

  aerospace-07-00026




aerospace-07-00026







Aerospace 2020, 7(3), 26; doi:10.3390/aerospace7030026




Review



The Bird Strike Challenge



Isabel C. Metz 1,2,*[image: Orcid], Joost Ellerbroek 1[image: Orcid], Thorsten Mühlhausen 2, Dirk Kügler 2 and Jacco M. Hoekstra 1[image: Orcid]





1



Control & Simulation Department, Faculty of Aerospace Engineering, Delft University of Technology, Kluyverweg 1, 2629 HS Delft, The Netherlands






2



Institute of Flight Guidance, German Aerospace Center (DLR), Lilienthalplatz 7, 38108 Braunschweig, Germany









*



Correspondence: i.c.metz@tudelft.nl or isabel.metz@dlr.de







Received: 13 February 2020 / Accepted: 9 March 2020 / Published: 13 March 2020



Abstract

:

Collisions between birds and aircraft pose a severe threat to aviation and avian safety. To understand and prevent these bird strikes, knowledge about the factors leading to these bird strikes is vital. However, even though it is a global issue, data availability strongly varies and is difficult to put into a global picture. This paper aims to close this gap by providing an in-depth review of studies and statistics to obtain a concise overview of the bird strike problem in commercial aviation on an international level. The paper illustrates the factors contributing to the occurrence and the potential consequences in terms of effect on flight and damage. This is followed by a presentation of the risk-reducing measures currently in place as well as their limitations. The paper closes with an insight into current research investigating novel methods to prevent bird strikes.
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1. Introduction


Collisions between birds and aircraft are as old as aviation. The first recorded bird strike was experienced by the Wright Flyer III on 7 September 1905 [1]. Bird strikes are regular events. Depending on the country, average bird strike rates between 2.83 and 8.19 per 10,000 aircraft movements were reported in civil aviation for the past years. Examples are provided in Table 1.



Nevertheless, while collisions between birds and aircraft usually result in lethal consequences for the bird, aircraft damage is rare. Two to eight percent of all recorded bird strikes result in actual aircraft damage in civil aviation [6,7,8,9,10]. Regarding operational impacts, between six and seven percent of all reports indicate a negative operational effect on the flight [6,7,10]. It is estimated that bird strikes cause annual costs of at least one billion US $ to the worldwide commercial aviation industry [11]. Due to incomplete reporting, these figures have to be interpreted as conservative estimates [12,13,14].



As accidents have demonstrated, collisions between birds and aircraft also bear the potential for catastrophic outcome for the involved aircraft. As of 11 November 2019, bird strikes were determined to have caused 618 hull losses and 534 fatalities since the beginning of aviation [1].



To understand the factors contributing to the risk of bird strikes and find suitable measures for their prevention, broad data analysis is a prerequisite. This requires consequent reporting by the parties noticing bird strikes [15]. Furthermore, international standards and common definitions are needed. Thereby, the focus lies on civil aviation in general and commercial aviation in particular. The first section of this paper deals with the current state of data availability and consistency. Subsequently, the factors determining the risk of bird strikes are introduced. Thereafter, measures taken on the ground, in the air and by regulatory means as well as their limitations are presented. Finally, current research and its potential to further reduce the risk of bird strikes is discussed.




2. Definitions and Data Availability


Bird strikes are defined as a collision between a bird and an aircraft which is in flight or on a take off or landing roll [16]. To include other animals colliding with aircraft, the term can be broadened to wildlife strike. In general, statistics are provided for birds and terrestrial animals separately, for example by the aviation authorities of Canada, the United States of America (USA) and the United Kingdom (UK). One exception is Australia, where all flying animals, including flying foxes and bats, are included in the bird strike statistics [2,6,7,10].



This paper focuses on collisions involving birds and the term bird strike is used. First, the vast majority of wildlife strikes occur with birds, for example: 98% in Australia, 95% in Canada and 95% in the USA [2,7,10]. Second, terrestrial animals can be prevented from entering airport perimeters, for example by installing fences [17]. In contrast, birds can enter airfields regardless. Furthermore, they do not only pose a risk on the airfield, but also in the approach and departure corridors. The related challenges are addressed in this paper.



International Civil Aviation Organization (ICAO) requests its contracting states to report bird strikes [18]. Data are usually collected by the Civil Aviation Authorities (CAA). Its quality relies on consistent reporting by the parties involved in aircraft and airport operations: The pilots, maintenance crews, air traffic control and wildlife control. In recent years, the importance of complete bird strike reporting has been recognized and has since been encouraged or even enforced by many CAAs across the world. Within this context, the European Union (EU), which previously had no consistent reporting regulations among its member states, put into force mandatory bird strike reporting in 2015 [19]. All parties involved in air traffic operations within the EU have been obliged to report observed bird and wildlife strikes [20]. In Australia, mandatory reporting has already been in place for several years. Furthermore, in many countries, action has been taken to increase the motivation to report. This has resulted in increasing numbers of bird strike reports. For example, in the USA, where a mainly voluntary reporting system is in place, the ratio between all reported bird strikes and all bird strike occurrences increased from 41% to 91% for commercial aircraft in the period from 1990 to 2013 [13]. When including airports, which handle general aviation and commercial traffic, the share amounts to 47%. In the UK, pilots have been required to report all bird strikes since 2004. Before, only damaging bird strikes had to be reported [21]. The number of reports strongly increased since the implementation of this mandate [22]. Both in the USA and UK studies, the reason for the rise is mainly attributed to better reporting, rather than increased bird strike risk. The authors of both studies (Refs. [13,22]) reason with the ratio between number of damaging strikes and all strikes. In case of an increased risk, the rise of reports would be expected to be similar for damaging and non-damaging strikes. However, in both countries, the proportions of damaging strikes fell. This is supported by the latest USA data for the period until 2015, as visualized in Figure 1. In the subsequent years, a slight increase can be observed. Data from the years to follow will have to confirm if this represents the beginning of a trend in the opposite direction and bird strike risk is increasing.



Over the past few years, bird species hazardous to aviation have expanded and adapted to urban areas [23,24]. As air traffic is rising as well [25], the likelihood of encounters increases due to a higher number of airspace users. However, due to better reporting, the increasing trend in the number of bird strikes does not necessarily—or at least not exclusively—imply a rising risk of bird strikes.



The bird strike data collected and the level of detail published vary among the different countries. For example, some countries provide the altitude distribution via flight phases, others in altitude bands of various intervals. Therefore, comparisons of bird strike rates in particular and statistics in general have to be performed carefully.



The subsequent chapters describe the factors contributing to the bird strike risk. The ICAO defines a safety risk as the predicted probability and severity of the consequences or outcomes of a hazard [26]. This definition is applied here.




3. The Probability of Bird Strikes


The probability of bird strikes is determined by many parameters such as altitude, time of day, environmental conditions, geographical location, season and the aircraft itself [27]. This chapter provides an overview of these individual components.



3.1. Altitude


The highest probability of bird-aircraft collisions is at low altitudes [28]. According to Dolbeer et al. [29], 88% of the bird strikes in the USA over the past 27 years have occurred below 2500 ft (71% below 500 ft). A European study concluded that even 95% of all strikes occur below 2500 ft (70% below 200 ft), when considering worldwide traffic [30]. The probability decreases with increasing altitude, as Figure 2 visualizes. This corresponds to the flight phases for which most bird strikes are reported: takeoff, initial climb, landing and approach [31]. However, the share of damaging bird strikes increases with increasing altitude. Contributing factors are a higher kinetic energy due to increasing bird size and rising aircraft velocity. Furthermore, while mitigation measures at airports have been shown to be successful in reducing the number and consequences of bird strikes, outside the airport boundaries, the options for counteracting measures are limited [32].




3.2. Season


The likelihood of bird strikes depends on seasons. Figure 3 illustrates the distribution of bird strikes over the year for regions in the northern and southern hemispheres. It can be seen that, during the respective winters, the risk of collisions between birds and aircraft is lowest. In contrast, during summertime, when the juveniles of many bird species fledge especially in the countries in the Northern hemisphere [33,34,35], the highest number of bird strikes is recorded. During spring and autumn, an increased bird activity due to migration between summer and winter residences leads to more strikes [36,37].




3.3. Location and Environmental Conditions


The probability of bird strikes depends on the geographical location [36]. This is related to the abundance of different bird species with variable behavior, size or tendency for flocking. In the direct airport environment, the landscape characteristics are a determining factor [38]. In regions situated along a migratory flyway, the danger of collision remarkably increases during migration seasons [36,37]. Another factor to be considered is the time of day. When comparing the number of bird strikes to the number of flights, most occurrences take place during the night [39,40]. This is caused by increased bird activity at night, especially for migrating birds [41]. Furthermore, many airports cease dispersing activities at night. However, because much more air traffic takes place during the daytime, the absolute number of strikes is higher in this period [31,42].



In addition to the geographical location, the attractiveness of an airport’s environment also strongly influences the risk of bird strikes. The ICAO requests the bird strike hazard to be assessed at every airport [43]. In case of a determined bird strike risk, action should be taken to reduce the number of hazardous birds at and around the airport.



Furthermore, potential attractants such as sources of food and water on the field as well as in the vicinity of the airport should be prevented or eliminated, as they significally influence the risk of bird strike [38,43]. For this purpose, the ICAO’s Airport Service Manual [44] requests an airport wildlife management plan which has to include the environment up to a radius of 13 kilometers around the airport, and, if necessary, beyond. Namely, significant attractants—sources for food, water and shelter—should be removed and off-airport bird monitoring performed [44].



Not only the presence of birds but also the characteristics of aircraft using a certain airspace have an influence on the likelihood of bird strike. These influences are described subsequently.




3.4. Aircraft Characteristics


Individual aircraft characteristics are another determining factor in the probability of bird strike. Due to their large size and high suction effect, turbofan engines are more likely to ingest birds than other engine types [45]. Moreover, due to their higher speeds during take-off and landing, turbofan aircraft are more difficult to avoid than other aircraft types [46]. Over the last years, turbofan engines increased in diameter [47], which increases the risk of ingestion even further. The number of turbofan aircraft as well as their share in the total number of aircraft increased significantly over the last years: In 2006, 20,444 commercial turbofan aircraft were registered, which corresponds to 79.6% of the commercial aircraft fleet of the time. In 2015, the number of commercial turbofan aircraft amounted to 22,690, which corresponds to 86.5% of all commercial aircraft [48,49]. According to Canadian data from 2008 to 2018, turbofan aircraft experienced 1.7 times more bird strikes than aircraft equipped with propellers [10].



Aircraft noise emission has an effect as well: the quieter an aircraft, the higher the risk that birds cannot avoid them, as they hear the aircraft approaching too late to initiate a successful avoidance manoeuvre [50]. Over the past years, airlines have been replacing their older aircraft fleet with more efficient and quieter aircraft which contributes to an increase in bird strike risk [47,51].





4. The Severity of Bird Strikes


The consequences of a bird strike for the aircraft involved are depending on the circumstances of the individual collision. The major criterion is kinetic energy


   E  k i n   =  1 2  · m ·  v 2   



(1)




where   E  k i n    refers to kinetic energy in   J o u l e  , m to mass in   k g   and v to velocity in   m s  .



With regard to mass, the number of birds involved, their biomass as well as parts of the aircraft hit, determine the consequences of a collision for the aircraft [24]. Considering the velocity component, due to the high relative difference, mainly the aircraft’s speed is relevant.



Based on data from the Federal Aviation Administration (FAA)’s National Wildlife Strike Database for Civil aviation, Dolbeer performed a study to evaluate the consequences for damages resulting from bird strikes below and above 500 ft in 2011 [32]. Even though the majority of strikes—approximately 75% in the period between 1990 and 2009—happen below 500 ft, only 55% to 65% of the damaging strikes took place in this altitude band. This indicates that a large proportion of strikes above 500 ft cause in damage, which is also reflected in Figure 2. This observation is supported by a study performed for the European Aviation Safety Agency (EASA) in 2009 [24] that takes into account data from civil aircraft from the UK and Canada for the period between 1990 and 2007. For these countries, 57% of all strikes happened during take-off and landing, 39% during climb and approach and approximately 1% during en-route flight for the observed period. The remaining 3% of all strikes happened during taxi and parking. The amount of damage per flight phase increases with increasing height: 3.7% of all strikes during take-off and landing, 7.9% of all strikes during approach and climb, and 34% of the en-route bird strikes caused damage. This can be explained by larger aircraft velocities at higher altitudes as well as by the fact that larger birds such as Canada Geese and Turkey Vultures fly at higher altitudes [24,52,53]. The combination of these two factors lead to a significant increase in the kinetic energy of the impact and thus to a higher probability of damage with increasing height.



4.1. Parts Struck


The majority of bird strikes hit the large front-parts of the aircraft: the nose, the wings’ leading edges, and the engines. The shares of strikes to the various parts differ between different sources (e.g., [2,7,31]). Exemplary, Figure 4 presents the proportion of damaging and non-damaging strikes per aircraft component. The magnitude of damage resulting from a bird strike strongly depends on the part(s) struck. Small parts such as the pitot tube and lights are most vulnerable to damage due to their exposed positions and missing requirements on impact-resistance. The danger of hazardous consequences for the aircraft is especially high, when large or multiple birds are ingested into one or more engines because this can lead to partial or total loss of thrust. This is reflected by the accident statistics: Out of the 30 accidents involving hull losses and fatalities that happened since 1960, 23 were a result of one ore more engines struck [1,54,55]. Currently, approximately 94% of the world’s aircraft fleet is equipped with two engines only [49]. Due to the resulting smaller redundancy, the danger is larger when birds are ingested [51]. Thereby, substantial engine damage is most likely during departure [56]. Over the past years, two major crashes occurred due to the ingestion of birds in both engines of twin-engine aircraft. In January 2009, an Airbus A320 aircraft lost thrust in both engines during initial climb out of LaGuardia Airport after the ingestion of several Canadian Geese. The crew successfully performed an emergency landing on the Hudson river [57]. In August 2019, a similar accident took place in Moscow when the crew of an Airbus A321 performed a successful emergency landing in a corn field after the engines failed due to ingestion of multiple gulls during departure [58]. In both cases, all passengers and crew survived.




4.2. Risk of Accidents


The number of serious bird strike-related accidents are comparable to serious accidents due to other environmental causes, as Figure 5 shows. This figure compares the share of fatal and hull loss accidents resulting from environmental hazards for the periods 1960–1999 and 2000–2015. To compensate for the different length of the compared periods, the shares and not absolute numbers of accidents are provided. Over the last few decades, technological improvements and additional safety equipment have been introduced to reduce the number of windshear and turbulence related accidents [59]. The effect of these measures, especially on turbulence-related accidents, is visible in Figure 5. On the other hand, the shares of serious accidents due to bird strike, lightning strike and thunderstorm increased.




4.3. Effect on Flight


Depending on the magnitude of the damage, there is a direct operational effect on the flight. In addition to the aircraft involved, airport operations and other airspace users may also be impaired. Table 2 provides an overview of operational impacts for various countries and continents. In addition, the worldwide reports collected by ICAO [31] are presented. While the share between none and unknown varies among the sources, the effect-categories have a similar influence.



Independent of their impact on a flight, an examination to ensure the airworthiness of the aircraft involved has to be performed before the next departure [61]. Therefore, not only damaging but all recognized bird strikes affect operations and consequently result in costs. Furthermore, airport operations might be impaired—for example due to temporary runway closure to remove bird remains.




4.4. Costs of Bird Strikes


Little information is available about the costs resulting from bird strikes. This is related to the reluctance of airlines to report damage costs due to competitive reasons [62]. Global estimates are from the early 2000s. For example, depending on the damage caused, Sodhi approximated in 2002 that the costs for engine repairs range from US $ 250,000 to one million US $ [50]. Allan et al. approximated in 2003 the total annual costs for the world aviation fleet to be approximately one billion US$ [63]. Based on data obtained from United Airlines (UAL) for the years between 1999 and 2002, costs of a non-damaging strike sum up to approximately US $22,417 per strike. This includes, for example, an aircraft check following a bird strike. They conclude that the average costs for a damaging strike amount to US$225,329. More recent data are available from the FAA [7], which is summarized in Table 3. Some of the reported strikes between 1990 and 2015 include information about repair and indirect costs. Indirect costs result from lost revenues, passenger rebooking, aircraft rescheduling and flight cancellations. On average, the repair costs amounted to US $ 164,595, the average indirect costs to US $ 27,599 , resulting in total average costs of US $ 192,194 per damaging strike. However, this information was included only in a small proportion of all reports, as Table 3 indicates. Hence, these numbers might not be representative. Furthermore, due to incomplete reporting of strikes in general, the authors of the study presume a strong underestimate. Therefore, projected costs are based on the averages obtained from the reports that include cost information. These are also presented in Table 3.



Another type of cost can be expressed in aircraft downtime. Based on the 5% of reports including information about aircraft downtime in [7], an average of 101 hours per strike result. When including missing reports, the authors project an average of 4521 days of aircraft downtime per year due to wildlife strikes.





5. The Counteracting Measures


To reduce the risk of bird strikes, many measures have been implemented. They can either be ground- or aircraft-related. On the ground, the focus of bird strike hazard reduction in civil aviation explicitly lies on the airports and their direct surroundings. This is related to the altitude distribution of bird strikes with the highest risk at low altitudes [40,44]. In this context, the ICAO requests airports to maintain a wildlife strike program [43,44].



In addition to the measures to prevent bird strikes, regulations to minimize the risk of damage are in force. These are described in the end of this section.



5.1. Mitigation Measures on the Ground


Successful bird strike prevention at airports requires the identification of hazardous species as well as the the understanding of the types and reasons of their movements [64,65] Multiple risk assessment procedures have been developed to support the bird strike units in prioritizing and performing their measures. Depending on the model, the input parameters include species, their abundance and potential to cause damaging strikes as well as cost-estimates (for example [22,46,51,66]).



These range from habitat management to exclusion, harassment, capture, and shooting of wildlife [51]. Within habitat modification, the airport grounds are made as unattractive to birds as possible, by removing sources for water, food and shelter or by making them inaccessible [67]. Habitat management is considered as the foundation of successful and long-term wildlife management. Exclusion can partly be achieved by wires, netting or covers. Furthermore, chemical repellents such as anthraquinone or methyl anthranilate are used [51]. The category harassment includes all techniques which aim at chasing away birds which have already entered the airfield. The main groups of harassing tools are auditory deterrents such as gas exploders, alarm and distress calls as well as pyrotechnics, visual repellents such as effigies, predator models, lasers, reflecting materials, lights, mirrors as well as drones, trained dogs and falconry [68]. The category capture and relocation includes trapping of birds on the airfield and reassigning them to new habitats further away from the airport. Among others, a minimum distance between the airport and translocation area should be kept to limit returns to the airport [69]. The lethal category covers shooting of birds and pursues two goals. First, the population density of critical bird species should be limited to reduce the risk of strikes. Second, by shooting target individuals of a group, habituation to other techniques by the remaining birds should be limited. The efficacy of shooting birds is not entirely clear. Furthermore, lethal methods are forbidden or restricted in many countries [70,71].



The described efforts at airports are vital for reducing the risk of bird strikes and many control programs have shown positive effects (see, e.g., [7,23] ). However, airport-bound wildlife management is limited in its efficacy. Firstly, birds can grow accustomed to harassing methods, which reduces their effectiveness over time. Secondly, the range of the dispersing measures lies within the airport boundaries rather than in the entire area with increased risk, i.e., below 3000 ft [28,38]. Considering that there is an increasing trend of damaging strikes outside the airport boundaries [32], expanding the horizon of bird strike hazard mitigation beyond the airport fences is essential [28].



Therefore, aircraft-related risk-reducing measures have been researched over the past few years, as described in the following section.




5.2. Aircraft-Related Mitigation Measures


Various studies on bird reactions to approaching aircraft have been performed to study the options of reducing strikes by enhancing the perceivability of the aircraft (e.g., [72,73,74,75,76,77]). They commonly concluded that many bird species try to avoid collisions with aircraft. However, due to their reaction time and the aircraft’s high speed, especially during flight, the birds’ attempts to escape are often unsuccessful. This is even true for experienced birds. Even though they were found to initiate their escape earlier than inexperienced birds, the remaining time to collision is usually insufficient to prevent a collision [78]. By increasing an aircraft’s perceivability, birds can detect its approach earlier and the chances for a successful avoidance manoeuvre rise [72,79]. The majority of research in this area has focused on increased visibility. A rather general study analysed the correlation between fuselage color and bird strike risk [75]. The authors concluded that it is likely that ’enhancing aircraft visually through a bright color scheme might facilitate a bird’s ability to detect and distinguish aircraft shape in time to perform avoidance behavior.’. For turboprop aircraft, such an effect can be gained by applying colored patterns to the propeller to enhance the aircraft’s contrast against the sky [80,81].



Research on increasing aircraft lighting found that pulsing light has the potential to enhance avian visual awareness [73,74,82]. However, as visual perception depends on the bird species, different pulsing frequencies and wavelengths might be required [83]. An experiment identified that certain wavelengths do trigger strong avoidance reactions of birds, while other wavelengths did not cause any behavioral response. This implies that the choice of lights to be installed can support successful collision avoidance [77].



Long-term tests with two airlines demonstrated the safety potential of implementing a pulsing light system to aircraft. The system tested pulses for the existing landing and logo lights to enhance aircraft visibility and the predictability of the aircraft’s flight path at night. The system was installed on aircraft from Alaska Airlines, a regional airline in the USA for a duration of three years. Compared to the three years previous to installation, the number of bird strikes had decreased by 33.5% [84]. In another trial, ten aircraft of Qantas Airways were equipped with the system. The installation remained between 12 and 24 months. Compared to the fleet’s non-equipped aircraft, a reduction in bird strikes between 54% and 66% resulted [85]. Therefore, pulsing lights seem to be a promising addition to wildlife management at airports, especially to prevent bird strikes at low velocities.




5.3. Regulatory Mitigation Measures


Table 4 indicates that the majority of reported bird strikes do not result in any severe consequences for the involved aircraft. This has three main causes. Firstly, many bird strikes involve small birds (cf. e.g., [45]). Because of their lower mass, they have low kinetic energy and are therefore much less likely to cause damage. The second reason is the impact-resistance of aircraft. To meet the certification requirements by the Civil Aviation Authoritys (CAAs), aircraft have to be able to withstand a certain impact caused by birds, as described subsequently. Thirdly, requirements for reduced aircraft speeds below 10,000 ft have proven effective [27].



5.3.1. Certification Requirements


Aircraft have to meet certification requirements to prove their airworthiness [87]. In this chapter, the European regulations as defined by EASA and the US regulations by the FAA are considered. Depending on their size, aircraft are grouped into categories. Airplanes used for commercial aviation are either in the category Normal (EASA)/Normal Category Airplanes (FAA) or Large Aeroplanes (EASA)/Transport Category Aircraft (FAA). The categories and their descriptions, which are mostly corresponding, can be found in Table 5. By 2014, approximately 97% of aircraft in the worldwide commercial fleet were certified as Large Aeroplanes/Transport Category Aircraft; the remaining 3% were certified as Normal/Normal Category Airplanes [49]. In Europe, the majority of commercial aircraft is certified by the standard CS 25—Large Aeroplanes [88]. The US-American counterpart consists of the Federal Aviation Regulations (FAR) 14 CFR Part 25—Transport Category Airplanes [89]. These regulations contain the following requirements regarding damage-tolerance of aircraft parts.




	
Windshield: withstand without penetration an impact of a 2 lb bird at cruise speed.



	
Structure: Successfully completing a flight after an impact with a 4 lb bird when the aircraft’s velocity relative to the bird along the aircraft’s flight path equals cruise speed at sea level or 0.85 cruise speed at 8000 ft, whichever is more critical.



	
Empennage: Successfully completing a flight after an impact with an 8 lb bird at cruise speed (FAA only).



	
Pitot tubes: sufficient separation to prevent damage to all of them in case of a bird strike.








Aircraft in the category CS 23–Normal Aeroplanes respective 14 CFR Part 23—Transport Category Airplanes only have to prove an impact-resistance of the windshields. Both the European and the US regulations demand that each windshield and its supporting structure directly in front of the pilot must withstand, without penetration, the impact equivalent to a two-pound bird when the velocity of the aeroplane is equal to the aeroplane’s maximum approach flap speed. [89,90]. Consequently, category 23 aircraft are more vulnerable to damage due to collisions with birds.



Regarding the impact-resistance of engines, which have to be certified independently of the aircraft, separate EASA and FAA regulations are in force. To prove that an engine responds in a safe manner to bird ingestion, it must undergo an engine ingestion test. The European regulations (CS-E 800 [93]) demand tests considering the ingestion of single large birds and large flocking birds. The FAR add tests for small and medium single and flocking birds [94]. Depending on the engine’s diameter, different criteria regarding bird mass and thrust settings are required. In all tests, the ingestion of the bird must not lead to a hazardous engine effect. EASA defines the following events as Hazardous Engine Effects [93]:




	i.

	
non-containment of high-energy debris,




	ii.

	
concentration of toxic products in the engine bleed air for the cabin sufficient to incapacitate crew or passengers,




	iii.

	
significant thrust in the opposite direction to that commanded by the pilot,




	iv.

	
uncontrolled fire,




	v.

	
failure of the engine mount system leading to inadvertent engine separation,




	vi.

	
release of the propeller by the Engine, if applicable,




	vii.

	
complete inability to shut the engine down.










5.3.2. Speed Limitations


A further reason why only a small number of all bird strikes lead to aircraft damage results from regulations for maximum aircraft speeds of 250 kts (Knots-Indicated Airspeed (KIAS)) below 10,000 ft as a matter of Air Traffic Control (ATC) airspace organization. Among others, the limitation of speed should reduce the kinetic impact of bird strikes in the areas where bird strikes mostly occur [29,40]. Many countries such as Canada, Mexico, the USA and Germany have applied such a regulation [95,96].






6. The Next Step


Over the past few years, the awareness has risen that increasingly includes the parties actually handling air traffic—ATC and the pilots—is vital to further reduce the risk of bird strikes in civil aviation [28]. Currently, the controllers can provide general warnings on bird activity in the airport area based on visual observations or reports by pilots [27,97]. Pilots in commercial aviation can mainly enhance their situational awareness by studying current bird strike risk information in the form of BIRDTAMs (a special form of Notice to Airmen (NOTAM) which provides information on current bird strike risk [98]) and bird migration reports, where available [27,98,99]. Furthermore, they should stay alert throughout the flight and report observations on enhanced bird activity as well as experienced bird strikes [27]. In general aviation, route planning should consider the avoidance of areas abundant of birds in addition. By flying at high altitudes, the probability, and by flying at low speeds, the impact of a potential bird strike can be reduced [27,99].



To introduce operational bird strike prevention further involving ATC and pilots, experiences from military aviation can serve as an example. As military operations are often performed at low altitude, military aircraft spend much more time in areas with high bird densities than civil aircraft. Hence, military operations are more vulnerable to bird strikes than their civil counterparts. For this reason, several air forces across the world have started to implement procedures to adjust flight planning based on current bird strike risk since the 1970s (e.g., [100,101,102]). In the beginning, this mainly included flight restrictions during peaks of bird migration [37]. With developments in technology and increasing data-sets to model and predict bird movement, a more dynamic and short-term planning to avoid high-risk air spaces at a given time has become possible [28]. The military efforts have mainly focused on en-route intervention of flight operations for low-level training flights [37,102]. For civil aviation, an application of these procedural approaches at and around the airports would be useful and is seen as an important next step in bird strike prevention [28]. In contrast to military aviation which has a certain flexibility in flight planning, civil aviation is bound to schedules [103]. Therefore, regular flight restrictions in cases of high risk are unfeasible. On the other hand, dedicated real-time warnings of high-risk situations resulting in short-term delays could be applicable. Different levels of advice could be possible. First, the general situational awareness of the pilots could be raised. Second, aircraft taking off could be advised to adjust their rate of climb to quicker pass critical zones. In addition, third, in case of high collision risk, air traffic could temporarily be held back.



According to Annex 15 of ICAO, ATC shall provide current information on the presence of birds constituting a potential hazard to aircraft operations [104]. However, in order to be able to give precise warnings rather than general information on bird movement, additional surveillance technology is required.



An increasing number of airports have installed radars dedicated to tracking birds, so-called avian radars, over the past few years. They are designed to track individual birds as well as flocks of birds up to distances of 11 km and heights of 1.5 km [105]. While initial installations covered two-dimensional positions only, systems providing three-dimensional positions are increasingly becoming available. Moreover, radar ranges are increasing and the data quality is improving. Thus far, these radars are mainly used by local wildlife control to detect hotspots of bird movements at the airfield. However, avian radars, possibly in combination with other surveillance technology such as thermal or video imaging, have the potential to serve as input for procedural, real-time bird strike prevention. A unique implementation of a radar-based bird strike advisory system for civil aviation is located at the Durban King Shaka International Airport, South Africa [28,106]. During summer, around three million swallows visit a roosting site which is located on the extended runway center line, 2.6 km from the airport. At dawn and dusk, the birds move in large flocks to and from this site. The radar is used to detect these movements. Based on the observed risk level, ATC is advised to temporarily hold back air traffic. Contributing factors to the successful implementation of the procedures are the detectability of huge swarms of birds by avian radars, the short and distinctive periods of threat and the relatively low number of aircraft movements at the airport [28]. The general introduction of comparable procedures at other airports could be limited by the following factors. In contrast to King Shaka airport, bird strike risk is more random at other airports with respect to number of birds and time of day. The ability of avian radars to detect individual birds, even large ones, close to the ground as well as with increasing distance from the radar, is limited [107,108,109]. Therefore, not all birds are observed by the radar and no warning for potentially critical strikes can be presented due to the missing information. Moreover, tracks of individual birds are more difficult to predict than those of swarms. This reduces the potential positive effect on safety and to superfluous warnings in case of falsely predicted bird movement. Furthermore, bird strike risk is distributed throughout the day. This could lead to increased workload for the controllers and to to unjustifiable reduction in runway capacity at high-density airports.



An ongoing FAA study has addressed the question of workload increase for controllers when involving them in the bird strike hazard reduction process [110]. In human-in-the-loop simulations, controllers were presented with four test conditions in which they had to control air traffic at an airport. In the baseline scenario, bird activity information was provided as observations by pilots transmitted via radio, representing current procedures. In the three remaining conditions, information was provided in different ways via the controller’s Human–Machine Interface (HMI). Initial results indicate that the controllers appreciate the increased situational awareness. Moreover, the controllers reported a reduction in workload when receiving dedicated bird strike risk information via their HMI in contrast to information reported by pilots. A European study focuses on the potential effects on an airport’s safety and runway capacity when implementing procedural risk-reduction methods [111,112]. Fast-time simulations involving deterministic bird and aircraft movement revealed a potential for increasing safety and reducing cost with only a small impact on runway capacity [112]. Ongoing research is evaluating the effect when the limited predictability of birds is taken into account.



Alternatively to ground-based warning systems, there are ideas to integrate radar-based alerting systems into the aircraft [113]. Independent of the chosen approach, a close collaboration between research and operational personnel is crucial for a successful implementation of new measures [114].



The presented initiatives to apply operational bird strike prevention based on the positive results from military aviation are preliminary. Nevertheless, they demonstrate the potential to further reduce the risk of bird strike by applying procedural measures.




7. Conclusions


Collisions between birds and aircraft pose a serious risk to aviation. They mostly influence airport and aircraft operations and the efficiency of the air traffic management system. Furthermore, with their potential for severe damage and accidents, they pose a threat to aviation safety and a significant cost to the airline industry. The measures applied at airports, aircraft-mounted systems as well as regulations have reduced the risk and potential of accidents. Initial research on operational bird strike prevention by including air traffic controllers and pilots shows further potential to enhance avian and aviation safety.







Author Contributions


I.C.M. wrote the original draft of the paper. J.E., T.M., D.K., and J.M.H. reviewed and edited the draft. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by the DLR/DAAD Research Fellowship.




Acknowledgments


We would like to thank Liane Stockmann from the German aviation authority Luftfahrtbundesamt and Devon Harris from Transport Canada for their excellent support in retrieving bird strike statistics. We are grateful for the thorough (bi-)annual reports of the Australian Transport Safety Bureau (ATSB), FAA and CAA UK and would like to thank their authors. We appreciate the peer reviewers’ constructive comments on the draft of this manuscript.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Avisure. Fatalities and Destroyed Aircraft in Aviation. 2019. Available online: https://avisure.com/about-us/fatalities-and-destroyed-aircraft-due-to-wildlife-strikes-1912-to-present/ (accessed on 30 January 2020).

	



Australian Transport Safety Bureau. Australian Aviation Wildlife Strike Statistics 2008 to 2017; Australian Transport Safety Bureau: Canberra, Australia, 2019.

	



Harris, D.; (Transport Canada, Ottawa, ON, Canada). Personal communication, 26 July 2019.

	



Direction Générale de l’Aviation Civile. Analyse du Risque Animalier en France 2010–2013. 2017. Available online: https://de.calameo.com/read/000687261c8f500e036b0 (accessed on 20 February 2020).

	



Deutscher Ausschuss zur Verhütung von Vogelschlägen im Luftverkehr e.V. Jahresbericht 2018; DAVVL: Bremen, Germany, 2019. [Google Scholar]

	



UK Civil Aviation Authority. Birdstrikes. Available online: https://www.caa.co.uk/Commercial-Industry/Airports/Safety/Birdstrikes/ (accessed on 5 February 2020).

	



Dolbeer, R.A.; Cleary, E.C.; Wright, S.E. Wildlife Strikes to Civil Aircraft in the United States 1990–2018; Federal Aviation Administration National Wildlife Strike Database, Serial Report Number 25; Federal Aviation Administration, U.S. Department of Agriculture: Washington, DC, USA, 2019.

	



Luftfahrtbundesamt. European Central Repository According to Regulation (EU) No. 376/2014 of the European Parliament and of the Council; Luftfahrtbundesamt: Brunswick, Germany, 2019. [Google Scholar]

	



Australian Transport Safety Bureau. Australian Aviation Wildlife Strike Statistics 2006 to 2015; Australian Transport Safety Bureau: Canberra, Australia, 2017.

	



Canada, T. Bird Strike Information System. 2019. Available online: https://wwwapps.tc.gc.ca/Saf-Sec-Sur/2/bsis/ (accessed on 26 July 2019).

	



Allan, J.R. The costs of bird strikes and bird strike prevention. In Human Conflicts with Wildlife: Economic Considerations; DigitalCommons@University of Nebraska–Lincoln: Lincoln, NE, USA, 2000; Available online: https://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1017&context=nwrchumanconflicts (accessed on 12 February 2020).

	



UK Civil Aviation Authority. CAA Paper 2006/05: The Completeness and Accuracy of Birdstrike Reporting in the UK; CAA Report; UK Civil Aviation Authority: London, UK, 2006.

	



Dolbeer, R.A. Trends in Reporting of Wildlife Strikes with Civil Aircraft and in Identification of Species Struck Under a Primarily Voluntary Reporting System, 1990–2013; Special Report Submitted to the Federal Aviation Administration; DigitalCommons@University of Nebraska–Lincoln: Lincoln, NE, USA, 2015; Available online: https://digitalcommons.unl.edu/cgi/viewcontent.cgi?article=1190&context=zoonoticspub (accessed on 12 February 2020).

	



Dolbeer, R.A.; Weller, J.R.; Anderson, A.L.; Begier, M.J. Wildlife Strikes to Civil Aircraft in the United States 1990–2015; Federal Aviation Administration National Wildlife Strike Database, Serial Report Number 22; Federal Aviation Administration, U.S. Department of Agriculture: Washington, DC, USA, 2016.

	



Pitlik, T.J.; Washburn, B.E. Using bird strike information to direct effective management actions within airport environments. In Proceedings of the 25th Vertebrate Pest Conference, Monterey, CA, USA, 5–8 March 2012. [Google Scholar]

	



European Organization for the Safety of Air Navigation. Bird Strike. 2019. Available online: http://www.skybrary.aero/index.php/Bird_Strike (accessed on 12 February 2020).

	



DeVault, T.L.; Kubel, J.E.; Glista, D.J.; Rhodes, O.E., Jr. Mammalian hazards at small airports in Indiana: Impact of perimeter fencing. Hum. Wildl. Conflicts 2008, 2, 240–247. [Google Scholar]

	



ICAO. Doc-9332-AN/909—Manual on the ICAO Bird Strike Information System (IBIS), 3rd ed.; ICAO: Montreal, QC, Canada, 1989. [Google Scholar]

	



European Parliament and the Council. Regulation (EU) No. 376/2014 of The European Parliament and of The Council of 3 April 2014. Off. J. Eur. Union 2014. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32014R0376&from=EN (accessed on 12 February 2020).

	



European Parliament and the Council. Commission implementing regulation EU 2015/1018. Off. J. Eur. Union 2015. Available online: https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32015R1018&from=EN (accessed on 12 February 2020).

	



Air Navigation (Amendment) (No. 2) Ordedr 2003. SI 2003 No. 2905; 2003. Available online: http://www.legislation.gov.uk/uksi/2003/2905/made (accessed on 5 February 2020).

	



Allan, J.; Baxter, A.; Callaby, R. The impact of variation in reporting practices on the validity of recommended birdstrike risk assessment processes for aerodromes. J. Air Transp. Manag. 2016, 57, 101–106. [Google Scholar] [CrossRef]

	



Dolbeer, R.A. Protecting the Flying Public and Minimizing Economic Losses within the Aviation Industry: Technical and Direct Management Assistance provided by USDA Wildlife Services at Airports to reduce Wildlife Hazards Fiscal Year 2008; USDA National Wildlife Research Center: Fort Collins, CO, USA, 2009; p. 14.

	



Atkins Ltd.; Food and Environment Research Agency (FERA). Bird Strike Damage & Windshield Bird Strike. 2009. Available online: http://www.easa.europa.eu/rulemaking/docs/research/FinalreportBirdStrikeStudy.pdf (accessed on 13 February 2020).

	



ICAO. 2016–2030 Global Air Navigation Plan, 5th ed.; Doc 9750-AN/963; ICAO: Montreal, QC, Canada, 2016. [Google Scholar]

	



ICAO. Safety Management, 1st ed.; Annex 19 to the Convention on International Civil Aviation; ICAO: Montreal, QC, Canada, 2013. [Google Scholar]

	



MacKinnon, B. Sharing the Skies. An Aviation Industry Guide to the Management of Wildlife Hazards; Transport Canada: Ottawa, ON, Canada, 2004.

	



McKee, J.; Shaw, P.; Dekker, A.; Patrick, K. Approaches to Wildlife Management in Aviation. In Problematic Wildlife: A Cross-Disciplinary Approach; Angelici, F.M., Ed.; Springer: Cham, Switzerland, 2016; Chapter 22; pp. 465–488. [Google Scholar]

	



Dolbeer, R.A.; Wright, S.; Weller, J.R.; Anderson, A.L.; Begier, M.J. Wildlife Strikes to Civil Aircraft in the United States 1990–2014; Serial Report Number 16; Federal Aviation Administration, U.S. Department of Agriculture: Washington, DC, USA, 2015.

	



EASA. Bird Population Trends and Their Impact on Aviation Safety 1999–2008; Safety Report; EASA: Cologne, Germany, 2009. [Google Scholar]

	



ICAO. 2008–2015 Wildlife Strike Analyses (IBIS); Electronic Bulletin; ICAO: Montreal, QC, Canada, 2017. [Google Scholar]

	



Dolbeer, R.A. Increasing Trend of damaging bird strikes with aircraft outside the airport boundary: Implications for mitigation measures. Hum. Wildl. Interact. 2011, 5, 1235–1248. [Google Scholar]

	



van Gasteren, H.; Holleman, I.; Bouten, W.; van Loon, E.; Shamoun-Baranes, J. Extracting bird migration information from C-band Doppler weather radars. Ibis 2008, 150, 674–686. [Google Scholar] [CrossRef]

	



Ebert, J. Bird Strikes in the German Civil Aviation 2011 to 2015. Vogel und Luftverkehr Online. 2016. Available online: http://www.davvl.de/sites/default/files/2018-06/2016_ebert_vogelschlaege_deutschen_zivilluftfahrt_11bis15.pdf (accessed on 13 February 2020).

	



van Gasteren, H.; Both, I.; Shamoun-Baranes, J.; Laloë, J.O.; Bouten, W. GPS logger onderzoek aan Buizerds helpt vogelaanvaringen op militaire vliegvelden te voorkomen. Limosa 2014, 87, 107–116. [Google Scholar]

	



Dekker, A.; van Gasteren, H. EURBASE: Military bird strike frequency in Europe. In Proceedings of the International Bird Strike Committee Conference, Athens, Greece, 23–27 May 2005. [Google Scholar]

	



van Gasteren, H.; Krijgsveld, K.L.; Klauke, N.; Leshem, Y.; Metz, I.C.; Skakuj, M.; Sorbi, S.; Schekler, I.; Shamoun-Baranes, J. Aeroecology meets aviation safety: Early warning systems in Europe and the Middle East prevent collisions between birds and aircraft. Ecography 2018, 42. [Google Scholar] [CrossRef]

	



Pfeiffer, M.B.; Kougher, J.D.; DeVault, T.L. Civil airports from a landscape perspective: A multi-scale approach with implications for reducing bird strikes. Landsc. Urban Plan. 2018, 179, 38–45. [Google Scholar] [CrossRef]

	



Cleary, E.; Dolbeer, R.A.; Wright, S. Wildlife Strikes to Civil Aircraft in the United States 1990–2002; Federal Aviation Administration, U.S. Department of Agricultur: Washington, DC, USA, 2003.

	



Dolbeer, R.A. Height Distribution of Birds Recorded by Collisions with Civil Aircraft. J. Wildl. Manag. 2006, 70, 1345–1350. [Google Scholar] [CrossRef]

	



Alerstam, T. Bird Migration; Cambridge University Press: Cambridge, UK, 1993. [Google Scholar]

	



Dolbeer, R.A. Wildlife Strikes to Civil Aircraft in the United States 1990–2016; Federal Aviation Administration National Wildlife Strike Database, Serial Report Number 23; Federal Aviation Administration, U.S. Department of Agriculture: Washington, DC, USA, 2018.

	



ICAO. Aerodromes, 3rd ed.; Annex 14 to the Convention on International Civil Aviation; ICAO: Montreal, QC, Canada, 2004; Volume I. [Google Scholar]

	



ICAO. Doc 9137—Airport Services Manual—Part 3—Wildlife Control and Reduction, 5th ed.; ICAO: Montreal, QC, Canada, 2012. [Google Scholar]

	



Australian Transport Safety Bureau. Australian Aviation Wildlife Strike Statistics 2004 to 2013; Australian Transport Safety Bureau: Canberra, Australia, 2014.

	



DeVault, T.L.; Blackwell, B.F.; Seamans, T.W.; Lima, S.L.; Fernández-Juricic, E. Speed kills: Ineffective avian escape responses to oncoming vehicles. Proc. R. Soc. B 2015, 282, 2014–2188. [Google Scholar] [CrossRef]

	



Hall, C.A.; Crichton, D. Engine and Installation Configurations for a Silent Aircraft. In Proceedings of the 17th International Symposium on Airbreathing Engines, Munich, Germany, 4–9 September 2005. [Google Scholar]

	



World Airliner Census 2006; FlightGlobal: Sutton, UK, 2006.

	



Morrison, M.; Fafard, A. World Airliner Census 2015; FlightGlobal: Sutton, UK, 2015. [Google Scholar]

	



Sodhi, N.S. Perspectives in ornithology: Competition in the air: Birds versus aircraft. Auk 2002, 119, 587–595. [Google Scholar] [CrossRef]

	



DeFusco, R.P.; Unangst, E.T.J.; Cooley, T.R.; Landry, J.M. ACRP Report 145 Applying an SMS Approach to Wildlife Hazard Management; Airport Cooperative Research Program; Transportation Research Board: Washington DC, USA, 2015. [Google Scholar]

	



DeVault, T.L.; Reinhart, B.D.; Brisbin, I.L., Jr.; Rhodes, O.E., Jr. Flight behavior of black and turkey vultures: Implications for reducing bird–aircraft collisions. J. Wildl. Manag. 2005, 69, 601–608. [Google Scholar] [CrossRef]

	



Lensink, R.; Kwak, R. Vogeltrek over Arnhem in 1983 Met een Samenvatting over de Periode 1981–1983 en Methodieken voor het bewerken van Telmateriaal; LWVT: Arnhem, The Netherlands, 1985; deel I en II. [Google Scholar]

	



Thorpe, J. 100 Years of Fatalities and Destroyed Civil Aircraft due to Bird Strikes. In Proceedings of the 30th Meeting of the International Bird Strike Committee, Stavanger, Norway, 25–29 June 2012. [Google Scholar]

	



Thorpe, J. Update to ’100 Years of Fatalities and Destroyed Civil Aircraft due to Bird Strikes’. In Proceedings of the 31th Meeting of the World Bird Strike Association, Atlanta, GA, USA, 30–31 July 2014. [Google Scholar]

	



Dolbeer, R.A. Feathers in the fan. AeroSafety World 2008, 3, 22–26. [Google Scholar]

	



National Transportation Safety Board NTSB. Loss of Thrust in Both Engines After Encountering a Flock of Birds and Subsequent Ditching on the Hudson River; US Airways Flight 1549, Airbus A320-214, N106US, Weehawken, New Jersey, January 15, 2009, Accident Report NTSB/AAR-10/03 PB2010-910403; National Transportation Safety Board NTSB: Washington, DC, USA, 2010.

	



Herald, A. Accident: Ural A321 at Moscow on Aug 15th 2019, Bird Strike into Both Engines Forces Landing in Corn Field. 2019. Available online: http://avherald.com/h?article=4cb94927&opt=0 (accessed on 4 February 2020).

	



Barnstorff, K. Wind Shear Accident Was Catalyst for Technology. 2010. Available online: https://www.nasa.gov/topics/aeronautics/features/microburst-windshear.html (accessed on 3 October 2018).

	



Ranter, H. ASN Aviation Safety Database. 2018. Available online: https://aviation-safety.net/database/ (accessed on 3 October 2018).

	



Federal Aviation Administration. 14 CFR 91.7—Civil Aircraft Airworthiness; Federal Aviation Administration: Washington, DC, USA, 2011.

	



Navin, J.; Weiler, S.; Anderson, A. Wildlife strike cost revelation in the US domestic airline industry. Transp. Res. Part D Transp. Environ. 2020, 78, 102204. [Google Scholar] [CrossRef]

	



Allan, J.; Orosz, A.; Badham, A.; Bell, J. The Development of Birdstrike Risk Assessment Procedures, Their Use on Airports, and the Potential Benefits to the Aviation Industry. In Proceedings of the International Bird Strike Committee IBSC26/WP-OS7, Warsaw, Poland, 5–9 May 2003. [Google Scholar]

	



DeVault, T.L.; Belant, J.L.; Blackwell, B.F.; Seamans, T.W. Interspecific variation in wildlife hazards to aircraft: Implications for airport wildlife management. Wildl. Soc. Bull. 2011, 35, 394–402. [Google Scholar] [CrossRef]

	



Belant, J.L.; Washburn, B.E.; DeVault, T.L. Understanding Animal Movements at and near Airports. In Wildlife in Airport Environments: Preventing Animal–Aircraft Collisions Through Science-Based Management; John Hopkins University Press: Baltimore, MD, USA, 2013; p. 129. [Google Scholar]

	



Anderson, A.; Carpenter, D.S.; Begier, M.J.; Blackwell, B.F.; DeVault, T.L.; Shwiff, S.A. Modeling the cost of bird strikes to US civil aircraft. Transp. Res. Part D Transp. Environ. 2015, 38, 49–58. [Google Scholar] [CrossRef]

	



Schiphol Amsterdam Airport. Bird Control at Schiphol; Schiphol Amsterdam Airport: Schiphol, The Netherlands, 2012. [Google Scholar]

	



Belant, J.L.; Martin, J.A. Bird Harassment, Repellent, and Deterrent Techniques for Use on and Near Airports; Airport Cooperative Research Program; Transportation Research Board: Washington, DC, USA, 2011; Volume 23. [Google Scholar]

	



Pullins, C.K.; Guerrant, T.L.; Beckerman, S.F.; Washburn, B.E. Mitigation translocation of red-tailed hawks to reduce raptor–aircraft collisions. J. Wildl. Manag. 2018, 82, 123–129. [Google Scholar] [CrossRef]

	



Dolbeer, R.A.; Franklin, A.B. Population management to reduce the risk of wildlife-aircraft collisions. In Wildlife in Airport Environments: Preventing Animal-Aircraft Collisions through Science-Based Management; John Hopkins University Press: Baltimore, MD, USA, 2013; pp. 67–78. [Google Scholar]

	



Rey, L.; Liechti, F. Overview of the Aims and the Extent of Birdstrike Prevention by Lethal Control on International Airports A literature review on behalf of the Federal Office of Civil Aviation (FOCA); Swiss Ornithological Institute: Sempbach, Switzerland, 2015. [Google Scholar]

	



Bernhardt, G.E.; Blackwell, B.F.; DeVault, T.L.; Kutschbach-Brohl, L. Fatal injuries to birds from collisions with aircraft reveal anti-predator behaviors. Ibis 2010, 152, 830–834. [Google Scholar] [CrossRef]

	



Blackwell, B.F.; Fernandez-Juricic, E.; Seamans, T.W.; Dolan, T. Avian visual system configuration and behavioral response to object approach. Anim. Behav. 2009, 77, 673–684. [Google Scholar] [CrossRef]

	



Blackwell, B.F.; DeVault, T.L.; Seamans, T.W.; Lima, S.L.; Baumhardt, P.; Fernández-Juricic, E. Exploiting avian vision with aircraft lighting to reduce bird strikes. J. Appl. Ecol. 2012, 49, 758–766. [Google Scholar] [CrossRef]

	



Fernández-Juricic, E.; Gaffney, J.; Blackwelll, B.F.; Baumhardt, P. Bird strikes and aircraft fuselage color: A correlational study. Hum. Wildl. Interact. 2011, 5, 224–234. [Google Scholar]

	



Sheridan, E.; Randolet, J.; DeVault, T.L.; Seamans, T.W.; Blackwell, B.F.; Fernández-Juricic, E. The effects of radar on avian behavior: Implications for wildlife management at airports. Appl. Anim. Behav. Sci. 2015, 171, 241–252. [Google Scholar] [CrossRef]

	



Goller, B.; Blackwell, B.F.; DeVault, T.L.; Baumhardt, P.E.; Fernández-Juricic, E. Assessing bird avoidance of high-contrast lights using a choice test approach: Implications for reducing human-induced avian mortality. PeerJ 2018, 6, e5404. [Google Scholar] [CrossRef] [PubMed]

	



DeVault, T.; Seamans, T.; Blackwell, B.F.; Lima, S.; Martinez, M.; Fernández-Juricic, E. Can experience reduce collisions between birds and vehicles? J. Zool. 2017, 301, 17–22. [Google Scholar] [CrossRef]

	



Lima, S.L.; Blackwell, B.F.; DeVault, T.L.; Fernández-Juricic, E. Animal reactions to oncoming vehicles: A conceptual review. Biol. Rev. 2015, 90, 60–76. [Google Scholar] [CrossRef]

	



Welsh, K.W.; Vaughan, J.A.; Rasmussen, P.G. Conspicuity Assessment of Selected Propeller and Tail Rotor Paint Schemes; Document FAA-AM-78-29; Civil Aeromedical Institute Federal Aviation Administration: Oklahoma City, OK, USA, 1978.

	



Aas, C.K.; Johansen, B. Conspicuous Pied Propellers—What are the latest Results? In Proceedings of the Bird/Wildlife Strike Prevention Conference, Amsterdam, The Netherlands, 5–9 December 2016. [Google Scholar]

	



Blackwell, B.F.; Bernhardt, G.E. Efficacy of aircraft landing lights in stimulating avoidance behavior in birds. J. Wildl. Manag. 2004, 68, 725–732. [Google Scholar] [CrossRef]

	



Blackwell, B.F.; DeVault, T.L.; Fernández-Juricic, E.; Gese, E.M.; Gilbert-Norton, L.; Breck, S.W. No single solution: Application of behavioral principles in mitigating human–wildlife conflict. Anim. Behav. 2016, 120, 245–254. [Google Scholar] [CrossRef]

	



Precise Flight. The Bird Strike Story. 2018. Available online: https://www.preciseflight.com/aviation-birdstrikes-solutions/ (accessed on 28 December 2019).

	



Qantas Airlines and Precise Flight. Precise Flight Pulselite System B737 Operational Evaluation; Evaluating the Operational Use of the Pulselite Landing Light System in the Australasian Airline Environment; Evaluation Period Jan 2005 to Aug 2007; Qantas Airlines and Precise Flight: Bend, OR, USA, n.d.

	



European Coordination Centre for Accident and Incident Reporting Systems ECCAIRS, Title = Data Definition Standard. Attribute Values. Available online: https://www.icao.int/safety/airnavigation/AIG/Documents/ADREP%20Taxonomy/ECCAIRS%20Aviation%201.3.0.12%20%28VL%20for%20AttrID%20%20390%20-%20Events%29.pdf (accessed on 20 February 2020).

	



ICAO. Airworthiness of Aircraft, 11th ed.; Annex 8 to the Convention on International Civil Aviation; ICAO: Montreal, QC, Canada, 2010. [Google Scholar]

	



European Aviation Safety Agency. Certification Specifications and Acceptable Means of Compliance for Large Aeroplanes CS-25; Amendment 23; European Aviation Safety Agency: Cologne, Germany, 2019. [Google Scholar]

	



Federal Aviation Administration. 14 CFR Part 25—Airworthiness Standards: Normal Category Airplanes; Federal Aviation Administration: Washington, DC, USA, 2011.

	



European Aviation Safety Agency. Certification Specifications for Normal Aeroplanes; Ammendment 5; European Aviation Safety Agency: Cologne, Germany, 2017. [Google Scholar]

	



European Aviation Safety Agency. Definitions and Abbreviations Used in Certification Specifications for Products, Parts and Appliances; European Aviation Safety Agency: Cologne, Germany, 2007. [Google Scholar]

	



Federal Aviation Administration. Transport Airplanes. Available online: https://www.faa.gov/aircraft/air_cert/design_approvals/transport/ (accessed on 30 September 2019).

	



European Aviation Safety Agency. Certification Specifications for Engines; Amendment 3; European Aviation Safety Agency: Cologne, Germany, 2010. [Google Scholar]

	



Federal Aviation Administration. 14 CFR 33.76—Bird Ingestion; Federal Aviation Administration: Washington, DC, USA, 2011; Volume 1.

	



Thorpe, J. Conflict of Wings: Birds Versus Aircraft. In Problematic Wildlife. A Cross-Disciplinary Approach; Angelici, F.M., Ed.; Springer: Cham, Switzerland, 2016; Chapter 21; pp. 443–464. [Google Scholar]

	



Eschenfelder, P.F. High Speed Flight at Low Altitude: Hazard to Commercial Aviation? In Proceedings of the 2005 Bird Strike Committee-USA/Canada 7th Annual Meeting, Vancouver, BC, USA, 15–18 August 2005.

	



European Organization for the Safety of Air Navigation. Bird Strike: Guidance for Controllers. 2018. Available online: https://www.skybrary.aero/index.php/Bird_Strike:_Guidance_for_Controllers (accessed on 26 June 2019).

	



European Organization for the Safety of Air Navigation. BIRDTAM. 2018. Available online: https://www.skybrary.aero/index.php/BIRDTAM (accessed on 21 February 2020).

	



AOPA-Germany e.V. AOPA Safety Letter—Vogelschlag; No 2; AOPA-Germany e.V.: Egelsbach, Germany, 2012. [Google Scholar]

	



DeFusco, R.P. Current Status of the USAF Bird Avoidance Model (BAM). In Proceedings of the 25th Meeting of the International Bird Strike Committee, Amsterdam, The Netherlands, 17–21 April 2000. [Google Scholar]

	



Leshem, Y.; Ovadia, O.; Dinevich, L.; Raz, O. A National Network of Bird and Weather Radars in Israel—From Vision to Reality. In Proceedings of the 27th Meeting of the International Bird Strike Committee, Athens, Greece, 23–27 May 2005. [Google Scholar]

	



van Gasteren, H.; Dekker, A.; Shamoun-Baranes, J.; Leijnse, H.; Kemp, M.; de Graaf, M.; Bouten, W. The FlySafe project: How weather radars can improve the en-route bird strike warning system. In Proceedings of the 30th Meeting of the International Bird Strike Committee, Stavanger, Norway, 25–29 June 2012. [Google Scholar]

	



Pfeiffer, M.B.; Blackwell, B.F.; DeVault, T.L. Quantification of avian hazards to military aircraft and implications for wildlife management. PLoS ONE 2018, 13, e0206599. [Google Scholar] [CrossRef]

	



ICAO. Aeronautical Information Services, 14th ed.; Annex 15 to the Convention on International Civil Aviation; ICAO: Montreal, QC, Canada, 2013. [Google Scholar]

	



Beason, R.C.; Nohara, T.J.; Weber, P. Beware the Boojum: Caveats and strengths of avian radar. Hum. Wildl. Interact. 2013, 7, 16–46. [Google Scholar]

	



Marshall, L. Bird arrivals, departures a priority at new airport in Africa. National Geographic, 24 March 2010. [Google Scholar]

	



Dokter, A.M.; Baptist, M.J.; Ens, B.J.; Krijgsveld, K.L.; van Loon, E.E. Bird radar validation in the field by time-referencing line-transect surveys. PLoS ONE 2013, 8, e74129. [Google Scholar] [CrossRef]

	



Gerringer, M.B.; Lima, S.L.; DeVault, T.L. Evaluation of an avian radar system in a midwestern landscape. Wildl. Soc. Bull. 2016, 40, 150–159. [Google Scholar] [CrossRef]

	



May, R.; Steinheim, Y.; Kvaløy, P.; Vang, R.; Hanssen, F. Performance test and verification of an off-the-shelf automated avian radar tracking system. Ecol. Evol. 2017, 7, 5930–5938. [Google Scholar] [CrossRef]

	



Hale, M.R.; Stanley, R. Evaluating the Design and Suitability of the Wildlife Surveillance Concept. In Proceedings of the Integrated Communications Navigation and Surveillance Conference, Herndon, VA, USA, 18–20 April 2017. [Google Scholar] [CrossRef]

	



Metz, I.; Mühlhausen, T.; Ellerbroek, J.; Kügler, D.; Hoekstra, J.M. Evaluating the Effects of a Bird Strike Advisory System. In Proceedings of the Bird/Wildlife Strike Prevention Conference, Amsterdam, The Netherlands, 5–7 December 2016. [Google Scholar]

	



Metz, I.; Mühlhausen, T.; Ellerbroek, J.; Kügler, D.; Hoekstra, J. What is the Potential of a Bird Strike Advisory System? In Proceedings of the 13th USA/Europe Air Traffic Management Research and Development Seminar, Vienna, Austria, 18–21 June 2019.

	



Vacanti, D.C. Passive Bird-Strike Avoidance Systems and Methods. European Patent Application 12153738.5, 12 February 2012. [Google Scholar]

	



Greggor, A.L.; Berger-Tal, O.; Blumstein, D.T.; Angeloni, L.; Bessa-Gomes, C.; Blackwell, B.F.; St Clair, C.C.; Crooks, K.; de Silva, S.; Fernández-Juricic, E.; et al. Research priorities from animal behavior for maximising conservation progress. Trends Ecol. Evol. 2016, 31, 953–964. [Google Scholar] [CrossRef]








[image: Aerospace 07 00026 g001 550] 





Figure 1. Ratio between damaging strikes and all strikes in the USA between 1990 and 2018. Source: [7]. 
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Figure 2. Distribution of bird strikes by altitude band that occurred between 1990 and 2018 in the USA, where the altitude was known (72% for all strikes, 70% for damaging strikes). Source: [7]. 
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Figure 3. Seasonal distribution of bird strikes for Australia, Europe, Canada and the USA [7,8,9,10]. 
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Figure 4. Total number of bird strikes per part indicating number of damaging strikes for Europe, Canada and the USA [7,8,10]. 
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Figure 5. Comparison of different accident causes for the periods 1960–1999 (left) and 2000–2015 (right) (sources: [55,60]). 






Figure 5. Comparison of different accident causes for the periods 1960–1999 (left) and 2000–2015 (right) (sources: [55,60]).



[image: Aerospace 07 00026 g005]







[image: Table] 





Table 1. Average bird strike rates (number of strikes per 10,000 aircraft movements) for different countries.
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	Country
	Bird Strike Rate
	Period Considered
	Source





	Australia
	7.76
	2008–2017
	[2]



	Canada
	3.51
	2008–2018
	[3]



	France
	3.95
	2004–2013
	[4]



	Germany
	4.42
	2010–2018
	[5]



	UK
	7.76 (all) 4.62 (confirmed)
	2012–2016
	[6]



	USA
	2.83
	2009–2018
	[7]
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Table 2. Reported operational effects in Europe, Canada, the USA as well as world-wide in percentages [8,10,14,31].
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Operational Impact

	
Europe (2008–2018)

	
Canada (2008–2018)

	
USA (1990–2018)

	
Worldwide (2008–2015)






	
none

	
95 a

	
69

	
56

	
83




	
unknown

	
21

	
46

	
12




	
precautionary landing

	
1

	
5

	
3

	
1




	
aborted take-off

	
1

	
2

	
1

	
1




	
engine shut-down

	
<1

	
<1

	
<1

	
<1




	
other

	
3

	
3

	
1

	
3








a Europe groups none and unknown into one category.
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Table 3. Repair and indirect costs resulting from wildlife strikes in the US from 1990 to 2018 [7].
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Cost Type

	
Total/Average

	
Reported Cost (US $)

	
Projected Cost (US $)

	
Number Reports






	
repair costs

	
total

	
4.6 M

	
4465 M

	
4534

	
2.2%




	

	
average

	
158,573

	
154 M

	
156




	
indirect costs

	
total

	
726,044

	
962 M

	
3683

	
1.7%




	

	
average

	
25,036

	
33 M

	
127




	
total costs

	
total

	
5.3 M

	
5427 M

	

	
a




	

	
average

	
183,609

	
187 M

	








a Some reports might contain both information about repair and indirect cost. Hence, a total number of reports cannot be obtained.
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Table 4. Magnitudes of damage resulting from bird strikes in Europe and the US in percentages [8,14].
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	Damage
	Europe (2008–2018)
	USA (1990–2015)





	none
	63
	51



	unknown/uncertain
	30
	46



	minor a
	4
	2



	substantial b
	2
	<1



	destroyed
	<1
	<1







a After experiencing minor damage, simple repairs or a replacement without extensive inspection suffices to render the aircraft airworthy [86]; b When experiencing substantial damage, an aircraft’s structural strength, performance or flight characteristics are adversely affected and a major repair is required [86].
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Table 5. Certification categories relevant for commercial aviation aircraft in Europe and the US (CS: Certification Specifications; CFR: Code of Federal Regulations).
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	Europe—EASA
	US—FAA





	CS-23 Normal Aeroplanes aeroplanes with a passenger-seating configuration of 19 or less and a maximum certified take-off mass of 8618 kg (19,000 lbs) or less [90]
	14 CFR Part 23 Normal Category Airplanes airplanes with a passenger-seating configuration of 19 or less and a maximum certificated take-off weight of 19,000 lbs or less [89]



	CS-25 Large Aeroplanes turbine-powered aeroplanes of more than 5700 kg (12,500 lbs) maximum certified take-off weight, excluding commuter airplanes which are covered by the category Normal Aeroplanes [88,91]
	14 CFR Part 25 Transport Category Aircraft multi-engine airplanes with more than 19 seats or a maximum take-off weight greater than 19,000 lbs [92]
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