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The subject of survivability is one of critical concern to many disciplines, whether military or civil.  It is of particular concern when one is operating in an innately hostile environment--particularly on or under the surface of the ocean, or above the surface in an airplane or spacecraft.  There have been notable examples where fault-intolerant design has led to failure, some with quite disastrous and tragic outcomes.   One only need look at a few of these to get a sense of the larger problem:  

►The poor design of the Titanic, that allowed a relatively small opening in a very large ship to sink it; 

►The fatal design flaws in British battlecruisers that led to the loss of three of them, together with thousands of sailors, at the Battle of Jutland, and to the loss of HMS Hood at the hands of the Bismarck a quarter-century later; 

►The unanticipated danger of explosive decompression which crippled the De Havilland Comet jetliner program and fatally set back what had been, to that time, Britain’s international leadership in jet transport design.

►The unforgiving design of the Space Shuttle’s solid-fuel boosters, which led to the loss of Challenger in 1986, delaying--and nearly terminating--the entire Space Shuttle program.

So it should come as no surprise, certainly to this audience, that survivability is a demanding and implacable field of inquiry, and that it is, of course, inherently related to broader areas of study such as human factors and safety, modern technological development, and military concepts of operations.  

Turning now to aerospace, in many ways the history of aircraft development through the years has really been the quest for the survivable airplane.  So today, in very brief fashion, I would like to review two major areas: the evolutionary development of flight vehicles, and, secondly, the military experience with aircraft survivability.

As you are all aware, the aircraft or helicopter operates in a dramatically different environment than other transportation or combat systems.  The very three-dimensionality of its operations that confer so many advantages to the air vehicle and its operator also poses significant challenges to its safety if it is somehow disabled.  In a military sense, the airplane has to survive the encounter with the enemy, survive the return journey (the descent to earth), and then survive the contact with terrain. 

I.  Main Currents in the Evolution of Survivable Flight Vehicles

Early aircraft were not designed with a great deal of survivability, either for the aircraft or crew, and, not surprisingly, the price of this was high.  The first comment on aircraft survivability is about a millenium old.  An English monk, Eilmer of Malmesbury, made a short gliding flight from the abbey tower about the year 1000, flying a crude glider.  He lost control at low altitude and crashed, breaking both legs, and afterwards he is alleged to have said (quoting the 12th Century historian William of Malmesbury) “the cause of his failure was his forgetting to put a tail on the back part” of the glider.
  Not quite 900 years later, the greatest of pre-Wright pioneers, Otto Lilienthal, died in an 1896 gliding accident that highlighted the dangers of having a pilot exposed at the front of an aircraft without intervening protective structure.  Lilienthal’s death influenced the Wright brothers to design their gliders and the pioneering 1903 powered machine with a canard configuration, precisely to give the pilot some protective shock-absorbing structure in front of him.

The development of aviation over the last century took place a breathtaking pace, as Table 1 clearly indicates.  To put this in a somewhat broader context, the Wrights flew their first powered technology demonstrator in 1903.  Their first military airplane flew in 1908, and in 1911, the airplane first attacked an enemy from the air.  During the First World War, aviation underwent rapid development and deployment, a typical fighter airplane passing from its introduction into service to obsolescence in about a year’s time.
  Notably, from 1914 through 1918, the airplane evolved from a system capable of flying for, at most, an hour or two, to a vehicle capable of spanning the Atlantic, which first occurred in 1919.  Add less than a quarter-century, to1940, and we have the first case of a 

Table 1

A Brief Chronology of Military Flight

1903:  Wright Brothers fly at Kitty Hawk (US)

1908:  First military airplane flies. (US)

1911:  Aircraft attack against surface forces. (Italy)

1918:  Aircraft carrier attack against land targets. (Britain)

1921:  First capital ship sunk by air attacks (US)

1926:  Robert Goddard launches the 1st liquid-fuel rocket (US)

1936:  First militarily significant airlift of combat forces. (Spain)

1939:  First jet engine flown. (Germany)

1940:  First use of integrated air defense systems. (Britain)

1943:  PGM attacks against subsurface and surface forces. (Brit./Ger./US)

1944:  Era of strategic cruise and ballistic missile attack begins. (Ger.)

1947:  First piloted supersonic flight (US)

1949:  First air-refueled around-the-world flight. (US)

1957:  First earth satellite. (Soviet Union)

1958:  Beginnings of attack-and-troop-lift helicopter assault. (France)

1960:  Era of surface-to-air missile combat operations begins. (Sov.)

1960:  First reconnaissance satellite orbited (US)

1961:  First manned orbital flight. (Sov.)

1968:  High bypass ratio turbofan enters service. (US)

1969:  Apollo XI mission to the Moon (US)

1972:  First 3-axis fly-by-wire aircraft demonstrator (US)

1980:  IOC of first FBW aircraft, the F-16 (US)

1981:  First lifting reentry reusable spacecraft (US)

1983:  IOC of first stealth aircraft, the F-117 (US)

1991:  Space-based cueing of ground-based aerospace defenses (US)

1991:  First interception of TBMs by SAM defense system (US)

 nation securing its salvation through airpower, Churchill’s England during the epochal Battle of Britain.  Three decades later, astronauts are landing on the Moon.  Fast-forward another quarter-century, and we have the experiences of Desert Storm, Deliberate Force, and Allied Force, and, at least for the United States, joint service aerospace power as the de facto means with which we choose to project power into crisis regions.

Key to this evolution was the emergence of the airplane as a survivable system.  We can trace this by looking at the major disciplines in aeronautical technology and the changes that occurred over time, namely structures, propulsion, aerodynamics, and controls and displays.


Structures:   Early aircraft were built from wood, wire, sheet and tube metal, and fabric.  The most common source of inspiration in construction came from emulating the bridge truss structure, and using manufacturing techniques drawn from the furniture and boat-building communities.  Much rarer were imaginative approaches such as that taken by Louis Bechereau’s prewar wooden monocoque Deperdussin Racer.  Comprehensive and routine stress analysis did not really make an appearance in the aircraft field until the middle of the First World War.  Consequently, it is not surprising that many aircraft had woefully deficient structures.  In particular, the famous Nieuport family of fighters had very weak narrow-chord high-aspect-ratio lower wings that often twisted and failed in dives.  When German designers copied the Nieuport lower wing design for their own Albatros fighters (in a bid to improve the pilot’s downward view), they unwittingly copied this weakness as well.  

Even before the war, the Fokker company introduced high-quality steel-tube aircraft construction, though manufacturing quality control deficiencies with Fokker’s wooden wings led to program delays and pilot complaints that they suffered from “veneerial disease.” (Such problems continued well after the war as well; the death of famed football coach Knute Rockne stemmed from structural failure of a Fokker F-10 Trimotor’s wooden wing).  By war’s end, German engineers had pioneered all-metal combat aircraft for fighter and ground-attack duties, typified by the Junkers D I and Cl I, anticipating the all-metal revolution that would revolutionize the development of flight structures at the end of the 1920’s.  

Thanks to often brutal experience and subsequent overdesign, by the end of the First World War, the commonplace in-flight structural failures that had characterized aviation in the first years of the war had ended.  Yet, it would be another decade before the loads environment encountered by a maneuvering fighter was fully understood, thanks to the work of the National Advisory Committee for Aeronautics, and the Engineering Division of the U.S. Army Air Service.

The interwar years saw significant expansion of structural expertise, as engineering teams went away from merely replacing wooden structural elements with metal ones, typically using a flat panel approach, to taking advantage of the inherent properties of metal itself to generate sinuous and complex aerodynamic shapes.  Many early metal aircraft had a rather clunky slab-sided appearance, but the advent of John Northrop’s Alpha of 1929, the first genuine monocoque all-metal airplane (inspired by earlier wooden monocoque French and German aircraft) marked the blending of advanced structural thinking with the aerodynamic imperatives of the streamlined revolution.  The result was the emergence of the “modern airplane” typified by aircraft such as the Martin B-10 or the DC-2/3. While some designers continued to work in wood--the De Havilland Mosquito comes to mind, as do the early Russian Yakovlev fighters and the German Ta-154 Moskito--the difficulties of ensuring uniform material quality, problems with bonding, and problems with rot and insects (particularly in tropic environments) all worked to confirm the general wisdom of pursuing a metal future, not a wooden one.  The all-metal structural design approach dominated subsequent aviation until the advent of the composite structures revolution of the late 1960’s. 

The composite revolution, of course, has now significantly gone beyond the capabilities of the purely metal airplane.  As metal designers first replaced wooden structural elements with metal ones, and only later took advantage of metal’s inherent properties of strength, lightness, and rigidity, composite designers initially used the same kind of substitution approach.  Then, as they gained expertise, the reach of their design prowess expanded to include complex structures and, finally, essentially whole vehicles, as is increasingly seen today.

Propulsion:  In 1903, the Wright brothers flew with a 12-hp engine chain-driving two pusher propellers.  By 1914, most aircraft had inline or rotary engines rated at 100 hp or less.  By 1918, numerous designs featured engines of 200 hp or higher.  Major interwar developments directly affecting aircraft survivability included the replacement of the rotary engine by the radial engine; development of more efficient liquid-cooling (via glycol as opposed to plain water radiators) and air-cooling (via the NACA cowling), the advent of the controllable pitch propeller, the introduction of gear-and-turbo-driven supercharging; the development of the sodium-cooled exhaust valve, and better understanding of combustion processes.  

These developments anticipated the age of the long-range commercial and military airplane.  Charles Lindbergh’s monumental 33+ hr flight across the North Atlantic in the single-engine Spirit of St. Louis in May 1927 was as much a tribute to the success of the aeropropulsion revolution and engine reliability as it was to his ability to stay awake and navigate.  Based on this revolution, larger engines, on the order of 1,200 hp, appeared in time to spawn the air transport revolution of the 1930’s, typified by the most famous pre-Second World War airliner of all, the Douglas DC-3.  By the end of the 1930’s, the American 2,000-hp engine was a reality, in time for the demands of wartime combat.  

Fuels are an often-overlooked aspect of the propulsion story.  With their development encouraged by the demands of air racing, the emphasis in the United States (thanks largely to James H. Doolittle) on high-octane fuel blends contributed greatly to the high-performance of American and British aircraft in the Second World War.  In particular, American high-octane fuel supplied to Britain prior to the Battle of Britain played a major role in influencing the battle’s outcome, increasing the power and rate of climb of British Spitfire and Hurricane fighters.  Conversely, the Axis, forced to make do with lower 87-octane fuel, increasingly found its aircraft performance--and hence survivability--compromised as the war went on.


Of course, the piston engine-propeller combination faced its own operating limitations as aircraft approached the 500-mph mark and power requirements soared to well over 2,000 hp.  Engine complexity reintroduced increasing reliability problems, and propeller efficiency dropped markedly at higher subsonic Mach numbers.  Engine failures on commercial transoceanic aircraft were far from unknown, and actually led in several instances to spectacular ditchings at sea.  The advent of the turbojet revolution transformed engine performance and, as materials knowledge increased, the reliability of the turbojet engine led quickly to a revolution at mid-century that reshaped both military and commercial aviation.  The turbojet engine underwent its own prolonged refinement, leading towards the very efficient bypass engines.  Of course, blending this propulsion technology with the ever-increasing technology of the computer revolution has taken propulsion system design to new levels of reliability and efficiency.


Aerodynamics:  Not without reason, many early aircraft were dubbed “flying birdcages” because of the festooning of wires and struts supporting multiple wings and surfaces.  By the end of the First World War, however, aircraft design was already becoming “cleaner,” with greater emphasis upon streamlining and minimizing the number of struts and bracing wires.  Nevertheless, the genuine “modern airplane” did not appear until the very end of the 1920’s, when advances in all-metal monocoque structures, cowled radial piston engines with controllable propellers, and refined aerodynamic thinking (the streamlined monoplane revolution) could all be brought together in a single integrated package: the aforementioned Northrop Alpha.


Such aircraft and their successors (such as the revolutionary Douglas DC-3) were more survivable simply because they were more reliable and well-thought-out than their predecessors were.   For example, the famous trimotor transports of Fokker and Ford were, in large measure, an indictment of the aircraft design process.  They were so “unclean” aerodynamically as to require twin engines--but engine reliability at the time of their design was so poor that a designer needed three engines to ensure they could remain in the air if one failed!


Besides the generalized trends towards aircraft based on cantilever wings and tails joined to smooth rounded and enclosed fuselage shapes, there have been several notable aerodynamic devices that worked to enhance aircraft survivability and safety, particularly the wing flap, wing slot, and wing slat.  All of these devices, which appeared from the mid-Great War period through the mid-1920’s, were exhaustively evaluated in two major prewar aircraft survivability exercises.  The first was the Daniel Guggenheim Fund for the Promotion of Aeronautics’ International Safe Airplane Competition of 1929, and second, the Bureau of Air Commerce’s competition to develop safe general aviation airplanes in the mid-1930’s.  The results of these generated a database for STOL aircraft development having value well into the 1960’s.


Designers and engineers derived many explicit aerodynamic shapes to confront the challenges of the turbojet era and the transonic and supersonic breakthrough--for example, the swept-and-delta-wings, area ruling, conical camber, low-placed horizontal tails, double vertical fins, variable-geometry, etc.  One particular aerodynamic development played a key role in aircraft survivability and, indeed upon the whole outcome of the Korean War: the adjustable horizontal tail.  Developed in response to the abrupt decline in effectiveness of conventional fixed tails with moveable elevators, the adjustable tail appeared first on the North American F-86E.  During the Korean War, the F-86E and F-86F Sabre, equipped with adjustable horizontal tails, established a 10 : 1 victory-loss ratio over the Soviet-flown MiG-15, which lacked such a feature.  Thus, the Sabre’s pitch control authority at higher transonic speeds was far better than that of the MiG, of value both in tracking and evading an opponent.  Korean Sabre pilots express uniform appreciation for the adjustable horizontal tail as both a means of tracking and killing MiGs, as well as evading them through high-speed spiral dives.


Controls and displays: The history of aircraft controls and displays is characterized by three phases: in the early days, to enable the pilot to safely control his craft (the “basic airplane”); in the middle years to help the pilot fulfill a mission (the airplane with rudimentary sensors); in the modern era to enable the crew to fulfill a mission with minimal distraction by the “chore” of simply flying the plane (the “systems airplane”).  In the early days of aviation, airplanes had limited controls and instrumentation, and often almost comical combinations of levers, control sticks, and control wheels.  The exigencies of combat quickly resulted in clarified design emphasizing three basic control surfaces (the rudder, elevator, and aileron), and a simple control stick or control wheel coupled with moveable rudder pedals.  As the war went on, designers sought to improve aircraft survivability by giving the pilot improved situational awareness via good cockpit design (typically a raised cockpit) and readily understandable “quick scan” control and panel layouts.  Anticipating the “hands on throttle and stick” design approach over a half-century later, German fighter designers in 1918 gave the pilot his pitch and roll, engine, and armament controls on a single control stick.


The major stumbling block in aviation was the problem of successfully being able to fly at night, above cloud, or in bad weather.  Thanks to work by a variety of organizations, but particularly to the Bureau of Standards and the Guggenheim Fund for the Promotion of Aeronautics, practical “blind flight” coupled with radio navigation aids became a reality at the end of the 1920’s.  This set the necessary conditions both for the expansion of nationwide air transport service and long-range military operations.  


The development of radar, one of the most significant technical accomplishments of the last century, radically transformed aviation safety and military utility.   Surface-based radars were of crucial importance to the winning of the Battle of Britain--indeed, because of the linkages of radars to command and control, flak, and fighters, the British “Chain Home” system can be considered a primitive IADS of its day.  The addition of radars to aircraft for antisubmarine, bomber navigation and bomb aiming, and air interception and warning revolutionized military operations in the Second World War.  The emergence of radar triggered the birth of electronic combat; bomber operations were tracked by radar, fighters cued by radar, and, at night, fighters homed on bombers using radar and, later, infrared search and track sensors.  This revolution, in turn, led to countermeasures, including ferret, jamming (via chaff and signal interference), and what would be considered primitive “Wild Weasel” operations.
  Incidentally, it also led to the beginning of low observable studies, first to ensure the survival of German submarines transiting the Atlantic, but then applied in a theoretical way to aircraft as well.


The history of aviation since 1945 has largely been the history of the merger of two great streams of technological development: aeronautics on one hand, and the electronic revolution on the other.  The blending of these two streams, first seen in the electronic air war over Europe, really triggered what we today call the “Revolution in Military Affairs” (RMA).  That we are still in one, there can be no doubt.  But its roots are ancient, in technological terms, back to the midst of the Second World War.  Out of the more advanced nightfighters integrated with flak and primitive command and control nets, we have witnessed the gestation and, today, the maturation of the modern systems airplane.


Two key developments played a major role here: first, the bipolar nuclear standoff, which demanded unprecedented ability to locate, track, and engage targets in very small windows of opportunity.  This was best typified for the United States by the SAGE air defense system of the early 1950’s and its integration with the “Century series” interceptors, the F-101, F-102, and the F-106.  The next stage was the application of systems technology to air-to-surface attack, typified by the first of the really “smart” attackers, the A-6A and the F-111A.  The second development was the American space program, which had resulted in major advances in electronic flight control technology.  

Fly-by-wire constituted a genuine revolution of its own.  Because of the demands of high-speed flight, flight control technology after 1945 increasingly emphasized hydromechanical systems supported by nascent stability augmentation devices.  Not surprisingly, early generation supersonic jet aircraft—for example, the F-100, F-104, F-105, and even the F-4—had occasionally serious handling qualities and basic stability and control characteristics. But the very systems to make these aircraft acceptable made them vulnerable to enemy fire; hydraulic leaks could render them uncontrollable in seconds.  Fly-by-wire promised an era of more survivable and redundant flight control design.  This resulted in the first “fly by wire” technology demonstrators and, eventually, the first operational fly-by-wire combat aircraft, the F-16.  Going a step further, and taking advantage of the increasing ability to exploit computer control flight, and blending that ability with new trends in aircraft design (towards inherently unstable configurations) led to the potential of entirely new kinds of aircraft.  Over the last quarter-century this has led to aircraft having low observables (such as the stealthy F-117 and B-2), or tremendous agility (the X-29 and X-31), or combinations of these together with new systems capabilities and, particularly, computer-controlled engine performance (such as today’s stealthy, supercruising, and sensor-fusing F-22 Raptor, or the contemporary X-32 and X-35 Joint Strike Fighter concept demonstrators).

The application of all of these capabilities together with new concepts of operations—first tried not quite a decade ago—has led to new and unprecedented levels of efficiency for aerospace power projection.  In World War II, it took 108 B-17’s dropping 648 bombs to destroy a single German powerplant.  Powerplant attacks in the Gulf War took one airplane and one bomb, or one cruise missile.  Precision—that relative word—has undergone its own transformation, from an average CEP of about 3,200 feet for a B-17 strike in World War II to less than 10 feet today for a laser-guided munition.  This has resulted in unprecedented safety for attacking aircrews, and some have referred to a burgeoning era of “precision engagement from virtual sanctuary.”
  With this background, we may now turn to look at examples from the actual record of survivability and combat operations over the last century.

II.  Some Highlights from the Military Experience with Aircraft Survivability

Arguably the first individuals who came face-to-face with the realities of military aircraft survivability were Orville Wright and Thomas Selfridge.  In 1908, during a test flight at Ft. Myer, Virginia, a cracked propeller severed structural support and control wires, sending their Wright Flyer plunging out of control in a steep dive.  Orville almost had leveled out when the Flyer hit and broke up.  He survived with a broken hip, but Selfridge died, the first fatality in a powered aircraft accident, and the first military aviator to perish.

As mentioned at the beginning of this paper, the challenge in military aviation is to survive the initial encounter with the foe, or, failing that, to return safely to earth. Fortunately, over time, casualties in air warfare have markedly declined, as Table 2 shows.
  Desert Storm’s combat aviator, based on losses per combat sorties flown, was 

Table 2

USAS/AAF/USAF Aircraft Losses and Combat Sortie Rates: The Historical Record

War

Combat Sorties
Losses
Losses/Sortie
Losses/1000 sorties
Percentage
WW-I

28,000

289

0.010

10.32

1.0%

WW-II

1,746,568
18,369

0.011

10.52

1.0%

Korea

392,139

750

.0019

1.91

0.19%

North Vietnam
299,054

609

.0020

2.04

0.20%

All Other SEA
4,541,419
900

.00020

0.20

0.020%

Desert Storm
37,567

14

.00037

0.37

0.037%

Delib. Force(
3,515

1

.00028

0.28

0.028%

Allied Force
11,083

2

.00018

0.18

0.018%
28 times “safer” than his counterpart in the First or Second World Wars, and over five times safer than his counterpart over Korea and North Vietnam.  Not quite a decade later, Allied Force’s aviator was over 50 times safer than the World War II aviator, and over 10 times safer than Korean-era airman.  

These statistics show three--and perhaps four--interesting  “plateaus” reflected in this data.  Air war really reflects a spectrum of conflict: air paralysis, air inferiority, air parity, air superiority, and air supremacy.
  Finally, it should be noted that these five conditions comprising the spectrum of air warfare reflect three basic “states of nature” of air warfare as well: Air Subordination (paralysis and inferiority), Air Parity, and Air Domination (superiority and supremacy).  These conditions and states of nature do well to explain the plateaus we are seeing.  

The first plateau is that of World War I and II.  They  represent cases where, for much of the war, the air war seesawed back-and-forth between opponents as each side secured, at least for a certain period of time, “air superiority.”  Thus, these two conflicts, overall, represent the kinds of casualties one endures when one has to fight--and fight very hard over a prolonged period of time--for control of the air under conditions of essential air parity.  The second plateau is that of Korea and North Vietnam.  The air wars over Korea and North Vietnam reflect wars in which one possesses the lower side of air domination, air superiority--but not air supremacy.  The third plateau is that of Desert Storm, and represents the high end of air domination, air supremacy.  As Deliberate Force (the air campaign over Bosnia) and Allied Force (the air war over Serbia) show, there may be a new plateau in the making, what, as mentioned earlier, some have termed “precision engagement from virtual sanctuary,” where losses are, even by the standards of a Desert Storm, remarkably low. This represents a reflection of investment in technology, insightful doctrine, and appropriate tactics. Nevertheless, as America pursues RMA warfare, and even as smaller numbers of its forces come under enemy fire—we need to remember that hostile fire is still surprisingly—and consistently--lethal, and that “low risk” does not equate to “no risk.”

We can see just how dangerous enemy fire actually is by reviewing one brutal metric: the air warfare ratio of killed to wounded, as shown in Table 3.  For most military operations, those wounded far exceed those killed.  But in aerial combat, those killed exceed those wounded.  The combat history of the U.S. Air Force and its predecessors over all the air wars in which we have fought and lost people (World War I, World War II, the Korean War, the Vietnam War, and the Gulf War) illustrates this.   The combined combat casualty statistics reveal that overall, the U.S. Air Force has had a combat killed-to-wounded ratio of 2.35 airmen killed for every 1 wounded.  In contrast, over those same wars, the U.S. Army has had a killed-to-wounded ratio of 0.31 soldiers killed for every 1 wounded.
  So air warfare is quite lethal to its practitioners, in fact over seven times more 

Table 3

Air Forces and US Army Ground Forces Killed-Wounded Ratio
      War



USAS/AAF/USAF


U.S. Army

      
World War I


1.37 : 1
        
   

0.26 : 1



World War II


3.01 : 1

   

0.33 : 1


Korea



3.26 : 1

   

0.36 : 1



Vietnam                                 
1.87 : 1

  

 0.32 : 1



Gulf War                                
2.22 : 1                   

 0.28 : 1 

than surface combat, something we need to keep in mind today on the cocktail circuit when someone casually alleges that air war is “risk-free” war.

The “Great War:” The machine gun dramatically influenced the survivability issue, and led to the first efforts at what we would term “force packages.”  For example, the first practicable fighter aircraft, Anthony Fokker’s Eindecker monoplane of 1915, armed with a synchronized forward-firing machine gun, was so effective as to cause the Allied to put as many as twelve escorting fighters for a reconnaissance aircraft operating over the front.  So numerous were Allied losses that this period of the first air war is known in history by the grim sobriquet “Fokker Scourge.”  Eventually, the advent of equivalent or better Allied fighters abruptly ended the Eindecker’s superiority.



The machine gun and light cannon as an antiaircraft system introduced its own complications, and led to the first significant armoring of aircraft.  By war’s end, the British had specialized ground attack fighters with up to 650 lbs. of armor to protect the pilot and fuel system.  The Germans went one better, with a heavily armored ground attack aircraft, the Junkers J I, having the crew, fuel, and engine enclosed within a 5 mm. chrome-nickel-steel bathtub shell anticipating such future airplanes as the Russian Shturmovik or the modern A-10.  Interestingly, the need to “hide” reconnaissance aircraft from antiaircraft artillery led to the first attempts at what might be termed “stealth.”  Both sides extensively employed camouflage and disruptive and disorientating schemes on their aircraft, and both also experimented unsuccessfully with see-through coatings to give an airplane an “invisible” appearance.


Overall, in an era before the parachute became a standard item of the pilot’s equipment, World War I-era airplanes were not without reason considered deathtraps if hit.  All were horribly vulnerable to fire, thanks to their wood and doped fabric construction, and the tendency of many early aero engines to leak vast quantities of fuel and oil that would impregnate the fabric and structure.  Many were prone to structural failure as well.  One cannot but have the highest admiration for those early combat aviators who went to war in them.   In the first four days of April 1917, for example, at the time of a British offensive on the Somme, the Royal Flying Corps lost 131 aircraft. That month alone, the RFC lost 316 aircrew killed or missing in the course of flying 29,500 combat hours, a loss rate of one airman per 93.35 flying hours.
  Ground-attack casualties to RFC fighters during the Battle of Cambrai never dropped to less than 30% of the force dispatched, and led to the virtual destruction of a squadron in about four days.


The lessons of the First World War encouraged greater use of metal construction, armored fuel systems and engines, and armor protection for cockpits and crewmen, as well as the eventual introduction of power-operated defensive gun turrets for multi-engine airplanes.  So impressive did these defensive measures appear that virtually all the combatant nations of the Second World War went to war with the belief that unescorted bombers could get through to hit their targets.  In part, this belief was encouraged by an odd technological quirk: the development of fast, monoplane, twin-engine bombers had generally outstripped the development of fighters during the early years of the 1930’s.   This stemmed in great measure from the desire for fast passenger services that encouraged high-capacity multiengine aircraft representing the “cutting edge” of aeronautical technology, and from the fighter community’s over-reliance on the highly agile open-cockpit biplane layout.  Thus, in the major interwar conflicts of the 1930’s--Spain, China, and Nomonhan--bombers had very often outrun slower biplanes that could not catch them.  But the face of fighter opposition was rapidly changing, as the introduction of the Hurricane, Spitfire, and Messerschmitt Bf 109 clearly showed.  

The Second World War: Within months of the opening of the war, such old thinking was revealed as utterly baseless.  On December 18, 1939, German fighters shot down 12 of 22 unescorted Wellington medium bombers attacking targets on the North Sea.  On May 14, 1940, 40 of 71 British bombers attacking advancing German forces were shot down, a 56% loss rate.  The Battle of Britain, in the summer and very early fall of 1940, saw the shoe on the other foot: when unescorted German bomber formations approached the British coast, fighters savaged them.  It also illustrated that merely providing fighter escort wasn’t enough: tactics were key.  For example, the German philosophy of having close escort fighters--something the Army Air Forces, unfortunately, emulated in 1943--restricted the ability of the fighters to engage the enemy, and did little to minimize bomber losses.  

From a survivability standpoint, all of the combat aircraft employed in the early days of the war had serious deficiencies.  The Spitfire, for example, had an engine induction system that prohibited abrupt negative-g pitchovers without having the engine cut out.  The Spitfire and, especially, the Hurricane had vulnerable fuel tanks that doomed many a pilot, and the Bf 109 actually had an exposed fuel line running through its cockpit.  German bombers were woefully under-armored and armed, and often disintegrated under the fire of the eight-gun British fighters.

Much has been made of the low performance of American fighters in the early days of the Pacific war, but--ironically--these aircraft (such as the Curtiss P-40 or Grumman F4F)--generally were rugged, armored aircraft with self-sealing fuel systems, and thus were highly survivable despite otherwise having unspectacular performance.  Armed with four or six .50 caliber machine guns, they had tremendous killing power against more lightly armed and essentially unprotected Japanese fighters and bombers.  Not surprisingly--though not well known--Japanese fighter and bomber design over the length of the war began more and more to resemble that of the West.  By war’s end, Japanese firms were producing rugged fighters and bombers featuring increasing amounts of armor, with protected and self-sealing fuel cells, and the like.  One can contrast, for example, the Mitsubishi A6M-2 Type 0 (“Zero” or “Zeke”) fighter and the Mitsubishi G4M “Betty” bomber of 1942 with the Nakajima Ki-84 Hayate (“Frank”) fighter and the Mitsubishi Ki-67 Hiryu (“Peggy”) bomber of 1945.

The Allied strategic bomber effort over Europe offers classic lessons in survivability.  After the disasters of late 1939, the RAF embarked on a program of night bombing, to make up for the vulnerability of their bombers in daylight attack.  (The same, incidentally, was true of the Luftwaffe after the Battle of Britain, when they launched a nighttime blitz against London and other population centers).  Unfortunately, when the U.S. Army Air Forces began its own unescorted deep penetration day operations against Nazi-occupied Europe in 1943, its losses were staggering, even though it operated heavily armed and armored B-17 and B-24 bombers flying in well-thought-out box formations that afforded--at least in theory--good mutual fire support against marauding fighters.  (An exception to this, the low-altitude Ploesti raid of August 1, 1943, suffered heavy attrition largely at the hands of flak: 54 of 177 B-24 aircraft were lost--an attrition rate of 30.51%--together with 532 of the 1,770 crewmen involved--a fatality rate of 30.06%).

The Schweinfurt-Regensburg raid of August 17, 1943 cost the Eighth 64 of 315 aircraft, a 20.3% loss rate (559 of the 3,150 airmen on the raid perished, a 17.7% fatality rate).  A return to Schweinfurt on October 14, 1943 cost the Eighth another 67 of 229 aircraft, a loss rate of 29.3% (599 of the 2,290 airmen who flew the mission perished, a fatality rate of 26.2%).
  These statistics, incidentally, bear comparison to some well-known ground campaigns: The Battle of the Bulge had a fatality rate of 1.24% (4,138 of 332,996 involved), and Okinawa, a fierce battle, a fatality rate of 3.60% (3,242 of 90,000 involved).  Even Iwo Jima’s fatality rate is less than these bomber attacks: 5,521 of 70,000 involved, or 7.89%.  Again, so much for the notion that, somehow, air warfare is less risky or even risk-free compared to other forms of warfare.
 

During these early raids, escorts lacked drop tanks to accompany bombers all the way to their targets, and, even when escorts were used, they were tied to the bombers, as the Germans had done over England in 1940.  By the end of 1943, drop tanks were available in large quantity, and, with them, the finest long-range single-engine fighter of the war, the North American P-51 Mustang.  Then, in January 1944, a new Eighth commander, General Jimmy Doolittle, freed the fighters and ordered them to make sweeps targeting German fighters massing to attack the bombers.  Over the five months before D-day, the Luftwaffe’s fighter forces were essentially gutted, though they could still cause serious losses to the unguarded or unwary when they did have an opportunity to appear.  

From June 1944, onwards, the greatest danger to bombers (until the introduction of the Messerschmitt Me 262 jet fighter which, fortunately, only appeared in small numbers) was radar-guided flak.  During the period January-June 1944, German flak damaged ten times as many 8th Air Force heavy bombers as did fighter attack.  But flak was also the prime cause of losses of fighter aircraft as well, particularly as the function of the Army Air Force’s fighters switched in mid-1944 from air-to-air superiority to embrace, increasingly, air-to-ground airfield attacks and road and rail interdiction.  For example, a September 1944 report indicated that 13 fighters were lost and 35 damaged per 1,000 air superiority sorties (0.013 losses per sortie):  but 36 fighters were lost and 80 damaged per 1,000 air-to-ground sorties (0.036 per sortie).
 

Nevertheless, daylight raids still posed great risk when the Germans could combine significant fighter and antiaircraft forces.  The long distance and slow approach speed of raiding aircraft operating from East Anglia against targets deep in the Reich gave the Germans roughly two hours to position defensive forces.  This was four times the warning period the RAF had possessed against Luftwaffe raids emanating from across the Channel in 1940, when only roughly a half-hour separated detection of a raid to engagement.  Thus the Luftwaffe, well into 1944, had plenty of time to marshal forces and deploy them in front of bomber streams.  The 8th’s first raid on Berlin, March 6, 1944, involved 814 B-17s and B-24s screened by 691 fighters (a theoretical fighter to bomber ratio of  0.85 : 1).  (In fact, only 672 bombers eventually attacked the Berlin targets).  In reality, since, at any one time, only 140 fighters would be in a position to support the bombers, the true fighter to bomber ratio at the time of enemy engagement was a far less-favorable 0.21 : 1.  During the raid, the Germans flew 528 sorties, of which 369 actually engaged the bombers.  These 369 fighters shot down 42 bombers, and teamed with flak to claim another five.  Flak claimed another 13, and five bombers were lost through collisions.  Four bomber losses cannot be determined.  Thus, of those aircraft in combat, the AAF lost 69 bombers, an overall  loss rate of 10.3%.  In fact, the major German onslaught had struck just four bomb groups, one of which lost 15 of 36 B-17s, a loss rate of 42%.  For the record, of all the escorting fighters engaged, ten were shot down by German fighters and one lost to flak, an overall loss rate of 1.59%.

Not often appreciated is that survivability in the daylight bomber campaign affected both sides.  During the Berlin raid examined above, bomber gunners and escorting fighters shot down 62 German fighters, 16.8% of those that engaged the raiders.  Faced with the bombers’ own heavy defenses—multiple .50 caliber machine guns, an excellent weapon—and the need to score a quick and sure kill, German designers increasingly armor-plated their fighters, and added multiple 20mm and 30mm cannon, as well as drag-producing air-to-air rocket launchers.  All this seriously degraded the performance of these “sturmjager.”  As a result, to survive the large number of American fighters now free to sweep in front of and to the sides of bomber formations, German bomber destroyers typically needed extensive escort of their own.  On July 7, 1944, one “sturmgruppe” of  thirty FW 190s had no less than eighty fighters for its own escort and top cover:  a protector-to-interceptor ratio of 2.67 to 1.  But if properly escorted, such an attack formation could be deadly.  In one head-on “blow-through” attack, this particular formation destroyed an entire B-24 squadron--eleven aircraft from the 492nd Bomb Group--is less than one minute, in part because covering fighters had failed to rendezvous with the bombers.

But if day operations were costly, night was no sanctuary either, as the RAF and Luftwaffe alike found to their sorrow.  The all-seeing eye of radar rendered night operations almost as hazardous as day ones.  Specialized twin-engine nightfighters (such as the Messerschmitt Bf 110, Bristol Beaufighter, De Havilland Mosquito, and the Junkers 88), as well as radar-cued and directed antiaircraft artillery, took a terrible toll of attackers.  Faced with increasingly frequent--and ever-larger--RAF raids, Germany created a sophisticated IADS linking radar, flak, fighters, and C3I systems to meet the threat.  By 1944, this system of systems was murderously efficient.  German nightfighters (which by early 1944 could not possibly fly safely in daylight skies themselves) exacted a frightful price from RAF Bomber Command.  For example, in March 1944, the RAF raided Nuremberg, losing 105 of 756 bombers, a loss rate of 13.89 percent, or 140 airplanes per 1,000 sorties.  Overall, between mid-November 1943 and the end of March 1944, RAF Bomber Command lost 1,047 bombers and had another 1,682 damaged.
  For their part, British nightfighters, operating in conjunction with radar-cued and radar-fuzed antiaircraft artillery (AAA, or “Triple A” later), effectively forced the Germans to abandon a “little Blitz” undertaken in 1944.

As mentioned in passing earlier, the night air war over Europe marked the birth of modern electronic combat, and, if one will, the emergence of precursors to the modern “systems” airplane.  Nightfighters such as the Heinkel He 219 Uhu and the Northrop P-61 Black Widow had far more in common with postwar aircraft such as the Lockheed F-94, Douglas F3D, or Convair F-102 than they did to precursors such as the first radar-equipped Bf 110s or Bristol Blenheims.  Bombers, relying on their own radars for navigation, warning, and bomb aiming, became vulnerable to increasingly sophisticated countermeasures (in one notable case, a tail warning radar employed on British bombers, Monica, had to be withdrawn because German fighters were homing on its emissions).  Much use was made, after the Hamburg raid of 1943, of chaff drops for both night and day operations, as well as jamming of radars and communications by airborne platforms.

Again, we see that this results in a very different packaging of air power than in the early years of the war.  For example, a December 4, 1944 raid by the Eighth Air Force against six German marshaling yards (consisting of over 100 bombers going against each yard), consisted of 1,144 bombers, 939 fighters, and 20 radar countermeasures/chaff droppers, not including search-and-rescue, weather recce, and radio relay sorties.  Thus, of the “tip of the spear” combat effort, it can be seen that fully 45.60% of the strike package was there for bomber survivability; the fighter to bomber ratio was 0.82 : 1.   The bombers themselves comprised only 54.40% of the force.

The Korean War: The Korean War extracted a surprisingly high price from United Nations forces.  A total of 1,986 aircraft were lost by the UN Command, 945 of which were from non-combat causes.  A total of 1,041 were lost to enemy action, consisting of 816 from ground fire (78.39%); 147 air-to-air (14.12%); and 78 from unknown causes (7.49%).
  Many of these losses were due to light flak directed against aging ground attack aircraft operating at low altitudes, particularly Air Force and Australian F-51 Mustangs and Navy-Marine F4U Corsairs.  The Mustang was particularly vulnerable, thanks to the location of its coolant system; for example, Far East Air Force averaged the loss of a Mustang every day for the entire month of April 1951.  The Corsair, despite a deserved reputation for rugged reliability, was terribly vulnerable to oil coolant system hits, and, that same month, likewise lost on average a plane a day to light flak.  The result for the Air Force was increasing reliance on more survivable jet fighters--in part because Communist forces tended to aim behind them--while the Marine Corps placed its faith in a much more heavily armored variant of the Corsair, the AU-1.  

While jets were more survivable due in part to the speed and relative quietness with which they approached their targets, they were more vulnerable to hits triggering fuel, hydraulic, and oil leaks.   Early detection of damage was often critical to enabling a pilot to reach friendly territory before making an emergency landing or bailing out, and, in fact, it was this need that drove the Navy, after the Korean War, to change the color of its aircraft from a damage-masking midnight blue to a more leak-and-damage-revealing grey and white.  

As mentioned earlier, the hydraulic-boosted ailerons and adjustable horizontal stabilizer of the F-86E/F conferred a marked maneuvering and high-Mach controllability advantage over the MiG-15.  Unfortunately, the relatively low hitting power of the Sabre’s six .50 caliber machine guns against a speedy jet meant that the Sabre lacked the killing power its pilots would have liked.  The MiG, designed to shoot down atomic-armed Boeing B-29 Superfortresses, had a robust gun system of two 23mm and one 37mm cannons, but with differing ballistic characteristics and a slow firing rate, the MiG was at a disadvantage in fighter-versus-fighter combat.  Nevertheless, the Sabre, when hit by these weapons, was in very serious trouble, particularly vulnerable to tail group control surface hits.

The appearance of the MiG quickly affected B-29 strategic bomber operations, diverting a large number of fighters that otherwise could have been used for counter-air operations in “MiG Alley” or for surface attack to bomber escort and sweep duties instead.  Despite the provision of often heavy escort, attacks by MiGs eventually forced an end to daylight B-29 operations over North Korea.  On October 23, 1951, eight B-29s escorted by 89 fighters (a fighter-to-bomber ratio of 11.13 : 1) attacked Namsi airfield in North Korea; the bombers only comprised 8.25% of the strike package.  Despite this ratio--almost identical to the ratio of escorts to reconnaissance airplanes during the “Fokker Scourge” of the First World War (12 : 1)—the B-29s were savaged.  MiGs drew off the escort, and no less than fifty other MiGs engaged the B-29s, shooting down three (a 38% loss rate) and heavily damaging four of the other five.  Thus, 87.5% of the bombers engaged were destroyed or seriously damaged.
  

When the B-29 campaign operated at night, the provision of Marine and Air Force nightfighter escorts helped minimize night MiG attacks, as did jamming and chaff drops.  Overall, however, the B-29 force had surprisingly high losses during the war.  Of the 6,000 personnel engaged FEAF Bomber Command’s operations, 635 were dead or missing (a loss rate of 10.58%), and a further 96 (1.6%) were wounded.  Over 100 crewmen (roughly 2%) of the force were taken prisoner.  In short, not quite 14 percent of FEAF’s B-29 bomber crews were killed, wounded, and captured in the course of flying 21,000 sorties against the enemy.  Again, this offers a glimpse into the grim nature of an air war often ignored by Korean war historians fascinated by what was happening on the surface.

Southeast Asia:  The ten-year air war in Southeast Asia, including prolonged and costly operations over North Vietnam, is one of the most controversial air wars ever undertaken.  Any analysis of survivability issues must begin by recognizing that, at its heart, Vietnam represented two very different air wars, and, within one of them—the war over North Vietnam—two very different operational mindsets depending upon the time one is examining the war.  Overall, the combat aviator flying over North Vietnam was at an order of magnitude greater risk of being shot down than his contemporary flying a combat mission over the rest of Southeast Asia (2.04 losses per 1,000 sorties vs. 0.20 losses per thousand sorties).  Table 4 shows the comparative statistics for USAF aircraft losses and combat sortie loss rates for the “various” SEA wars:
 Clearly, there were many levels of risk, and, therefore, just using the overall SEA total--roughly one airplane lost per 3,000 sorties—would be misleading in the extreme.  

Table 4

USAF Aircraft Losses and Combat Sortie Rates for SEA, 1965-1973

Location

Combat Sorties
Losses
Losses/Sortie
Losses/1000 sorties
%


North VN
299,054

609
0.0020


2.04

0.20%


South VN
3,713,225
483
0.00013


0.13

0.013%


Laos

701,444

382
0.00054


0.54

0.054%


Cambodia
126,750

35
0.00028


0.28

0.028%

Total for all SEA

4,840,473
1,509
0.00031


0.31

0.031%


Vietnam was a major “wake-up” call on the issue of aircraft survivability.  It came at a time when we were already seeing many of the hallmarks of the modern defense system:  relatively small buys of combat aircraft that were expensive, not readily replaceable, and which could be attrited in very rapid fashion if risked improperly, as well as use of “legacy” systems that were out of production and thus irreplaceable themselves.  Cases in point are the “Top 5” Air Force aircraft types lost in SEA, ranked (in dubious “honor”) from “top” to “bottom:”  the McDonnell F-4 Phantom II, the Republic F-105 Thunderchief (“Thud”), the North American F-100 Super Sabre, the Douglas A-1 Skyraider (“Spad” or “Sandy”), and the Cessna O-1 Bird Dog, the latter a FAC aircraft little different from most general aviation airplanes. Table 5 gives a breakdown of combat losses of these five aircraft types:

Table 5

Combat and Operational Losses of F-4, F-105, F-101, A-1 and O-1  Aircraft in SEA

Reason for Loss

F-4 Lost

 F-105 Lost 
F-100 Lost
A-1 Lost

O-1 Lost


Air-to-Air

38

22

0

2

0

SAMs


27

32

0

3

1

Other Triple A

296

280

191

142

93

VC airfield attack

9

0

7

2

28

Total Combat Losses
370

334

198

149

122

Operational Losses
62

63

45

41

50

Total Losses by Type
432

397

243

190

172

% of Total AF Losses
19.7%

17.7%

10.8%

8.5%

7.7%

% of AF Combat Losses
22.0%

19.4%

11.5%

8.7%

7.0%
It is worth noting that in less than a decade of the F-4 and F-105 appearing in service, the Air Force had lost over 800 of them.  While the F-4 was at the beginning of a large production run, the F-105’s production was at an end, and thus it was irreplaceable.  SEA “limited war” combat and operational losses of the “Thud” were not quite 50% of its total manufacturing run.  The F-100, a “legacy” fighter from the early days of supersonic flight, was extensively used as a close air support and interdiction airplane in the more “benign” environment of South Vietnam.  Yet even here its losses were notable, and, indeed, since it was long out of production, F-100 attrition (as well as attrition of the F-105) was one of the major reasons that the Air Force eventually procured a successor, the Navy-developed A-7 Corsair II.  

Crew survivability from these aircraft offers a different perspective on these loss rates, as shown in Table 6:

Table 6

Fate of Aircrew Shot Down Over SEA by Aircraft Type
A/c     
A/c Lost 

KIA
MIA     
 POW      Rescued
(Rescued) ÷ (KIA/MIA/POW)

F-4
378

70
222
120
322


0.78

F-105
334

25
105
96
127


0.56

F-100
200

55
17
5
141


1.83

A-1
150

54
21
2
81


1.05

O-1
122

44
15
0
51


0.86

Table 7 displays survivability information in a slightly different way, looking at the relationship of KIA/MIA/POW airmen to aircraft type lost, and the ratio of rescued airmen to aircraft type lost:

Table 7

Ratios of Airmen Killed, Missing, Taken Prisoner, and Rescued, by Aircraft Type

Aircraft Type

(KIA/MIA/POW) ÷ (Aircraft Lost)

(Rescued) ÷ (Aircraft Lost)

F-4




1.09 : 1



0.85 : 1

F-105




0.67 : 1



0.38 : 1

F-100




0.39 : 1



0.71 : 1

A-1




0.51 : 1



0.54 : 1

O-1




0.48 : 1



0.42 : 1


Both of these tables illustrate some basic truths about the Southeast Asian air war, but, at the same time, illustrate some of the pitfalls of attempting easy comparisons.  Conventional wisdom holds that the F-105 force was savaged in that air war, and that this single-engine airplane earned high marks for ruggedness and reliability, though low marks for its ability to withstand hydraulic system damage.  In fact, as both these tables show, and Table 5 as well, the single greatest source of combat losses in SEA was the twin-engine F-4.  Not surprisingly, given that it was a two-man airplane (and all of these others were typically--though not exclusively--flown single-seat), it tends to show a higher representation of “bad” outcomes (crew killed, missing, or taken prisoner) as well as of “good” outcomes (crew rescued).  As one would expect of an airplane operating deep within North Vietnam, the F-105 shows the second-highest ratios of killed, missing, and POW, and the lowest ratio of rescues.  In part this may reflect the F-105’s serious hydraulic limitations which often forced an almost immediate ejection well inside North Vietnam.  F-100, A-1, and O-1 losses are skewed somewhat by these airplanes operating so extensively over South Vietnam and Laos, though the A-1 went into the heart of North Vietnam on rescue missions, and thus shows a slightly higher “bad” versus “good” outcome.  The O-1 shows the next-lowest ratio of rescued to aircraft lost, which could be a measure of its likelihood of immediate destruction if hit with a significant weapon.  

Table 8, measuring survivability by type looking at the ratio of killed/missing/prisoner divided by rescued gives another perspective on this issue:

Table 8

Ratio of Crew Killed/Missing/Prisoner to Rescued, By Aircraft Type
Aircraft Type


(Killed/Missing/Prisoner) ÷ (Rescued)

F-105





1.77 : 1

F-4



    

1.28 : 1

O-1





1.16 : 1

A-1





0.95 : 1

F-100





0.54 : 1

This perspective offers perhaps the clearest interpretation of survivability among the “top five” Air Force Vietnam veterans.  As expected, the North Vietnam-penetrators show the worst traits, that is the highest ratios of killed to rescued.  The F-105 has the poorest record, followed by the F-4.  Perhaps at first surprisingly, the third worst record is that of the tiny O-1, rather than, say, the A-1 which often “went North” as part of rescue packages.  But, in reality, the rugged structure of the A-1—a legendary feature of this remarkable airplane—gave it good survivability.  The O-1, little different in structure and survivability from, say, a Cessna 150 or 172 general aviation airplane, was vulnerable wherever it appeared.  The A-1, therefore, comes in fourth, followed by the F-100 which was used primarily in the South, where the kind of antiaircraft defenses it was likely to encounter were not as capable of tracking it on its high-speed attack runs as had it been operating, say, in Route Pack Six over the North.  Its greatest threat was, for the most part, the infamous “Golden BB.”


What caused the greatest losses to American aircraft in Southeast Asia?  Not surprisingly, the answer is ground fire.  Looking across all losses, the Air Force lost 83% of its SEA combat losses to ground fire, 6% to SAMs, 4% to MiGs and 7% to other causes, primarily ground attack by VC sappers against airfields.
  It is somewhat ironic, given the attention that Vietnam called to the need for anti-missile Wild Weasel suppression of enemy air defenses (SEAD), and for the rebuilding of America’s air superiority fighter forces, that the vast amount of losses were essentially identical to the kinds of weapons that had caused similar losses to F-51’s, F-80’s and F-84’s in Korea, and P-47’s and P-51’s in Europe: light, rapid-firing antiaircraft cannon and heavy machine guns.  And these weapons were particularly lethal for the most emblematic symbol of the Vietnam War, the helicopter.  From January 1962 through March 1973, the U.S. Army lost 4,867 helicopters, an average of 1.19 helicopters lost per day; 2,587 of these losses--fully 53%--were combat losses, the remaining 2,280 being operational losses.


Nevertheless, as the first widespread missile war, Vietnam drew great attention to ensuring aircraft survivability by suppressing enemy air defenses and building appropriate strike packages to deal both with the air-to-surface and the air-to-air threat. North Vietnam created its air defense force starting in 1963, and, after the onset of the air war over the North, it expanded rapidly, built around five separate air-surveillance sectors and nine SAM regiments operating from over 200 launch sites.  The North Vietnamese used SAMs to force attackers down to lower altitudes where they could be engaged and destroyed by conventional antiaircraft fire.  Over the length of the war, the NVA fired a total of approximately 9,435 SAMs, succeeding in downing a total of 190 American airplanes, giving the SA-2 a 2.01% kill ratio.

The first attempt at Wild Weasel and Iron Hand (SAM site attack) operations began in 1965, using four modified F-100Fs, one of which was lost before the end of the year to 37mm AAA.  In 1966, the advanced Wild Weasel III appeared, a modified F-105F, armed with the AGM-45 Shrike missile and, later, the AGM-78 Standard ARM.  The modified F-105, redesignated the F-105G, proved an excellent Weasel aircraft, as measured by loss rates for American aircraft to the SA-2 Guideline SAM.  In 1965, before the Weasel program, SA-2’s averaged one aircraft kill per fifteen missiles fired.  By the end of 1968, this had dropped to one kill for every 48 missiles fired, and by Linebacker II in 1972, SAMs were averaging one kill for every fifty missiles fired.


While the Weasel represented one response to the air defense threat over North Vietnam, another response was changes in the pattern of force packaging.  These were driven not only by the SAM threat, but by the growing MiG threat as well.  While MiGs cost only 4% of all Air Force SEA losses, they cost over 10% of aircraft lost over North Vietnam.  By the end of 1967, North Vietnam’s small force of MiG-17, -19, and –21 fighters were forcing Air Force attack aircraft to jettison their bombs before reaching their targets.  The percentage of strike sorties jettisoning bombs rose from 2% to 10%, and then, by the end of 1967, to up to fifty percent—as evidenced on a December 19 raid when 20 of 40 strike aircraft jettisoned their bombs when faced with 12 MiGs.
  At the beginning of 1967, the typical escort/SEAD to attacker ratio was about 1 : 5.  Then, as MiG and SAM threats rose, this increased dramatically, so that a typical Rolling Thunder F-105 strike package a year later had an escort/SEAD to striker ratio of 1 : 1 (8 F-4 MiGCAP, 8 F-105 Weasel/Iron Hand SEAD, 16 F-105 attackers).  By the end of 1968, escort/SEAD outnumbered attackers by a ratio of 2 : 1.  By the time of Linebacker II in 1972, a squadron of 16 bomb-toting F-4’s was part of a larger package consisting of 12 F-4s for MiGCAP, 8 F-4s for strike escort, 8 chaff droppers, 4 chaff escorts, 2 jammers, 8 Wild Weasels, 2 BDA recce, and 2 recce escort.  In short, not counting the BDA flight and their escorts, it took 42 escort/SEAD aircraft to ensure 16 bombers could reach a target—a ratio of 2.62 : 1.
  This was, it will be noted, over three times higher than a typical escort-to-bomber ratio for the 8th Air Force in the Second World War.  Even so, losses could still occur.  In Linebacker II, for example, 59% of F-4s hit by SAMs were lost, as were 60% of all B-52s hit by SAMs.  Fully 88% of F-4s hit by MiGs were lost, while only 18% of F-4s hit by ground fire were lost.
  In short, the combination of SAM and MiG significantly increased the lethality of the air war over North Vietnam.


Faced with the rising number of MiG kills against American aircraft, the Department of Defense Directorate of Defense Research and Engineering (DDR & E) directed the Weapons Systems Evaluation Group (WSEG) in 1966 to study all air-to-air encounters in SEA.  Out of this came three studies, Red Baron I, Red Baron II, and Red Baron III.  The first examined the early air war from April 1965 to August 1967.  The second, conducted by the USAF Tactical Fighter Weapons Center at Nellis AFB in 1969, continued the earlier study until the bombing pause of November 1968.  The third followed in 1972-73 to cover the resumption of hostilities.  Between the three studies, investigators catalogued and studied a total of 1,784 encounters.  Analysts found training and experience to be key, but also noted problems with ordnance.  Table 9 gives a summary of ordnance experience:

Table 9

USAF/USN Ordnance Expenditure and Kills in SEA, 1965-1973

 Firing Attempts
   Total Hits       Hit Prob.       Total Kills
 Kill Prob.
Kills per Hit Ratio

 Total:         1,577       319

0.20                 190                   0.12                          0.60

Missiles:     1,127       215                0.19                  142                  0.13                          
0.66

    AIM-4:    61           7                    0.11                  5                     0.08                          
0.71

    AIM-7:    612          97                  0.16                 56                    0.09                          
0.58     

    AIM-9     454          111                0.24                 81                   0.18                          
0.73

Guns:           361          103                 0.29                 47                   0.13                          
0.46

Of all types of weapons, the AIM-9 Sidewinder proved the most effective missile, the AIM-4 Falcon the least.  Guns were least effective of all, though one aircraft type, the F-105, scored over half (24.5) of all gun kills against MiGs (47).  For their part, Communist MiG fighters were “slightly less” effective than American fighters when using air-to-air missiles (a probability of kill of 0.12 vs. an American probability of kill of 0.13), and only half as effective as American fighters when using guns (probability of kill of 0.07 vs. an American probability of kill of 0.13).
  Overall the Red Baron studies directly impacted future American air superiority and survivability by encouraging the development of more highly agile fighters having better visibility and weapons systems, and crewed by pilots who were better trained and operating under better command and control.


Finally, a word must be said about the impact of Vietnam on future survivability research and development and force structure issues.  In 1971, the Department of Defense formed the Joint Technical Coordinating Group on Aircraft Survivability (JTCG/AS).  Today the JTCG/AS is chartered by the Joint Aeronautical Commanders Group (JACG) and funded by the OSD’s Director of Operational Test and Evaluation/Live Fire Test and Evaluation Office.  The JTCG/AS’s mission “is to be an advocate for aircraft combat survivability in the Defense Department and to promote cross-service cooperation in the combat survivability design discipline.”
 This important organization has played a keystone role in the evolution and thinking of survivability and survivability studies in the years since Vietnam.  Secondly, writing in 1974, one Tactical Air Command analyst stated, “Worldwide deployment of mobile Soviet radar controlled weapons systems could seriously threaten the survivability of USAF tactical aircraft in future combat operations.  Experience in SEA shows that an effective means of neutralizing these surface-to-air weapons (SAMs and AAA) and EW/GCI air defense radars is as necessary as an effective air-to air capability in attaining air superiority. ECM may be the key here and poses an enduring challenge which involves countering a steady crop of new technologies by both sides.”
  That thinking, of course, led ultimately to the stealth revolution.

III:  Survivability in the Age of Stealth


Vietnam and the experience of the 1973 Arab-Israeli war clearly rattled the confidence of those who felt that high-performance military aircraft were relatively invulnerable to enemy defenses simply on the basis of high transonic or supersonic dash speed, or because of perceived pilot excellence.  Both of these translated into technological and cultural hubris and numerous aircrew paid the price for such delusions.  Over the first four days of the 1973 Arab-Israeli war, Israel lost 60 fighter and attack aircraft, equating to approximately 19% of its prewar combat aircraft inventory.  Strike formations operating over the Golan Heights encountered upwards of fifty SAMs airborne, and the “layered” nature of Egyptian and Syrian defenses—SA-6s, SA-2s, SA-7 MANPADS, and the infamous ZSU-23-4 gun carriage—posed particular challenges.  Like Vietnam, the war also illustrated the synergy between missiles and guns--evading missiles took aircraft to lower altitudes, rendering them more vulnerable to MANPADS and light antiaircraft fire.  By war’s end, Israel had lost approximately 109 aircraft, representing fully 35% of its prewar strength, in just nineteen days of combat.  So effective was the SA-7, that U.S. Navy logistical establishments were stripped of A-4 tail sections that were then shipped via C-5 airlifters to Israel to replace those damaged by the nasty little heat-seeker.  Truly, as Israeli General Chaim Herzog later wrote, “The Israeli Air Force fought a desperate battle, flying into the teeth of one of the most concentrated missile systems in the world.”


Coming on the heels of Vietnam, the Arab-Israeli war of 1973 clearly indicated a new “normative” form of air warfare—attempting to deny an enemy the freedom to operate his air force by inflicting air denial via missile forces and, to a lesser extent, classic air forces.  Key to this strategy was the provision of good command and control, linked to early warning and fire control radars, some of which might be in airborne platforms.  The American response—not so much fully focused on what to achieve, but adopting a flexible attitude that examined technological options and then adapted them to military need—was increased emphasis on standoff precision attack, standoff jamming, updated Wild Weasel airplanes based on the F-4 Phantom, and, finally, the low observables revolution.  Low observables was first demonstrated with the Lockheed XST Have Blue demonstrator in 1977-1978.  Have Blue and another demonstrator, the Northrop Tacit Blue vehicle, produced a knowledge base that translated low observables from an interesting if largely theoretical field to inquiry into practical weapons systems.  The first operational stealth aircraft—if stealth is defined as the vehicle’s primary design requirement—was the Lockheed F-117A, which entered frontline service in the fall of 1983.  With the advent of stealth, aircraft and force survivability entered a new era.


That new era was dramatically demonstrated not quite a decade ago, in January-February of 1991 in the skies over Kuwait and Iraq, in Operation Desert Storm.  Much has been written of Desert Storm and there is no need for an extensive treatment of  it here.  But it is worth noting that Desert Storm confirmed some of the major transformations that were occurring in military power—what the Air Force, in its strategic planning framework issued in the summer of 1991 had termed “Global Reach—Global Power”—and the technological investment that the nation had made since Vietnam.


As we all recall, SEAD and stealth worked.  On opening night, 785 attackers, supported by 478 SEAD, sweep, and escort aircraft (an escort-to-attacker ratio of 0.61 : 1) using techniques ranging from jamming to drones, decoys, and direct anti-radar missile attack, struck approximately 144 targets with 370 aimpoints and shattered Iraq’s military infrastructure, at the cost of one SEAD airplane lost.  This record—a loss rate of .00079, or 0.79 aircraft lost per 1,000 sorties—should be compared to the March 1944 RAF night raid on Nuremberg, where a roughly equivalent sized force of bombers experienced a loss rate of  0.13889, or 139 airplanes lost per 1,000 sorties basically attacking a single aim point.  


But the real lesson for the future was the value of stealth.  On one attack against one Iraqi target, Shiba airfield, having three aimpoints, eight strike airplanes (four A-6Es and 4 Saudi Tornadoes) were screened by 4 F-4G Wild Weasels, 5 EA-6B jammers, 4 F/A-18s for combat air patrol, 3 drones, and no less than 17 F/A-18 Harm antiradar missile shooters.  Thus, the ratio of escort to attacker was 4 : 1, consistent with previous experience virtually back to the dawn of military air attack operations.  At the same time, just by themselves, 21 F-117s were attacking 38 even more heavily defended aimpoints by themselves. In another case, eight F-117s could strike sixteen different aimpoints by themselves, offsetting a package of sixty nonstealthy aircraft—32 bomb-droppers, 16 air superiority escorts, 4 jammers, and 8 Wild Weasels.


The Gulf War, of course, was not fought without loss.  Table 10 enumerates coalition air losses during the war:
 As can be seen, the risk of combat damage and loss threatened virtually all combat aircraft used in the Gulf.  Over the length of the conflict, the coalition lost 38 fixed-wing aircraft to enemy defenses, only one of which possibly fell to an enemy aircraft. The U.S. Air Force’s loss rate--approximately 1/25th of one percent--was far below the prewar “optimistic” estimates of ½ of one percent and the pessimistic estimate of 2 to 4 percent (or even, in some extreme cases, claims the

Table 10

Desert Storm Coalition Aircraft Attrition 

Service
Type

Sorties
Damaged
Damaged/1000 sorties
Lost
Lost/1,000 sorties
USAF


A/OA-10A
8,620
14


1.6

6

0.7


AC-130

101
1


9.9

1

9.9


B-52G

1,741
5


2.9

0

0.0


EF-111A
1,105
0


0.0

1

0.9


F-111F

2,420
3


1.2

0

0.0


F-15C

5,674
1


0.2

0

0.0


F-15E

2,142
0


0.0

2

0.9


F-16

13,066
4


0.3

3

0.2


F-4G

2,678
0


0.0

1

0.4


USN/USMC


A-6E

5,593
5


0.9

3

0.5

F-14

3,916
0


0.0

1

0.3

F/A-18

9,250
8


0.9

2

0.2

AV-8B

3,349
2


0.6

5

1.5

OV-10

482
0


0.0

2

4.1

Coalition


A-4

651
0


0.0

1

1.5


F-5

1,129
0


0.0

1

0.9


Jaguar

571
4


7.0

0

0.0


Tornado

2,482
1


0.4

9

3.6

coalition might lose upwards of 10 percent) due to enemy action.  In part, loss rates were low due to intensive SEAD and a general limitation of operations below 15,000 feet.  The war revealed two peak loss periods: the first week, in which approximately half of all losses occurred, and the last week, when aircraft were operating in closer proximity to the ground and, hence, enemy defenses.  Over the last ten days of the war, the coalition averaged a plane lost every day.

Ground attack aircraft, not surprisingly, suffered the greatest attrition.  The Air Force lost an AC-130 gunship to enemy ground fire when it was caught in daylight over hostile territory, 25% of those then in theater, and an average loss rate of nearly 10 per 1,000 sorties--clearly unacceptable.  The Marines lost two OV-10 forward air controller aircraft to ground fire, 11% of those deployed in theater, and an average of 4 per 1,000 sorties.  Despite their rugged design and extensive pre-service survivability testing, A-10’s experienced high losses.  In fact, their losses ramped upwards so sharply towards the end of the war as the plane was used increasingly at low altitudes that the joint force air component commander, General Charles Horner, sharply downscaled A-10 operations from that point onwards.  Overall, five were lost and a sixth so badly damaged as to be unrepairable, an overall 4% loss rate for the A-10 force deployed in theater, and an average loss rate of 0.7 aircraft per 1,000 sorties.  After the war, the official Department of Defense report to Congress concluded “While the survivability features of the A-10 are good, future aircraft should be designed with higher performance to reduce susceptibility to damage while maintaining low vulnerability.”
  

The V/STOL Marine AV-8B suffered five losses, representing 6% of those in theater, apparently to the high heat signature of its vectored thrust engine attracting heat-seeking missiles.  Iraqi SAMs claimed two F-15E Eagle strike aircraft early in the war, and while no more Eagles were lost during Desert Storm, these two aircraft themselves represented 4% of the total deployed Strike Eagle force, and a loss rate of 0.9 per 1,000 sorties.  Early in the war, low-flying Tornadoes took surprisingly high losses as a result of tactics, heat signature, and the visible signature of the airplanes’ pink desert camouflage at night.  Overall nine were lost; RAF Tornado losses represented 13% of the RAF Tornado force then serving in the Gulf.
  These examples indicate how, in an era of relatively small deployed overseas forces, even a few losses can erode a significant portion of a nation’s combat potential, particularly if those losses continue over time.

This discussion should not imply that, somehow, the Gulf War was a costly war, for it was not--but it was certainly not a risk-free or blood-free conflict.  The experience with air warfare since that time--notably the Deliberate Force and Allied Force Balkan air campaigns of the mid-and-late 1990’s--took losses to an even lower level.  But these conflicts as well were not, certainly, risk-free exercises.  In Deliberate Force, the sole aircraft lost was a Mirage hit by a Serb heat-seeking missile.  In Allied Force, an F-16 and F-117 fell victim to Serb SAM defenses.   The lessons here--as with the well-publicized shootdown of an F-16 over Bosnia by an SA-6 earlier--is that in the missile era, constant vigilance is the watchword for successful air operations, low-altitude operations are particularly dangerous, and the unwary or unfortunate may all too quickly find themselves victims.  In these circumstances, air commanders must exercise aggressive SEAD and intimidation of opponents to both best protect their forces and ensure fulfillment of overall national security objectives.  A notable and successful example of where this was done in a particularly high-tempo and demanding environment was by the air commanders and airmen participating in Operation Northern Watch in 1998-1999.

Today in an era that is increasingly dominated by the linkage of intelligence, surveillance, and reconnaissance (ISR) assets to precision engagement systems, the Air Force speaks of entering an era of “Global Vigilance, Reach, and Power.”  The accomplishments in aerospace power projection through the years, and, in particular since the time of the Gulf War on through Bosnia and Kosovo, clearly indicate that we have entered an era of warfare in which the surface warrior is increasingly constrained and, indeed, controlled, by what is happening above and below the surface.  For centuries, armies and, to a lesser degree, navies, were built on an inherent attrition model of war.  That model of war demanded mass, as the individual capabilities of any one soldier or sailor, or even any one small unit or small vessel, were quite limited.  Today that is not the case.  

We have, in fact, fulfilled the vision of the great military strategist and thinker, Major General J. F. C. Fuller, who wrote in 1945 that it is range “which dominates the fight.”  He stated further, “The weapon of superior reach or range should be looked upon as the fulcrum of combined tactics.  Thus, should a group of fighters be armed with bows, spears, and swords, it is around the arrow that tactics should be shaped; if with cannon, muskets and pikes, then around the cannon; and if with aircraft, artillery, and rifles, then around the airplane.” 
   But that fact hints at the survivability battles yet to come.  The history of military aviation has witnessed a seesaw battle between the offensive power of the airplane and the defensive snap of its victims.  In an era:

· when the size of deployed coalition air power forces is likely to shrink, 

· when future aircraft production runs may be measured in dozens rather than several hundred or several thousand,

· when potential opponents will have little difficulty in acquiring advanced Flanker-equivalent threat aircraft and the weapons systems for those aircraft to hold air and surface targets hostage,

· when the SA-10 equivalent weapon will undoubtedly become the common currency of air defense in much the same fashion that the SA-2 was in the ‘60’s and the SA-6 in the ‘70’s and onwards, and

· when other weapon options—for example, portable or mobile laser weapons, or even hypersonic missiles—can be expected to proliferate, together with increasingly sophisticated architectures for commanding and controlling all of these kinds of forces and capabilities,
the challenge for those having responsibility to ensure the survivability of our joint service aerospace forces is, if anything, even more demanding than it has been in the past. 

NOTES

( I have also included Operation Deliberate Force, the air campaign over Bosnia.  The Air Force did not lose any aircraft in this operation, and the numbers shown reflect the entire NATO air campaign, which involved the loss of one French Mirage.  But, in the interest of assessing modern trends in loss rates I thought it should be included.  Also, please note that the air campaign in Southeast Asia is broken down into two categories, the intense air war “Up North” and the air support war elsewhere over SEA.
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