitoring and cross-checking during terminal operations, has experienced a significantly lower rate of unstabilized approaches than its predecessors, and to date, has not suffered a human-factors caused hull-loss or fatal accident.  (13)


When reviewing cockpit procedures, it is vital to analyze whether they aid the pilot in the following:  recalling the process for configuring the airplane; providing convenient sequences for arm movements and eye fixations; providing a sequential framework to meet internal and external cockpit operational requirements; checklists must be designed so that the flight crew can maintain an adequate visual scan and monitor air traffic control communications while simultaneously controlling the aircraft; avoid consuming valuable time by avoiding non-critical items on checklists; avoids communication intensive verbiage during critical phases of flight; do not create distractions from other cockpit tasks and duties; aiding mutual supervision, monitoring and cross checking among crew members; enhancing a crew concept by keeping all members “in the loop”; dictating the duties of each crew member in order to facilitate optimum crew coordination and distribution of cockpit workload, particularly in terminal airspace; serving as a quality control standard; evaluating whether features of the aircraft design (systems deployment, instrument location) require extra attention during terminal phases of flight, and whether  the placement of cockpit instruments and controls awkward or inhibiting to timely and smooth checklist accomplishment.

Constrained Maneuvering Space/Mountain Airport Operating Environment


Twelve stall accidents occurred during circling approaches, while the aircraft was in a bank angle.  In other words, the aircraft encountered an accelerated stall.  The “threats” in a circling approach are significant.  Having to focus attention outside the aircraft, usually requiring a lot of bending of the head which can induce sensory and perceptual illusions, without the benefit of vertical guidance information, while maneuvering in relatively confined airspace very close to the ground severely decreases the ability of the Pilot-Flying to keep a close scan on the aircraft’s airspeed, pitch, bank and sink rate.  When executed in limited visibility and/or mountainous terrain, the lack of a distinct horizon induces further visual illusions.


Of further concern is that many of the circling approach accidents occurred at “mountain bowl” locations. An additional 31 events reported to the ASRS  indicated hazardous deteriorations of aircraft control while maneuvering for landing at a mountain airport destination.   The ability to maneuver is severely restricted at many of the common business jet locations located in mountainous terrain (examples include Aspen, Colorado and Truckee, California). A Flight Safety Foundation study of business jet accidents found that constrained maneuvering room was a contributing factor in 22 of the 32 “mountain airport” accidents.  (8)  One such example occurred on February 13, 1991 to a Lear 35A  that was executing  the VOR/DME approach to Runway 15 at Aspen.  The aircraft was seen below the cloud on the downwind leg of the approach to the west of the airfield.  However, when turning onto final approach, the turn became very steep, being described by some witnesses as almost a 90 degrees bank, before the aircraft began to lose height.  The aircraft impacted the ground about a mile north of the airfield.  Just before impact someone on the Learjet was reportedly heard to scream “oh no (a) stall” over an open microphone.  


A recent review of ASRS reports submitted by business aviation pilots  conducting instrument approaches to “mountain bowl airports” found 128 reports in which severe undesired aircraft states occurred after loss of visual reference with the runway environment after continuing the approach from the MDA caused by rapidly deteriorating weather.  (14)  Of particular concern is that many of these resulted in a serious degradation of aircraft control [which occurred in 24 % of the sampled reports] or a serious loss of separation with terrain or obstacles [which occurred in 47 % of the sampled reports.]   A temporary loss of situational awareness occurred in 84% as the flight crews were suddenly surprised by the rapid change in the visibility and did not have a preplanned action in case of having to go-around on the landing approach attempt so close to the runway within the topographical confines.  Many reports indicated crew confusion listening to multiple confusing warnings, intense concentration on one task or multiple tasks, and visual fixation out the aircraft, such as on the runway environment.


Proximity to adverse terrain is not the only environmental factor contributing to the deterioration in aircraft control in these approaches.  The significant density altitudes at these common destinations add an additional compounding factor.  Higher density altitudes translate into higher true airspeeds, and a 10 percent increase in true airspeed increases the required turning radius by approximately by 21 percent, further limiting aircraft maneuvering margins in the canyon terrain.  The increase in the turn radius can quickly put an aircraft into a situation where any continuation of the turn places the aircraft’s future flight path into adjacent terrain.   Even the inclusion of a relatively benign and undetected 10 knot tailwind can greatly increase an aircraft’s turn radius beyond safe margins in the confined maneuvering space near these common destinations.


FAR 121.445 requires special training and qualifications for PIC’s operating at airports determined to be unique due to surrounding terrain, obstructions, or complex approach or departure procedures.   Part of the safety standards require  the Part 121 operators to do immensely detailed studies proving adequate terrain clearance even with an inoperative engine.   These detailed studies take into account the aircraft’s turn radius at the specific maneuvering speed, the degraded climb performance with an inoperative engine, the changes in aircraft performance during a configuration change, the effects of adverse winds on the turn radius, and even the loss of climb performance as the aircraft banks into a turn.  These studies are conducted by highly qualified cartographers, aeronautical engineers and regulatory compliance specialists using high fidelity topographic and exceptionally detailed aircraft performance data.  These special procedures include the portion of the instrument approach descending from the relatively high MDA’s on the approaches, to “balked landing” maneuvers in case that a landing is no longer safe (loss of sight of the runway, etc) when the aircraft is below the MDA no longer on a published segment of the IAP, and during “escape maneuvers” for an engine loss during takeoff. 


It is worth noting that while the scheduled airline operators have been able to operate into several of the popular mountain locations without severe accident over the last two decades, which in part can be attributed to Special Airport Qualification Programs, the business jet industry largely operates without such defined procedures and training.  The lack of rigorously  defined maneuvers exposes flight crews to potential situations in which the aircraft is placed in hazardous proximity to nearby terrain from which recovery may not be possible.  


The prevention of LOC accidents in this hazardous environment, as well as CFIT accidents and Approach-and-Landing accidents, is clearly enhanced by rigorously designed specific procedures to ensure adequate maneuvering margins while operating into the mountain airport location.  Such procedures should specify exact aircraft tracks, altitudes and configurations. Such procedures should guarantee the ability to execute an “escape maneuver” should the weather deteriorate at any moment during the visual segment of the final landing approach.  Operators should also provide in-depth and sufficient training prior to allowing a flight crew member to operate at the destination.

Icing

Icing was contributory in 9 stall accidents. Three of the 13 takeoff stalls occurred when flight crews attempted takeoff without adequately de-icing the wings. Any form of wing contamination is an unacceptable risk prior to takeoff, and every operator should have a formal program for adequately inspecting, cleaning, and re-inspecting an aircraft prior to takeoff when surface contamination could be a possibility.



Special emphasis items to be investigated in this industry would include whether  the operator has an adequate de-icing training program and procedures and whether adequate resources available for de-icing, particularly at small “general aviation” airports which frequently lack de-icing capabilities.  


The other six stall-accidents induced by icing occurred during approach and landing. Five of these six accidents occurred in aircraft equipped with pneumatic de-icing boots, and three of these involved flight crews who had deployed the de-icing boots during approach but still had residual ice on the boots.   An additional 3 incidents in the ASRS and 3 more in the FAA’s incident database involved residual ice. 


The University of Illinois-Urbana  conducted a research project specifically aimed at determining the effect of residual and intercycle ice accretions on airfoil performance. (15) The study concluded that the performance penalties due to the intercycle ice shapes were found to be very severe.  Specifically, the study found that  intercycle air accretions reduced the maximum lift coefficients about 60% from 1.8 (clean) to 0.7 (iced) and stall angles were reduced from 17 degrees (clean) to 9 degrees (iced.)  The effect of the small ridge-like features was local boundary layer separation on the airfoil’s upper surface, particularly at higher angles of attack.


In the NTSB’s investigation of the in-flight icing loss of control of an Embraer EMB-120 on January 9, 1997 (16), the NTSB noted a lengthy chain of events leading to the LOC accident, to include the “the FAA’s failure to establish adequate aircraft certification standards for flight in icing conditions, the FAA’s failure to ensure that a Centro Tecnico Aerospacial/FAA-approved procedure for the accident airplane’s deice system operation was implemented by U.S. based air carriers, and the FAA’s failure to require the establishment of adequate minimum airspeeds for icing conditions, which led to the loss of control when the airplane accumulated a thin, rough accretion of ice on its lifting surfaces. Contributing to the accident were the flight crew’s decision to operate in icing conditions near the lower margin of the operating airspeed envelope and Comair’s failure to establish and adequately disseminate unambiguous minimum airspeed values for flap configurations and for flight in icing conditions.”  Similar chains of events occurred in the icing accidents in this study, particular for aircraft which utilize de-icing boots.


Perkins and Rieke of the NASA Glenn Research Center (17) have stated, “The FAR’s do not address performance margins with residual ice accretion.  Stall angles may be reduced sufficiently so that an aircraft may enter a stall prior to activation of stall warning devices.”  


In the aftermath of the the Embraer accident and other similar accidents, the U.S. NTSB recommended  “additional research to identify realistic ice accumulations, to include inter-cycle and residual ice accumulations…and to determine the effects of criticality of such ice accumulations; further, the information developed through such research should be incorporated into aircraft-certification requirements and pilot training programs at all levels…” (16,18) 

The U.S. NTSB also recommended “Require manufacturers of all turbine engine driven airplanes to provide minimum maneuvering airspeed information for all airplane configurations, phases and conditions of flight (icing and non-icing conditions); minimum airspeeds also should take into consideration the effects of various types, amounts and locations of ice accumulations, including thin amounts of very rough ice…..” (16, 18)

It is vital that aircraft be adequately certified for flight into likely icing conditions, and that the information in an AFM is accurate and sufficient.   It is equally vital that pilots be properly trained in the employment of the anti-icing and de-icing devices, that pilots have adequate information to know the proper speed and configuration to fly in potential icing conditions (especially for that phase while slowing down to configure for landing, and up to the point of touchdown), that these speeds be established with adequate stall margin, to include if ice remains on critical portions of the aircraft, and a proper recovery procedure at the first indication of loss of control. Questions remain whether the information regarding residual ice is sufficient and whether the safety margins are adequate. (18)

Analysis of other icing-related incidents and ASRS reports brings into focus the airworthiness of all components of the anti-ice and de-ice systems.  Examples are noted in the ASRS reports in which TKS panels were  found to only partially exude TKS fluid through a limited portion of the panel during an in-flight icing encounter.  Fortunately in the incidents the flight crew detected the anomaly and were able to make in-flight emergency diversions to warmer air which aided melting off the asymmetrical ice accumulation on the wing.  A sample test of TKS panels during preflight inspections found frequent occasions in which TKS panels were not fully exuding fluid along the full length of the panel.  Obviously the inspection intervals and maintenance practices of these critical items must be monitored and reviewed to assure proper operation prior to flight into possible icing conditions.


In several incidents the “automatic” timer mode was disabled by a mechanical failure and allowed to be deferred.  During high workload departure or arrival phases of flight the flight crew became overloaded with workload and failed to continually activate the de-icing switches.   The potential for being distracted from activating the “manual” mode of a de-icing switch is very high, especially during terminal operations.   De-icing and anti-icing systems should be fully functional for any flight into IMC conditions which contain the possibility of ice, and the practice of allowing Minimum Equipment Lists to defer items within anti-ice and de-ice systems should be questioned.   Reconsideration should be given to the deferral status of components of anti-ice and de-ice systems.

Automation Mismanagement 


Mismanagement of cockpit automation was the second leading cause of LOC accidents. This study  found 7 accidents and 38 ASRS reports in which autopilot mismanagement caused temporary LOC.  An example of this happened on Sep 14, 1999.  The Dassault Falcon 900B was descending over Romania when the Pilot-Flying moved the control wheel to level off at FL 150 with the autopilot engaged. The Pilot-Flying felt a progressive increase in effort on the control column, at which point the elevator servomotor torque reached the maximum value, and the autopilot disengaged.  Over the next 24 seconds, the aircraft entered 10 pilot-induced pitch-oscillations with a peak vertical acceleration of +4.7 g and -3.26 g.  (The Falcon 900B load factor limits are +2.6 g and – 1.0 g.)  The cabin was destroyed during the upset.  Seven passengers were killed. (19)


The Romanian report said one of the possible explanations for the Pilot-Flying’s attempt to manually override the autopilot was that the pilot was using a technique appropriate for the B-737-400, in which both pilots had received a proficiency check just months prior.  Neither pilot had received a proficiency check in the Falcon.
 


The Romanian report recommended the JAA and FAA require “safe and transient free disengagement of automatic flight control and guidance systems to prevent hazardous crew-automation interactions.”   It is significant to note that sudden disengagement of automation led to very abrupt aircraft pitching and/or rolling in the seven accidents, all of which jeopardized the safety of aircraft occupants. (19) The FAA’s “Airplane Upset Recovery Training Aid” (2) reminds pilots that “Airplane upsets have occurred when the pilot has made incorrect adjustments….if the pilot’s control inputs are reactionary, unplanned, and excessive, the airplane reaction may be a complete surprise.  A continued divergence from what is expected due to excessive control inputs can lead to upset……”   Unfortunately, in the seven accidents, pilot control inputs caused further unwanted oscillations, commonly referred to as pilot-induced-oscillations (PIO).   


The ASRS reports indicated significant temporary spatial disorientation caused by somatogravic illusion and adverse kinesthetic feedback from the flight controls, both of which significantly compound the ability of the pilot to promptly and accurately detect and make measured deliberate control inputs.  The insight from these ASRS reports helps to explain how highly experienced pilots in many other LOC events have been unable to quickly detect and react to abrupt undesired aircraft motions.


Autopilot mismanagement has also contributed to several other “undesired aircraft states”, further highlighting concern regarding the lack of adequate procedures and training to assure adequate flight crew competency with  automation.  A BCA study of altitude deviations published in the September 2007 edition  found that autopilot mismanagement was a factor in 39 percent of the altitude deviations and 43 percent of route deviations. (20)   One astute ASRS report wrote, “I am used to an FMS that  reverts to “heading”  and displays a message 'couple data invalid'. On the other FMS, it just keeps on truckin' on the last coupled course. Bad situational awareness coupled with minimal FMS  knowledge brews trouble.”  (21) 

The Romanian report also recommended “the JAA and FAA make sure that training programs and documentation of all operating airplanes provide sufficient information and illustrative examples of aircraft-pilot coupling and of possible unsafe crew-automation interactions.”  (19) Despite this recommendation, a survey of line pilots results indicated 32 percent performed initial and/or recurrent training in simulators equipped with different FMS’s than contained in their aircraft.  It should be noted that several of these Part 135 training programs are officially “FAA Approved”.


 The proper policies, procedures, and training should be given to flight crews to avoid adverse auto-flight management inputs specific to that aircraft’s automation, as well as optimal use of the cockpit automation to lower workload, provide more precise aircraft maneuvering, and enhanced cross-checking and monitoring.   It is important that the ground and simulator training discuss and practice the best modes to use, as well as the pitfalls of other modes. It is apparent that frequently the initial, transition and recurrent training does not provide adequate practice to master the FMS, nor does the simulator training explore some of the more common scenarios in which automation mismanagement has proven problematic.

Flight Control Malfunction


A flight control malfunction was the third most common cause of LOC accident, resulting in six accidents.  Flight control malfunction was also present in 18 incidents in the FAA’s records and 11 in the ASRS sample.  One of the most common problems in this category involved binding of the flight control due to freezing.  For example,  on May 9, 2007, a Dassault Falcon 20 was descending towards London (Stansted) after a flight from Gander, Canada, when a lateral flight control restriction became apparent.  During descent the later flight control problem had become worse.  While in a left turn, the bank angle continued to increase and when it reached 45 degrees, the captain disconnected the autopilot with the intention of flying manually.  He found that roll control was very stiff when rolling to the right.  He used rudder to bring the aircraft to a wing-level attitude.  Full force by the pilots was applied to both control wheels in an attempt to recover lateral control, but no movement was possible.  The captain was only able to make turns through the gentle use of rudder.  He accordingly restricted the bank angle to a maximum of 10 degrees. The flight crew notified ATC that they had a jammed flight control and were unable to do turns to the right and were only able to make shallow left turns.  Due to some apparently extraordinary airmanship, the aircraft was landed safely at Stansted and all seven aircraft occupants exited without injury.  (22)


During the investigation, a significant volume of water (at least 20 liters) was discovered below the floor panels in the forward fuselage; the water had frozen in flight and caused a restriction to the movement of the aileron trim actuator.


The U.K. AAIB Bulletin 2/2008 said the water in aircraft bilges could have come from a variety of sources to include leaking plumbing, condensation and leaking seals.  Forensic analysis of the water sample concluded that it was most probably rainwater, which would imply the aircraft had a leaking door seal on the ground.   The manufacturer believed a more likely source of the water in question was minor leaks in the area of the icebox drain over an extended period of time.  (22)

Additionally, several of the ASRS narratives of flight control failures were also traced back to liquid contamination in the bottom of the fuselage which subsequently froze in the cold air of higher altitudes during longer flights.  The problem isn’t as obvious when the aircraft flies shorter legs, but becomes more likely when the aircraft gets “cold soaked” while at altitude for several hours during which the flight controls are barely moved.


Quite recently the NTSB was made aware of numerous incidents in which flight crews experienced rudder binding in flight in the Citation 560XL.
  Post flight examination of the tail cone revealed ice around the rudder control cables and pulleys.  Given these incidents, it is important to determine whether the specific design of the aircraft makes the flight control system more susceptible to binding or freezing, especially if some form of liquid is allowed to leak into those locations on the aircraft and freeze in flight.  It is important for maintenance officials to be cognizant of this potential and inspect aircraft regularly for this potential, and for pilots preflight aircraft to be aware of the potential for leaking fluids. 


One of the questions in the LOC problem is whether the flight control malfunction is an issue specific to a particular aircraft make and model, or whether the cause of the upset could happen to any business jet.  Of the eleven ASRS events, 9 involved incidents associated with aircraft-specific flight control malfunctions.  Five of these were the failure of the stabilizer on the Citation XL to reposition itself with retraction of the flaps, as were four of the 13 FAA incident reports.  Four other incident reports involved an uncommanded movement of a leading edge flap or slat that caused a sudden temporary LOC.  All of the incident and ASRS reports indicated the flight crews regained control of the aircraft after the initial startle, performed the appropriate abnormal checklist, and landed without further incident.  Training should expose the flight crew to type-specific control malfunctions, and are the proper recovery procedures adequately flight-tested and documented in crew training manuals?


Alternate control techniques were successfully utilized in three accidents, namely using the rudder to cause minor bank changes in the aircraft.  (Alternate control techniques would not have worked in the other 3 accidents due to catastrophic disabling of the primary flight controls.)   Pilots employed alternate control techniques which placed the incident aircraft into a worsening aerodynamic and/or structural state in 6 incidents.  Alternate control techniques were not needed in the 12 other incidents nor 11 ASRS events involving flight control failure.   Those aircraft were recovered without further deterioration of the aircraft’s flight path and/or structural safety.

Low Level Wind Shear


Low level wind shear caused six of the accidents, and 10 incidents.  All occurred on landing with the aircraft in the final landing configuration (full flaps, landing gear extended).   All of the accidents occurred within 200 feet of the ground, where the flight crew is intensely concentrating on the dynamics of making a safe landing, and is visually fixated out the aircraft on the runway environment using visual stimuli to maintain  an appropriate glide path and aim point.  


Five of the six accidents occurred when the aircraft was in the landing flare with the throttles in a low thrust condition. This is very significant to the discussion of an attempted recovery because  the “spool up” time required to produce  full power can be significant, on the order of 7.5 seconds for one of the common powerplants used among jets in this sector.   The lack of sufficient thrust for acceleration for such an extent of time, in the fully configured landing configuration, and so close to the ground, produces a situation in which recovery is unlikely.  One aircraft did attempt a go-around, but due to the wind shear, lack of altitude as a margin, and lack of thrust to accelerate quickly, the aircraft was unable to recover and all persons died in the non-survivable accident.


Were proactive wind shear warnings available in these cases?  All of these accidents occurred at uncontrolled airports with no control tower and no warning from air traffic controllers.   It was noted that the GPWS gave a wind shear warning in five of the accidents,  but unfortunately the warning occurred when the aircraft was already in the landing flare with the throttles at idle.  Severe ground impact occurred very shortly thereafter.


Localized wind conditions that significantly differed from the reported winds were responsible for five of the six accidents.  AWOS or ASOS sensors were located at “mid-field” locations and did not provide an accurate indication of the wind at the threshold location.   This is particularly of issue when the runway is set amongst significant topographical features which can cause very abrupt changes in wind direction and/or speed.  


Furthermore, a pilot listening to an AWOS or ASOS signal is likely to get just a short “snap shot” of the wind indication. The wind velocity reported by automated equipment is a two-minute average updated once every five seconds. It is reported once every minute in the one-minute observation and the computer-generated voice message.  Thus instant real-time wind conditions are not reported, and it is possible that winds which are rapidly shifting in direction or magnitude may not be reported as wind shear as conventional systems do not provide wind shear warnings.


Wind shear training is a common component of simulator training syllabi, scenarios are nearly always at a sufficient altitude above the ground, usually during an ILS, and re-create the scenarios of some of the well known previous wind shear and/or microburst accidents.    None of the reviewing training involves aircraft close to the runway and with the throttles reduced for landing.
Intentional Maneuvers: NRFO and Flight Training


“Intentional Maneuver” was the fifth most-common category causing LOC accidents.   Two of these were ostentatious displays, attempting to do a loop or roll in a business jet.  Both maneuvers were entirely outside of normal maneuvers, and exceeded the parameters normally experienced in line operations or training.  An extensive review of ASRS data submitted by business jet flight crews (over 6,300 reports) did not reveal other ostentatious displays, thus the extent of lack of airman discipline appears to be very isolated.


What is more problematic in this category are intentional maneuvers which have inadvertently placed the aircraft outside of the aircraft envelope. All of these occurred during post-maintenance test flights or flight training. 


Non-Routine Flight Operations (“NRFO”) conducted after maintenance will sometimes test aircraft handling closer to the edges of the aircraft envelope than normally experienced in line operations. Sometimes post-maintenance flights test flight control systems which have undergone maintenance.   For example, a “stall check” is required in the Hawker series when the TKS panels are removed for any maintenance.  The stall check is conducted to ensure the TKS panels are precisely  reinstalled on the leading edge of the wing.  


An extensive review of accident, incident and NASA ASRS records  found a significant number of additional “threats” which definitely raise the risk levels for post-maintenance functional flight checks. (23)   The threats for a NRFO flight are different than a normal flight.  Of the 128 reports reviewed for that study, all indicated extra workload in-flight induced by the abnormal procedures to test the component. 82% indicated a distraction in flight with the abnormal crew coordination procedures required to rest the component.  The most common errors found were unfortunately handling errors, which occurred in 74% of the reports. These included lateral and vertical deviations of the aircraft from the desired direction, speed deviations, abrupt aircraft control, and configuration deviations.  Recently the NTSB and FAA have highlighted the need for special training of flight crews who conduct NRFO flights, and for operators to develop adequate operational procedures and training programs.   


Simulator training has replaced nearly all forms of in-flight training within the scheduled airline industry to mitigate the cost and potential dangers involved with performing maneuvers in a transport aircraft.  However, in-flight training is still widely utilized within the business aviation industry.  Five of the LOC accidents in this study occurred during in-flight instruction in aircraft. The B&CA study of altitude deviations found 18% occurred during in-flight training during which the attention of flight crews was diverted from the primary tasks of aircraft control.  (20) The maneuvers at the time of the loss of control included emergency descent, V-1 cut, touch-and-go, and deliberate stall maneuvers.   All of these place an aircraft close to the edges of the aircraft envelope, and with small safety margins.  The NTSB noted in four of the five accidents that while the PIC did hold a CFI certificate, it doubted the adequate qualifications of the PIC to instruct in the aircraft, and noted improper type-specific procedures being taught.
In the aftermath of a Beech 1900 loss-of-control accident off Block Island, Rhode Island, the NTSB strongly encouraged the maximum use of flight simulators rather than aircraft for flight training.   This advice remains equally applicable today.

Wake Turbulence


Wake turbulence was the most common cause of deteriorated aircraft control  in the ASRS  database.   This is not surprising since business jets often operate in close proximity to large transport aircraft in both terminal and high altitude airspace. 


Several distinct trends are apparent in this ASRS data.   First, 40 percent of the encounters occurred during approach-and-landing, and most of these  occurred below 1000 feet AGL.  In all of these the aircraft was in its final approach configuration and presumably near its final approach speed.  68% described an abrupt rolling motion in one direction followed just as suddenly by an abrupt roll in the opposite direction.  Bank angles up to 45 degrees were experienced in 87%.   Significant airspeed and altitude losses occurred in 21%, caused by a penetration of the downdraft zone that is in between the two counter-rotating vortices.

Two fatal accidents in business jets which perilously penetrated a 757’s wake at less than 3 miles of separation were among a string of accidents and incidents which brought attention to the inordinate strength of the 757’s vortices in the early 1990’s.  NOAA flight-testing had previously found the speed of the airflow around the core of the 757’s vortices to be an eye-opening 357 ft/sec. Fortunately both the accident data and ASRS data indicate a  significant decrease in wake turbulence events with the 757 as a wake-generating aircraft ever since the adoption of increased separation criteria. 


Some of the latest wake turbulence research has discovered a distinct tendency for vortices to rebound after the vortex reaches ground proximity. The practical effect is that some vortices may be present in locations where pilots may not have anticipated this hazard, particularly pilots who had thought they flew a high enough glide path behind another aircraft.   The variability in wake vortex behavior is actually quite prominent, and still stymies the best of the fluid dynamics research community.  The scientific data clearly shows that wake vortices sometimes don’t react in the simplistic manner  taught in pilot ground schools.


The other half of the ASRS reports occurred at altitudes where RVSM operations are now mandatory.  Similar to the low-altitude encounters, the onset of the wake encounter was very abrupt, usually starting with an abrupt rolling motion in one direction followed just as suddenly with a roll in the opposite direction.  Aircraft encountered more than a 200 foot altitude excursion during the abrupt encounter in 57%.  Pilots expressed concern about the safety of their unseated and/or unbelted passengers in 43%, and in one particular ASRS report, the neck of the CEO’s wife was broken in the back of the Gulfstream when it encountered a 757’s wake.  Of particular concern with the high altitude encounters is the relatively small “maneuvering margin” during high altitude operations.  


Airbus recently conducted an immense in-flight data collection program  to investigate the effect wake turbulence on a large commercial transport.   From May 2005 through December 2007 Airbus conducted 77 flights which accumulated 308 flight hours, during which they encountered 1,041 wake turbulence events.  Analysis of the data concluded that most of the time the autopilot will control the encounter and will keep the aircraft adequately and safely within the aircraft’s flight and maneuvering envelope.  (6) 


Should these recommendations apply to business jets? The typical commercial transport aircraft has considerably more inertia in the rolling axis due to the large amounts of fuel in the wings and the underwing engines, and thus will resist rolling motions much more than the average business jet design.   The typical business jet is rather “fuselage loaded”, meaning that most of the mass of the typical business jet is concentrated along the fuselage, which includes the aft-mounted engines.  The wing span of the typical business jet are also just a fraction of the wing span of the typical commercial transport, meaning that a wake encounter might affect only a portion of the wing span in a transport while affecting a very large portion of a business jet’s wing span.  Whether the Airbus conclusions and recommendations are directly applicable to the business jet community given these significant performance and handling differences should be properly investigated in a scientific forum.

High Altitude



Seven accidents exhibited inadequate crew knowledge of the handling and performance limitations of the flight controls for high altitude flight.  High altitude handling and performance characteristics were at issue in 34 ASRS reports.  An additional 19 ASRS reports categorized under “mountain wave” also included high altitude aerodynamic handling and performance issues.  It is important to note that the operating altitude of most business jets is considerably higher than large commercial transports (several are certified to FL510).  The ASRS reports indicated concerns onset of high-speed and/or low-speed aerodynamic buffet, significant deviations from assigned altitude, swept wing aerodynamic issues, knowledge of clear air turbulence/jet stream core or boundary encounters, adequate preflight weather analysis, pilot knowledge to determine the suitability of lower or higher altitude cruise capability and its effect on fuel burn, and noteworthy flight crew reactions to prevent further loss of positive aircraft control.   A review of dispatch packages found inadequate preflight weather information regarding locations of high altitude turbulence potential.


The NTSB identified a number of deficiencies in “high-altitude” training in previous accidents.  It has asked the FAA to do work with members of the aviation industry to enhance the training syllabi for pilots conducting high-altitude operations. The syllabi should include methods to ensure that pilots possess a thorough understanding of the airplanes' performance capabilities, limitations and high-altitude aerodynamics.  It also recommended providing pilots with opportunities to practice high-altitude stall recovery techniques in simulators, during which time the pilots demonstrate their ability to identify and execute the appropriate recovery technique.  Queries of pilots throughout the industry indicate such topics have not been rigorously implemented into current training programs. 


Several early models of popular business jets were particularly prone to “Mach Tuck” which led to unrecoverable fatal accidents.  Aircraft manufacturers subsequently designed later models with enhanced features to prevent adverse high-altitude handling characteristics such as Mach Tuck.  It is worth noting the absence of “Mach Tuck” events in the databases searched in this study.  One can infer the effectiveness of those design elements in preventing a notable adverse handling condition.

Mountain Wave 


Three prominent threats to aircraft control caused by mountain waves were found in these databases, namely the low-altitude rotor, high-altitude turbulence predominantly at the upper layers of the wave where it interacts with the tropopause, and the updrafts-downdrafts. 


Atmospheric rotors are intense low-level horizontal vortices that form along an axis parallel to and downstream of a mountain ridge crest,  and pose a great hazard to aviation due to the potential for very strong lower tropospheric turbulence and shear. The FAA’s  Airplane Upset Recovery Training Aid states  “Moderate turbulence will be  experienced 150-300 miles downwind on the leeward side when the wind component of 25-50 knots at ridge level.  Severe turbulence can be expected in mountainous areas where wind components exceeding 50 knots are perpendicular to and near ridge level.”  (2)  


Undesired aircraft states caused by the rotors included severe or extreme turbulence in all of the reports, temporary losses of control or upset, , and concerns about passenger injury. ASRS reports contained quotes such as “severe turbulence….unable to keep bank within +/- 45 degrees of bank despite full control deflection.”



Atmospheric flight test results and training material contain the same warning to avoid rotor turbulence whenever possible.  Despite the clear significance of rotor prediction and avoidance, the dynamics and structure of rotors are poorly understood and forecasted, in part because of infrequent and insufficient observational measurements, and inadequate sophistication and fidelity of numerical weather prediction models.  (24) 

The updrafts and downdrafts within mountain wave can also produce loss of control. According to the FAA’s Airplane Upset Recovery Training Aid, an aircraft attempting to maintain a level altitude on autopilot in the updrafts and downdrafts of a wave will experience significant changes in pitch and airspeed.  In the downdraft sections of the wave the aircraft will pitch up to maintain altitude.  This has a serious potential consequence.  A significant downdraft can extract significant airspeed from the aircraft, enough to approach the onset of low-speed buffet.  On the updraft side of the wave just the opposite will happen, with the nose of the aircraft pitching down to maintain altitude.   It should be noted that nearly all of the these events occurred at significant altitudes (in excess of FL300) where high altitude aerodynamic handling and performance factors require special attention. High-speed, high altitude flight produces considerable changes on an aircraft’s stability, handling qualities and buffet boundaries.   These can be a significant concern, especially during an encounter with mountain wave at high altitude. As air density decreases at higher altitudes, an aircraft’s aerodynamic damping decreases, thus the airplane becomes more responsive to control inputs.  Higher Mach numbers may also adversely affect the stability of the airplane.  As Mach number increases, airflow over parts of the airplane begins to exceed the speed of sound.  Shock waves can interfere with the normally smooth flow over the lifting surfaces, causing local flow separation.  As this separation grows in magnitude with increasing Mach number, the aircraft’s longitudinal stability can be adversely affected.  Beyond that speed, the aerodynamic center of pressure begins to shift rearward, inducing a nose down pitching moment in some swept-winged aircraft.


Research  has found that strong mountain waves can propagate their energy vertically and produce steep mountain waves that can cause severe or extreme turbulence at high altitudes. During research flights in the stratosphere over the Sierra Nevada Mountains, research aircraft encountered several cases of severe turbulence which occurred in regions immediately downstream of wave troughs, in area of slower wind speeds associated with the prevailing upwind tilt of the waves.  Research has also found  severe turbulence within 5,000 feet of the tropopause is likely up to 150 miles downwind from a mountain range when a mountain wave exists with winds in excess of 50 knots at ridge top.  (25) 
 
Review of the ASRS reports indicated that the flight crew encountered significant high-speed, high altitude handling difficulties such as “coffin corner,” buffet boundaries, airspeed excursions, exceeding airframe airspeed limits, changes in aerodynamic handling and stability, or induced engine problems. 28% of the ASRS sampled reports indicated exceeding the Mmo/Vmo limits for the aircraft and required airframe overspeed inspections in compliance with the maintenance and inspection guidelines upon arrival at the destination. Queries of pilots throughout the industry indicate such topics have not been implemented in-depth into current training programs.
Thunderstorms, Microbursts


For years the industry has known that the turbulence within a thunderstorm can be extreme, and the only safe method for dealing with thunderstorms is “avoid avoid avoid.”  So were the 18 ASRS reports of thunderstorm-induced LOC events due to pilots who ignored this sage advice?  No.  Six of the 18 were attempting to over-fly a thunderstorm cell or band and were ensnared by the outflow in the upper regions of the storm.  It’s probably a safe assertion that these six weren’t the only ones to fall into this situation.  These flight crews were attempting to maintain separation from the visible portions of the cell.  Unfortunately the outflow does proceed for a significant distance above and beyond the visible top of a thunderstorm.  


12 of the 18 were in IMC conditions when they encountered the thunderstorm, and all of these flight crews were caught by surprise.  All of them stated that their radar returns were showing no returns at the time of encounter.  This leads to the inevitable discussion whether flight crews have been properly using the gain and tilt function, or whether this was simply due to the limitations of the rather small radar dishes on most business jets, or both.  


The relatively low number of thunderstorm-involved events in this study reveals the relative success of  the “avoid” philosophy, as well as the advances in radar technology and coordination within ATC. 


It is remarkable to note that microbursts incidents are thankfully absent in the 20 year period covered by this study.  Clearly the training emphasis on “avoid avoid avoid” combined with better weather detection and warning technology has worked.  It is important to point out that the “team” effort to prevent microburst accidents included atmospheric research scientists, aeronautical engineers,  electrical engineers, etc., in the effort to better understand the conditions which create microbursts, how to better detect microbursts, and finally, what to do if trapped in a microburst.   Such collaborative efforts are needed on the other LOC scenarios.

Conclusions and Recommendations
 


It is possible to opine that the minimal number of thunderstorm and microburst numbers in this study reflects the effectiveness of a multi-layered “avoidance” philosophy.  It is noteworthy to point out that research from the atmospheric sciences community was utilized to design better ground and aircraft based detection equipment,  to provide better atmospheric physical models which were more capable of intermediate and near-term forecasting and detection,  and  “operationally oriented” materials were drafted  into pilot training modules to help pilots better understand and avoid the weather conditions which create these adverse environmental hazards. The thunderstorm and microburst examples also demonstrated the effectiveness of advance ATC intervention, proper preflight planning to avoid when possible, and the transmission of understandable easier-to-interpret information to pilots.   That approach serves as a useful model to help with several other atmospheric and environmental threats found in this study, to include icing, mountain wave, high altitude and wake turbulence.   


The reduction in ASRS wake turbulence encounters during approach, especially after revising the separation criteria trailing a 757, is another positive example of a multi-layered systems safety approach. The absence of “Mach Tuck” accidents can in part be attributed to deliberate aircraft design safety features.  Many of the other LOC situations would clearly benefit from a multi-level strategy in which greater emphasis is placed on early recognition and avoidance (26), in addition to using a “systems safety” methodology of risk reduction, safety designs, warning devices and training.  


It is very important to consider that the vast majority of the LOC accidents occurred during terminal phases of flight (takeoff, initial climb, approach and landing).  Flight crew workloads are very high associated with frequent changes in aircraft heading, altitude, and airspeeds, large aircraft configuration changes, checklist accomplishment, as well as frequent amended ATC clearances, near mid-air collision avoidance, and the necessities involved with all-weather operations to include necessary attention to de-ice and anti-ice operations. The safety margins during these phases of flight are thin, workloads are very high, and the time available for error detection, decision making and reaction is measured in micro-seconds.  Adding further to this equation are the highly dynamic changes to an aircraft’s motion with changes in thrust and flap settings.


The “abrupt-automation-disconnect” events revealed significant temporary spatial disorientation caused by somatogravic illusion and adverse kinesthetic feedback from the flight controls, both of which significantly compound the ability of the pilot to promptly and accurately detect and make measured deliberate control inputs.  These reactions are not constrained to just the cockpit automation events but apply to any event in which the aircraft begins to react in an abrupt, unplanned or unexpected manner.



Negative habit transfer from techniques learned in other aircraft, particularly from former backgrounds in large commercial transports or tactical military aircraft,  were  significant findings in this study.   The  FAA’s Airplane Upset Recovery Training Aid  points out “Aerodynamic principles do not change, but airplane design creates different flight characteristics.  Therefore, training and experience gained in one model or type of airplane may or may not be transferable to another.” Each aircraft model has   unique momentum, handling, flight control, system operating procedures, performance characteristics, operating limitations, and also structural limitations. Assuming that a certain procedure or practice that applies in every other aircraft has led to catastrophic consequences.  The information and techniques taught in Advanced Maneuvers Programs should be very rigorously reviewed for their appropriateness in a specific make/model/type, properly documented in the aircraft’s AFM, and then properly trained.

This study frequently found that the same underlying threats…..such as improper CG loading, inadequate cross-checking and monitoring, lack of adequate FMS training, lack of rigorously defined and training procedures for mountain bowl approaches, etc, often led to other very serious accidents such as high speed RTO, approach-and-landing and CFIT.  Hence preventive actions aimed at addressing the underlying threats may have the added benefit of preventing other adverse undesired aircraft states. 


Despite the fact that investigatory agencies have called for refinements to automation  and high altitude training, the lack of progress creating and implementing updated training programs throughout the industry must be questioned.   Such impediments need to be resolved so that proper training materials and programs can be implemented in a more timely manner.

During the research for this study it was noted that highly experienced and qualified pilots have been victims of LOC accidents. Countermeasures to surface features of past accidents will not prevent future accidents. (27) Any comprehensive multi-layered preventive strategy must take into account human performance limitations. An in-depth report detailing the human factors findings found during this study is currently under draft and will be presented in an appropriate scientific forum in the future.
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