ONLY SKIN DEEP:

AN ANALYSIS OF THE VULNERABILITY OF NAVAL SHIPS AND THEIR CREWS DURING ARMED CONFLICT
Anticipated entry into high threat coastal and inshore warfare mandates a familiarity with the devastating effects that enemy weapons can impose upon the material integrity of Navy ships and their crews. Analysis of difficult lessons learned following naval combat operations provides many insights regarding such vulnerabilities. These experiences call for improved safety requirements aboard warships, as well as innovative training programs to improve team-based fighting and survival skills, not withstanding enhancement of individual crew members’ physical stamina and mental endurance. In the setting of conflict, the most important elements for both success and ultimate survival of ships are still both the protection of the people who operate them, and their competent performance.
“Conditions were difficult considering active firefighting, frequent reflashes of fires, heavy smoke (efforts somewhat hampered by protective equipment worn), firefighting water, lack of lighting and flooded compartments. In addition the high heat and humidity of Persian Gulf weather influenced the progress so far as capabilities of personnel participating. The scene of the missile impact where the great majority of victims was found was, of course, in complete disarray. Shrapnel from the hull, as well as lockers, bunks, piping etc., impaired efforts – both in terms of removal of debris and segmentation of bodies…35-40 percent of the victims were wearing EEBDs* ”.                                                                                         (Observations during early retrieval efforts following the May 1987 missile attack upon USS Stark) (1)
Naval operations within high threat waters portend the potential for significant material damage to vessels, and devastating casualties among their crews. Development of modern fighting ships in recent years has focused upon augmenting their ability to cope with exigencies likely to be encountered in such dangerous environments. These naval resources generally exhibit advanced sophistication of structure, machinery, weapons, and electronics. Historical experience and theoretical modeling, however, have affirmed that, regardless of such physical sophistication, the thin “skin” of a targeted ship cannot protect that ship or its crew against harm from without. Despite the many forms of damage that may be inflicted on ships in combat, all naval hardware ultimately depends for its operation in battle upon the sustainability of human performance under stress and violence. In future naval combat environments, as in the past, people will still comprise not only the most critical but the most vulnerable resource in every warship. When the crew of a warship is decimated, weakened, or placed at risk by enemy fire, so will be their ship.   

         *EEBD (Emergency Escape Breathing Device):  Used for temporary respiratory support in atmospheres that do not have sufficient oxygen. Widely distributed throughout a ship, the EEBD consists of a hood and an incorporated mechanical device designed to produce Oxygen from a self contained chemical source for up to 15 minutes. In the final report of the Stark incident, it was noted that while the EEBDs available at that time worked and saved lives, wet hands required men to use their teeth to open them. (1)
THE HAZARDOUS NAUTICAL ENVIRONMENT


Potentially devastating weapons are now capable of being launched by hostile regional powers, rogue states, and terrorist groups against any nation’s ships from unidentifiable points of origin spread across thousands of square miles on land, as well as at sea. These forms of weaponry include: high performance anti-ship cruise missiles with maneuvering warheads and homing sensors which can be launched from land bases, land vehicles, aircraft, submarines, small craft, commercial ships or fishing craft; short and medium-range ballistic missile systems capable of precise and flexible targeting of units whose movements are constrained or predictable (such as during replenishment or flight operations, amphibious assaults, and passages within straits, canals, channels, and ports); nuclear, biological, and chemical munitions; mines in seemingly limitless numbers; boarding and terrorism; and escalating numbers of small non-nuclear submarines, difficult to track in shallow waters. 

Likewise, we have yet to visualize how, for example, littoral ships would fare when facing 200-knot and wake-following torpedoes in "ultimate" missile-intensive littorals. The additional assembly of integrated networks of overhead and surface sensors able to detect and track moving targets at considerable distances, when combined with maneuvering ballistic warheads, can convert the littoral into potentially one of the bloodiest arenas in which any navy has dared to fight, and at a level of threat perhaps exceeding any ever faced by naval forces.


The July 14, 2006 attack upon the Israeli Saar 5 corvette Hanit while patrolling off the Lebanese coast and an earlier assault upon the USS Stark when cruising in the Persian Gulf, as well as the successful attacks upon the British ships at the Falkland Islands by Argentine forces using munitions less sophisticated than those projected for the future, illustrate the potential threats to ships steaming in dangerous waters. Moreover, warships are vulnerable to simple but equally lethal attacks as they approach or are approached by small craft which may have been transformed into floating bombs, as exemplified by the experience of USS Cole in the port of Aden in Yemen.


Even in peacetime, the naval environment is dangerous. Consider the three major U.S. aircraft carrier fires occurring between 1964 and 1973 which led to forty-four deaths aboard Oriskany, 134 deaths and 162 injured aboard Forrestal, and twenty-seven deaths aboard Enterprise (2). Conflagrations in later years aboard Belknap, White Plains, Inchon and the submarine Bonefish likewise attest to the ever present potential for death and injury at sea, especially from burns and smoke injury(3).  During such occasions the necessity to secure the ships from even greater devastation tested the endurance of crewmembers. Other accidents afloat have also been deadly. For example, steam leaks led to the deaths of 10 sailors on USS Iwo Jima (LPH 2) in 1990, and 10 submariners on the French submarine Émeraude, (S 604) in 1994. The fire resulting from bursting of a flexible hose in the HMAS Westralia’s engine room in 1998 resulted in the carbon monoxide inhalation deaths of four Australian sailors.(4)  All of the preceding examples demonstrate the hazardous nature of the shipboard environment, even in the absence of war.

WAR AT SEA:

HARSH EXPERIENCES DURING THE EARLY YEARS
Just as the technology of shipbuilding changed dramatically in the last 150 years as wooden sailing ships evolved into iron and then steel steamships, so has the threat posed to ships changed because of improvements in munitions. In the late 19th century, fighting ships largely attacked each other by “lobbing” exploding shells in the presumed “right direction”, with some expectation or hope that they would hit and explode in or on the opposition. Ship casualties were largely caused through blast damage to hulls or vital structures, resulting in sinking or secondary damage from either fire or explosion within magazines. Thirty years after the Battle of Trafalgar (October 1805) the main armament of all warships continued to be smooth bore cannon firing spherical solid shot, canister or grape, with many injuries from the direct effect of blast or trauma. (In those years, ships commonly grappled side to side, often with one crew boarding the other ship and engaging in direct hand to hand combat.) These resulted in many human casualties, notwithstanding significant losses from ships sinking.

 The subsequent development of explosive projectiles became anathema to wooden ships. The detonation of the projectile filling was a primary source of fire, and the scatter of red-hot metal splinters into their timbers was a source of multiple secondary outbreaks. Wooden fleets avoided the use of explosive projectiles long after they had become a common medium of firepower in land warfare. The danger of handling and fusing such shells aboard ship was likewise a major deterrent to their use at sea (5).
By World War I, although modern navies now had steel steamships, the technology of battle was not far removed from that of the previous century (6). At the Battle of Jutland (1916) total casualties accrued on both sides during the conflict were 8,645 dead and 1,181 injured, reflecting the fact that the major cause of casualties was the total loss of ships, either sunken or blown up (7)(8). The losses of the British Grand Fleet, especially the sinkings of the Battle Cruisers Queen Mary, Indefatigable and Invincible, were in large part due to enemy gunfire that set off cordite explosions in the gun turrets (9). Following the costly lessons of Jutland, the powder magazines and handling rooms of Royal Navy warships were given greater protection and made less directly accessible to the gun turrets from which striking shells had set off disastrous flashes of powder and the resulting explosions. (10)(11)(12)
The development of naval aviation added yet another dimension to maritime combat, by increasing the range at which forces could track and then attack each other, while improving the accuracy of weapons delivery.  Additional major surface hazards arose from the embarkation of aircraft within ships, and in particular the large quantities of aviation fuel carried, augmented by the increased vulnerability to attack  borne by armed aircraft on carrier decks while being prepared for and awaiting launch.
THE CAUSES OF WOUNDING AND DEATH DURING MODERN COMBAT AT SEA

Both testing and experience have demonstrated that when munitions penetrate the skin of a ship, several phenomena are likely to occur simultaneously: fire and smoke, blast, as well as hypothermia, immersion and drowning.                                                                       

FIRE AND SMOKE 

People are likely to be burned both by ignition of weapons propellants and target incineration. They may also be harmed by toxic gases. Burning propellant leads to the release of vaporized toxic acids. Carbon monoxide and nitric oxide are commonly produced, both of which, when inhaled and absorbed by victims, prevent blood hemoglobin from transporting oxygen to body tissues. When aluminum is penetrated by high-explosive ammunition or by a kinetic energy round, the resultant flaming hot jet "fixes" atmospheric nitrogen, forming high levels of nitrogen dioxide gas (NO2). The latter is highly soluble in water, and when inhaled is absorbed into the respiratory tract where it is converted into nitric acid, a severely caustic irritant to the airway lining. It also penetrates to deep lung tissue where it causes injury to the lung's ability to absorb oxygen and release carbon dioxide. Furthermore, physical exertion following exposure to NO2 has been shown to increase substantially the degree of lung damage.

Burning plastics and insulation materials may also release such toxic vapors as hydrochloric acid, formaldehyde, and hydrogen cyanide gas, all of which can be inhaled and prove most harmful to personnel.

Unfortunately, with the advent of new structural materials, fuels, and compartmentalization requirements in Navy ships, new fire scenarios have emerged. In recent years, "advanced materials" (graphite composites, synthetic lubricants, artificial fibers and fabrics, adhesives, matrix systems, and advanced coatings) have played increasingly important roles in military designs. The shipbuilding industry has turned to these materials for use in bulkheads, joiner doors, and even hull components and fittings. Unfortunately, many possess significant thermal and flammability properties, as well as the propensity to form many toxic by-products upon incineration. Furthermore, fire-effect studies on the integrity of bulkheads separating ship compartments have demonstrated the easy propagation of these particulate by-products of combustion, as well as smoke, through the various conduit systems and wire bundles which penetrate these barriers.

Fire problems on ships also vary in accordance with the design and function of these vessels. Whether battle-related or accidental, damage is likely to be more severe if the fire occurs in an enclosed space which is designed to defensively encapsulate personnel and equipment. This is especially true in such high risk enclosures as submarines. Aboard some newly designed surface ships as well, the trend in ventilation design is also toward closed loop systems. This will make surface ships' fire problems more akin to submarines, with greater concern over toxic gas dissemination.
BLAST


As an explosive round or missile penetrates the outer physical structure of a ship, the transmission of accelerative forces is converted into both the formation of multiple shrapnel fragments which are then dispersed among crew members, as well as less visible yet formidable blast overpressure waves. The latter high pressure exposures have been well-documented as sources of serious disruptions of lung and abdominal tissues among victims of naval warfare, both within ships and when submerged in water (even without overt signs of external body injury). The severity of blunt impact and acceleration exposures of personnel further increases the potential risks of soft tissue and skeletal injury. 

Propellants behind warheads in the past were used to engage their targets, and their contained explosives served primarily to drive out metal in the form of fragments. Until recently, very few military warheads relied upon blast as their primary output, although within naval conflict other types of weapons such as torpedoes, suicide boats and mines have depended almost entirely on blast effects. Traditional blast weapons in land warfare were designed to fill a gap in capability by attacking 'soft' targets, including personnel, both in the open and within protective structures.  Improvised explosive devices, currently used in insurgency warfare, are often loaded with metallic objects to inflict penetrating injuries in crowded settings. The fragments, nails, and bolts contained in the bombs penetrate the body with great force, producing mainly internal injuries, open wounds, and burns, with even more injuries to nerves and blood vessels. (Furthermore, the majority of terrorist bombings with resultant injury and deaths have created additional variables such as crushing injury from structural collapse, smoke and inhalational injury from residual burning debris.) (13)(14) During the last decade, however, new technologies such as fuel-air explosive armaments have been further integrated into warheads to enhance blast performance against physical structures and personnel. 

Explosives are commonly formed from unstable chemical material, and during an explosion an extremely rapid process of combustion of the explosive material occurs. Gases created by the explosion expand, forming a sphere of high pressure and temperature, jointly known as the blast wave. The blast explosion or detonation, caused by rapid escape of the gases, is usually accompanied by high temperatures, extreme shock, and a loud noise. The subsequent detonation velocity of the blast wave is a characteristic of the type of explosive, and may range between 6500 and 29,000 feet per second, the latter value characteristic of compounds such as C-4 (Plastique). 

Following near-surface underwater explosions, the vector of forces below the water surface generates an expanding bubble that moves out at a speed faster than that of sound. The blast wave, having taken the form of an expanding ball rolling outward in a three dimensional pattern similar to a giant tidal wave weighing tons, may collide with surfaces that reflect and/or reinforce the initial pressure. The shock wave produces extreme pressures, with some explosives generating approximately 1,300,000 pounds of pressure per square inch on the atmosphere surrounding the point of detonation. The effectiveness of explosives against surfaces backed by air (such as a ship hull) is strongly enhanced underwater, especially at short distances. The water acts as a tamping counter-force, and resists the expanding pressure wave, thus dramatically increasing the amount of pressure against the surface of a hull. In an underwater employment such as this, an explosive charge could produce much more damage than an equivalent blast against the same target above the surface. The deadly associated bubble will breach any hull and transmit a shock effect throughout the entire ship. The net effect is to shatter (by shock resonance) the material surrounding or in contact with the supersonic detonation wave created by this explosive. 

The biological effects of primary blast are determined by the amplitude of the peak overpressure, the rate of pressure rise, and its total duration. In general, acceleration and deceleration injury as well as soft tissue destruction occur because the blast wave accelerates tissues of different densities at different rates. This acceleration differential can cause damage to critical organs and tissue planes by dynamic pressure changes at tissue-density interfaces due to the interaction of a high-frequency stress wave and the lower-frequency shear wave. The impact of the high velocity pressure wave upon the body can also induce rapid deformations that exceed the tolerance of tissues and organs. This rapid re-expansion may possess tremendous energy, and physically disrupt the tissue planes of gas-containing organs, particularly at air-fluid interfaces (lungs, intestines, ears). Concurrently, the wind may propel fragments and people as well, causing penetrating and blunt injuries.  This may result in many potential fracture injuries to the bones of the face and brain, forced deflection and rotation of joints, dislocation of fractured bones and radical movement of the bones of the neck leading to severe spinal cord injuries, a major source of injury and mortality (15)(16).
HYPOTHERMIA, DROWNING AND IMMERSION 

Additional "navy unique" problems entailing difficulties with "survival at sea" have also been well documented. For example, during World War II, it was found that almost two-thirds of all fatalities at sea took place during the ship abandonment-survival phase of naval combat operations. Later, during the Falklands conflict in 1982, of the seventy-one life-raft survivors from the torpedoed Argentine cruiser General Belgrano, sixty-nine suffered from hypothermia (exposure), eighteen of whom died from this condition. How many of the three hundred or more other deaths during this sinking actually occurred during the survival phase following abandonment is not known, but they probably account for the majority. (17)  Following Argentine air attacks upon HMS Coventry when survivors were obliged to take to life rafts or to the water, two Coventry crewmembers drowned. Subsequently, following the abandonment of the MV Atlantic Conveyor after being struck by an Exocet missile, survivors described the full horror of burning decks, cries of trapped victims, and a precipitate rush into the icy sea as the ship was abandoned. Furthermore, the formidable task of evacuating casualties from a fifty-foot-high deck down the side of the ship into life rafts below was accomplished with significant difficulty (18). Most of the twelve from Atlantic Conveyor who died were in the water and no doubt experienced profound hypothermia. Even crewmembers in life rafts ultimately required treatment for hypothermia. (19)
Another cause of injury and death among survivors in the water is the phenomenon of “immersion blast exposure”. In October 1967, an Egyptian Komar class fast attack missile boat attacked and sank the Israeli destroyer Eilat patrolling 13 miles off  Port Said, Egypt utilizing a P-15 Termit (SS-N-2 ‘Styx’) missile. While the surviving crew members struggled in the water, the Egyptians fired another Styx missile that missed the destroyer and exploded in the water nearby. Of the thirty-two Eilat sailors rescued from the water after the explosion, most suffered significant internal abdominal and lung injuries, without any external signs of bruising or injury, and required emergency surgery. These survivors had experienced a phenomenon rarely seen in peacetime but long documented in military medical tradition; the acceleration of an underwater blast wave through the medium of water which impacts upon all of the gas filled organs in the body, more especially the lungs and intestines (20). In World War I, Royal Navy medical officers reported instances of immersion blast injury among personnel in the water exposed to exploding mines and depth charges. During World War II, repeated dive-bombing and torpedo attacks on ships often left the majority of a ship's company in the water after a direct hit. On those occasions, following depth charge, mine, or torpedo explosions near swimming survivors, grave danger to life existed from water blast—and death frequently occurred. (21)
NAVAL COMBAT THREATS:  AN HISTORIC REVIEW

1939-45; WORLD WAR II

The introduction of more sophisticated tracking and guidance systems with radar targeting, the potential for over-the-horizon detection by aircraft, as well as sonar-detection and homing torpedoes – increased the ability of ships to find and hit their targets. Consequently, casualty data from naval warfare during World War II generally confirmed a high frequency of penetrating wounds, in multiple sites, emanating from the release of large quantities of shrapnel following munitions explosions within the relatively confined spaces of ships (Table I).  Further problems also arose when aircraft carriers were struck.

Flowing from the advancement of naval aviation prior to and during the war, a significant development was the introduction of the first “guided missile” munitions, in the form of Japanese kamikaze aircraft (22) (23).  As well as providing improved targeting, these fuel-laden aircraft created a casualty environment of major and extensive shipboard fires, with the need to fight these immediately, even in the face of continuing combat. These led to a high frequency of extensive burns, penetrating wounds, toxic gas inhalation, and asphyxiation among crew members. (24) This situation was also repeated when bombs and torpedoes included either significant quantities of unexpended fuel, or impacted on a ship’s munitions (or, in the case of aircraft carriers, their aviation fuel stores). 

Cumulatively, penetrating wounds and burns constituted over sixty percent of the battle wounds incurred within U.S. ships under attack (25).  For example, two armor-piercing bombs dropped upon the flight deck of USS Franklin (CV-13) penetrated and subsequently exploded within the hangar deck. The resulting secondary explosions and fires resulted in 1,000 casualties among the 3,300 crew members, eight hundred of whom died and were buried at sea. Of those who succumbed, 210 were secondary to burn injury, and 133 others died as a result of smoke and gas-induced asphyxiation. (26) (27)

USS Princeton (CVL-23), after being struck by an aerial bomb from a kamikaze, experienced significant blast and fire damage. Casualties included seven deaths, ninety-two missing, and 191 wounded. Both the forward and amidships battle dressing stations were rendered useless; the main battle dressing station in sick bay and the after battle dressing station had to be evacuated. Later that day, USS Birmingham (CL-62) came alongside to render aid in salvage. Shortly thereafter, an explosion from the after section of Princeton, which blew off her stern, swept Birmingham with blast, flame and debris, killing or wounding half of her personnel as well. (28)
USS Morrison (DD-560), a radar picket ship in the Pacific theater during World War II, was hit by four kamikaze pilots within a ten-minute period and rapidly began sinking. Attempts to establish the main dressing station in a safe area on the ship were futile since no secure locations existed. One corpsman had been killed and another severely wounded. In the face of existing chaos and extensive wounding, each man had to render first aid whenever and wherever he could. Arresting hemorrhage was the sole objective of any aid rendered. During the two hours that the survivors (ninety of whom were injured) spent in the water they were covered by a heavy layer of fuel oil, which further obscured injuries. The medical officer and remaining corpsman swam from group to group, rendering encouragement and what little aid was possible. After eventual rescue by an LCS, the latter vessel was obligated to divert to another location to receive an additional twenty-five casualties from a nearby LSM which had also been attacked. Delays in application of even the most primitive level of medical care were obviously substantial. (29)
A kamikaze struck the superstructure of USS New Mexico (BB-40), killing thirty men and wounding 129 others. During the first four days following the explosion, the personnel were under repeated air attack and remained at constant general quarters positions. It was not possible to evacuate the wounded from the ship until thirteen days later. Serious strain was placed upon the medical personnel who fully manned battle dressing stations by day to provide first aid to additional casualties, leaving definitive care to be administered only at night. The critically wounded were placed in an air-conditioned ward, but many of the seriously wounded, as well as those with emotional disorders, were of necessity placed into the generally poorly ventilated berthing compartments. The repeated gunfire produced a state of profound anxiety among the wounded, and their retention aboard the battleship had an adverse effect upon the morale of the crew. (30)
Since the end of the Second World War, the technology of naval arms has continued to evolve. In the modern age of laser-guided munitions launched from aircraft, of Exocet and Harpoon missiles, as well as advanced surface-to-surface missile warfare techniques and sophisticated underwater warfare technology, the potential for death and injury at sea continues to escalate.

1982: FALKLAND ISLANDS

During the Falklands conflict in 1982, the Argentine bombing of the British landing ship RFA Sir Galahad resulted in the sudden generation of 179 casualties, including eighty-three burns, many lung problems from acrid smoke inhalation, and a large number of extensive tissue and bone injuries (31). Elsewhere, a single Argentine air launched missile penetrated the destroyer, HMS Sheffield. Although the warhead failed to explode, the searing heat generated by its passage through the hull and into the forward engine room was sufficient to set fire to paint, plastic cable insulation, and other flammable materials. Within fifteen to twenty seconds the ship was permeated with black, acrid smoke. Twenty died in this attack, and twenty-four additional wounded suffered from burns and smoke inhalation (32). Subsequently, missile-induced losses in the British fleet from Exocet missiles penetrating the hull of HMS Glamorgan were also substantial. Bombing created additional losses aboard HM Ships Ardent, Antelope, Coventry and Sir Tristram (33, 34). Indeed, injury from fire during the Falklands campaign drove the overall proportion of burn casualties to thirty-four percent of all naval injuries. 
1987: PERSIAN GULF

While on routine patrol in the central Persian Gulf on March 17, 1987, USS Stark was hit by two Exocet anti-ship cruise missiles fired by a single Iraqi F-1 Mirage fighter aircraft, allegedly mistaking the frigate for an oil tanker en route to a port of call in Iran. The warhead of the first Exocet missile failed to detonate. However, the burning solid propellant from the sustainer motor burned along several frames of the ship, causing a major conflagration and extensive damage to the ship. The second missile penetrated the hull within a few feet of the first hit and detonated just inside the ship, causing the fire to spread throughout the ship. The explosion, blast and fragmentation of the second warhead caused severe structural damage to the ship's hull, bulkheads and superstructure on the port side at frame 110. The fragments and blast also caused catastrophic damage inside Stark between frames 100 and 140, destroying watertight integrity, cracking arresting stakes, compromising fire boundaries and severing the port fire main which immediately started to flood the ship and create a list to port. Each missile injected approximately 300 pounds of propellant into the berthing complex. The combustion of the 600 pounds of burning propellant resulted in a near instantaneous heat release of 12 million BTUs, which caused a rapid thermal pulse seldom seen in normal fires. The fire reached "flashover" in less than one minute (35). Smoke quickly filled spaces from the bow aft to frame 212. The majority of the casualties (25) occurred in Ship's Control berthing. As noted in the final report:

 “An explosion occurred in the forward section of the CPO Mess that filled the compartment with smoke; officers’ country filled with smoke; the decks forward of the explosion in flames; fire spreading through the mess line and the starboard passageway forward of the mess line; smoke filled Repair 5 and Repair 2 areas; and firemain pressure was reduced to 60 psi due to a ruptured firemain forward.” “Three bodies in the Chief’s Quarters appeared to have been killed by the heat or flame of the first missile”. 

“Water and smoke entered Combat Systems Berthing from the hatch on the port side, which is the primary egress from the space to Ship’s Control Berthing…When crewmen attempted to exit the compartment via the emergency escape scuttle, it opened only about an inch: it was not dogged…Two bodies had been found face down in the water of the Combat Systems Berthing by GMM1… soon after the missiles hit and before he escaped… Visibility in the Ship’s Control Berthing was very limited due to the thick smoke in the compartment and the lack of lighting…Five men went through a hole in the skin of the ship forward of the port side…All five men who went overboard were in Combat Systems Berthing when the missiles hit…Four received electric shocks before escaping from the ship…Four fell out of the ship accidentally, and the other jumped out of the ship intentionally…All five survivors used EEBDs to breathe before going into the water…Two found each other in the water and together they found one life ring with a strobe light attached and another life ring with a smoke float attached…Two used their EEBDs for flotation devices…One stayed afloat alone by swimming on his back until spotted by a SAR helo…” (36)   
Thirteen of the Stark’s thirty-seven fatalities succumbed to burns, with the others resulting from smoke inhalation and asphyxia, as well as from blast injury (37).
2000: ADEN

During an unannounced stop for fuel at Bandar Tawahi (Aden Harbor), Yemen, on October 12, 2000, a “Trojan horse” suicide bombing of the destroyer USS Cole claimed the lives of 17 American sailors 

 
While moored at a floating refueling dolphin, a pontoon well separated from the old stone piers and breakwater, a small boat, similar in size and shape to many other small vessels in the harbor, including the service craft that had been alongside the Cole, headed “fast and hard” toward the ship. The boat maneuvered parallel to Cole, and then came down the port side headed aft. Seconds later, the boat exploded at Cole’s port side amidships (38). An estimated 400 to 700 pounds of C-4 Plastique explosive aboard had been utilized to blast a  40 by 60 foot hole in the port side of Cole’s hull between frames 174 and 220, and drove the main deck up into its overhead (01 level) at that point. The Main Engine Room, dry provisions storeroom and adjacent berthing areas began flooding immediately, having free communication with the sea. In addition to the seventeen sailors killed, the explosion further caused 39 serious injuries among crew members, and damaged the ship severely.   
The mechanism responsible for the deaths aboard Cole was blunt force trauma in 14 and drowning in the remaining three. The musculoskeletal system of the victims was a clear marker for mortality and morbidity. Fractures of the skull, facial bones, spine, pelvis, and long bones denoted increasing severity of injury to critical organ systems, most notably severe trauma to victims’ brains and spinal cords. The injury patterns seen were crushing, impact with solid structures as evidenced by patterned abrasions and contusions, vertically directed forces as noted by fracture patterns, and drowning. The three drowning fatalities were in locations below the waterline, and none had fatal blunt force traumatic injuries. Autopsy and injury data indicated that the major cause of multiple blunt forces was flying metallic and non-metallic fragments. There was little fire associated with the damage to USS Cole. Shipboard firefighting was apparently successful in containing fires, and there was very little morbidity from inhalational injuries or burns. The 35 surviving injured suffered 81 injuries including open wounds, fractures, some minor burns, and had high rates of secondary infection. (39)
Compared with previous ship attacks, both the bombing, which resulted from a waterline explosion with subsequent hull breaches, as well as the pattern of injury, were unique. The morbidity and the mortality among crew members emanated directly from blast effects, and not from fragments, structural failure of the ship, fire, or inhalation injuries as had been commonly seen in past attacks. Because the ship’s superstructure did not collapse, there were no confounding variables affecting the pattern of injury as there would have been with fragment -generating devices, or detonations with subsequent structural collapse (40).
2006: BEIRUT

The experience of the Israeli Saar 5 corvette Hanit  on July 14, 2006 resembled the circumstances surrounding that of USS Stark (FFG-31). While enforcing a blockade in Lebanese waters ten nautical miles off the coast of Beirut, Hanit was struck by a missile (likely a C-802 Noor [Tondar] radar-guided anti-ship missile)  An explosion caused the helipad to collapse onto the lower section and become engulfed in flames that threatened the aviation fuel storage below, while killing four crewmen and crippling the ship's steering system and propulsion systems inside the hull. Hanit stayed afloat, however, and was subsequently towed to Israel's Ashdod naval base for repairs. (41)
FUTURE CHALLENGES IN NAVAL WARFARE (42) (43)
U.S. Navy ships headed for combat in the future will face a convergence of two growing challenges:


The first stems from the shrinking size of the U.S. Fleet, which will result in more ships being called upon to surge deploy to combat areas before they have completed their preparatory training. The variety and complexity of missions for which these surface units must now be prepared, however, include: projection of firepower; protection of fast and commercial sealift ships; amphibious assault; deep support of expeditionary forces; protection of battle groups; interdiction of prohibited shipping; salvage and rescue; battle damage repair; reception and care of external casualties; theater ballistic missile defense; and armed confrontation of hostile surface, air, and subsurface forces. Any individual unit may be called upon to execute combinations of such missions - each requiring specialized skills. The cumulative dangers to shipboard personnel in high-seas combat environments may therefore substantially exceed the dangers experienced historically, or anticipated by ships’ crews.


The second challenge will come from new demands upon human physical stamina, mental toughness, and team-based fighting skills. This will stem from demands for prolonged periods of alertness imposed by proliferating means of enemy attack. Ships’ companies operating against hostile forces in narrow seas and near enemy coasts will face unprecedented demands upon mental acuity, physical strength, and whole-body dexterity for longer periods than ever before required. These demands will increase, as crew sizes diminish with the introduction of “Optimal Manning” extending into new ship designs such as the DD(X) and LCS. Indeed, extended wartime operations in the littorals may require almost continuous attendance at full battle stations, and maintaining a readiness state for days on end. This may be particularly taxing given the need for crewmembers to sleep and eat. These challenges to physical and mental stamina will apply to the crews of all types of Navy ships, including many now labeled "auxiliaries" rather than "combatants”, such as those slated for addition to the future Maritime Prepositioning Force MPF [F]. 

STRENGTHENING HUMAN PERFORMANCE IN WARSHIPS: LEADERSHIP, TRAINING, PROTECTION 

Improvements in fleet combat power can primarily be achieved by improving the fighting abilities of the people who crew the warships.

The personnel qualification standards (PQS) system has been the principal method used by U.S. shipboard leaders to set individual training goals, and monitor the current state of operational training. The PQS system, however, addresses neither battle station duties nor criteria for combat team training. Although the system does emphasize individual knowledge of damage control, it warrants upgrading sufficient to encourage the development of abilities to continue fighting in spite of disruption, which requires greater skills and training than controlling damage alone.

How can shipboard personnel be prepared to cope with the disruptive conditions and disastrous consequences imposed by enemy fire during war at sea yet continue mission pursuit? There will be times, for example, when people do not arrive at their

Sta​tions, communications don't work, special clothing is missing or damaged, or people being relieved are found wounded or apparently dead. If, for example the ship is hit and damaged while in routine steaming conditions, shall General Quarters sta​tions be manned in the Combat Information Center without further orders? If not, what shall off-watch people do? The provision of general intent in the CO’s Battle Orders, hopefully inculcated during shipboard drills, anticipates that in times of unexpected disasters people will head to their assigned fire party, damage control locker or GQ position.  If they can’t get to their Watch Quarter and Station Bill assigned station, it is further assumed that they will do their best to get someplace where they can be “useful.”  Reliance upon people to respond in this manner during a time of stress is no substitute for properly constructed ship-class-wide Standard Operating Procedures (SOPs) that define the response in a variety of potential damage control scenarios, reinforced by regular training against these SOPs.
To improve the ability of sailors to cope with the violence of battle damage, the Navy must strengthen four principal shipboard human-impact resource systems. 

1.  Focus battle training for conditions of stress and violence 


Warship crews in littoral waters may be called upon to operate for weeks or months in alert readiness conditions. These conditions will impose sustained high stresses that can cause physical and mental exhaustion, including sleep deprivation, during protracted patrolling. Nevertheless, these ships and their crews must be capable of shifting from one readiness condition to another after casualties are sustained. The primary shipboard organization for battle must therefore be capable of progressing from “general quarters” to sustained high-alert condition watches. This will call for battle training of unprecedented depth and difficulty.


2. Establish standard on-board organizational chains of responsibility 


Management systems afloat include tools such as interior communications, standard operating procedures, safety requirements, on-board organization, seniority standards, performance evaluation procedures, technical specialties, disciplinary rules and laws, extracurricular assignments, clothing standards, promotion criteria, official language, unofficial customs, training techniques, alert conditions, and even the composition of the crew. Overhauling the state of current shipboard management conditions and practices (the tools of leadership) could strengthen the ability of U.S. warship crews to cope successfully with the potential stress and violence of littoral combat.


The officially prescribed standard ship​board or​gani​za​tion is based on elements called Work Centers, Di​visions, Departments, and Technical Supervisors, supplemented by as​signments of more than a hundred externally mandated collateral responsibilities. This struc​ture distributes re​spon​sibili​ties for doing routine work; but not for battle control or integrated battle team training under high threat conditions. Many of the responsibilities of Technical Supervisors overlap those of Division Officers. On average, shipboard people on bat​tle or high-threat watch sta​tions often func​tion under lead​ers out​side their normal work units. Nevertheless, no continuous off–station chain of com​mand from Commanding Officer to team leader (a term rarely defined) is account​able for battle control, battle train​ing, or the overall readiness of each team, including its as​sociated structure and equipment. This fact applies within each watch sec​tion. It is in such conditions that ini​tial com​bat is likely to oc​cur. Commanding Officers must help their subordinate leaders to define per​formance goals, keep track of progress, and build psy​cholog​ical strength by im​prov​ing co​hesion and moral strength within each combat and watch team. 

 
In support of these concepts, the first needed resources are clean lines of responsibility for overall battle readiness, off-station as well as on-station, which should be built into the standard ship’s organization. The latter roster needs to define team-based structures throughout the crew, as well as the continuing responsibilities of team leaders. Each line should go from Commanding Officer to XO, to a battle control officer, to combat team leaders, to watch team leaders, to members of combat and watch teams. Every crewmember needs to know who are the members and who is the leader of his/her combat team. Such knowledge is indispensable to team cohesion in any condition of readiness, which in turn is indispensable to the ability to fight. Battle control and battle readiness responsibilities must be desig​nated as “primary duties” in rosters listing on-board func​tional assign​ments of offi​cers and se​nior petty of​ficers. Similarly, an explicit doctrine – in the form of a set of Standard Operating Procedures - must be established to define how the crew should proceed—where each person should go and what stations to man—should the ship suffer massive structural and human casualties either at sea, or in port. These SOPs can be, and should be ship-class standardized, so that personnel transferring to a new ship within the same class have an inherent familiarity with the best response to a variety of circumstances.

3. Make readiness goals and progress visible


Naval com​manders to​day require a means for knowing the precise fight​ing ca​pa​bili​ties of each of their ships, including the residual ca​pabilities that fol​low battle damage. Unmeasured and undisplayed changes in levels of fight​ing ca​pabili​ties are often invis​i​ble to those who strive to im​prove them. Commanders must measure and report accurately in a timely fashion changes in combat capabilities at all times, not only when affected by gross reductions in available resources. However, it has been difficult for commanding officers to communicate particular proficiency standards and have them clearly understood and actively pursued by their superiors. Likewise, it has been difficult for battle control officers and senior officials (such as chief engineers or damage control assistants) to apprise junior officer or enlisted team leaders (such as repair party leaders or “flying squad” leaders) of what the expected training goals are, or should be. All hands must be well informed on those critical battle skills which underpin the fighting ability of their ship.

Each ship must assess her overall required operational capabilities during combat, and should match the many subordinate elements to that greater goal. This baseline of performance criteria will permit gaug​ing and com​municating changes in ship​board fighting ca​pabili​ties to crew members. This must be done on a continuous basis, without resort to voluminous paperwork. 


Specific performance standards are available in fleet exercise publications and fleet training syllabi, but sometimes it is hard for team leaders to find these standards. Thus, it is sometimes hard to set goals, to develop methods to achieve them, and to keep track of progress toward their achievement. This difficulty is particularly challenging when preparations must be accomplished urgently. Without ready access to such knowledge, it is difficult for junior shipboard personnel to take an active part in setting goals for battle drills, and in benefiting from feedback on progress achieved, especially when in high-threat readiness conditions during urgent deployments.  
4. Strengthen crew protection through survival training and structural improvements

Following the USS Stark attack, it was noted that heavy personnel casualties, acid smoke, intense heat, and lack of communications contributed significantly to the confusion experienced in initial firefighting efforts. Not only must training be continuously reinforced regarding the use of oxygen generating escape devices, but drills must be developed and practiced to teach blind escape procedures when spaces have been rearranged by explosions, notwithstanding related procedures for avoiding electrical shock when confronted with arcing cables. Furthermore, within minimally manned ships every crew member must become qualified for utilizing firefighting hoses and firefighters’ oxygen breathing equipment. As well as improving the organizational aspects of naval ships to strengthen their crews’ ability to respond to the challenges of combat damage, measures should be taken to harden their physical protection. (One hopes that the lesson of the fuel and cost-saving aluminum superstructure – with its low melting point leading to structural failure– has been learned.) More must also be done to improve the design and structure of the ships, their equipment and materiel, and their damage control systems to reduce the potential for disastrous human casualties*.  (Following the Stark incident, for example, it was recommended that: the diameters of deck scuttles be increased to allow escape as well as re-entry by personnel with damage control equipment; that smoke containment curtains be installed wherever possible; and that deck drains be installed in topside compartments to drain firefighting water over the side.)

  * (Note reference (40) regarding subsequent improvements in construction of Arleigh Burke DDG-51 class hulls.)
a. Provide effective combat clothing 


It is necessary to provide an adequate combat uniform for each person aboard. This must maximize protection of the individual, particularly from heat and flame. It is also essential to develop effective protection against the effects of blast injury. T T oday, the battle uniforms for most crew​members are still their regular work clothes. (In this context, the dangers of Corfam shoes and polyester clothing aboard ships have been well articulated.) These are dan​gerously ineffective against fire, useless against heavy shock, and poorly designed for protracted work, wear, and maintenance. It has been suggested that boots be utilized that have higher tops to keep out water, and with increased sole insulation to resist hot decks. Likewise, strong head protection cover​ings must be supplied and widely distributed. They have rarely been available to people before they arrive at battle stations, predictably too late to protect them against sudden violent impact against a ship’s structure. For fire fighting teams it has been recommended that battle helmets be designed that are closer in design to civilian firefighting helmets to protect the back of the neck of firefighters against scalding water and falling debris. Given that the historical record has shown that most Royal Navy deaths at sea during World War II occurred during the ship abandonment/survival phase of naval combat, attention to issuance of improved water survival gear and exposure suits should also be considered. Furthermore, visual lookouts, always indispensable to ship defense, still have no designed physical protection from weather or violence. Without such protection they may have to abandon their stations during the threat of chemical or biological attack as well.
b. Improve warships’ fire and smoke resistance

The effects of modern munitions that can ignite ship materials, and the potential for fuel to catch fire, have been well demonstrated in recent years. There is a pressing need to ensure that so far as possible a ship’s structure and internal fittings are fire resistant. Mattresses in berthing spaces and artificial deck coverings still emit toxic fumes under high heat. Removable flame resistant bunk covers are not yet been available. Insulation covering for electrical wiring, notorious for releasing smoke and toxic fumes, needs to be replaced with safer material or protected from the risk of igniting. Continuous attention to technical improvement in emergency escape breathing devices is mandatory, as well as their widespread distribution and strategic placement throughout ships, notwithstanding, as well, maximizing the number of available oxygen replacement canisters, consistent with storage constraints.
c. Minimize the risk of secondary casualties due to displaced objects or persons
Most ships are filled with loose, heavy equipment that, though capable of injuring personnel or of blocking passages, cannot conveniently and quickly be secured before high threat conditions develop. All too often one finds protruding built-in fixtures that can block passageways against urgent movement. There is also often plenty of unsecured gear that can be flung by blast or shock against the people nearby – who themselves are likely to be flung off their feet. All these fixed hazards must be removed, and the others secured.  These matters must be critically assessed when evaluating a ship’s operational readiness.

d. Improve warships’ facilities to provide trauma casualty care

No amount of physical protection will remove the risk of combat damage to a ship and its crew. It therefore remains important to ensure that early casualty care can be provided from within every ship’s own resources.

e. Equip all living and berthing spaces for emergency casualty care 

Currently, Battle Dressing Stations intended for care of wounds are small, inefficient, and unprotected against radical ship's movement, and instruments in "Auxiliary" dressing stations generally are unprotected against violent shock. Often it is difficult to transfer casualties from stretchers to worktables. In many ships no preparation has been made to make those berthing/messing spaces potentially suitable for temporary reception of massive casualties, much less actually ready for the assuming the burden of care. Following both the Stark and Cole incidents, the need for distributing waterproof, heat resistant, hand held radios for use during shipboard damage control efforts was well demonstrated.
From the very beginning, designers need to maximize the suitability of those available spaces (most commonly berthing compartments) to manage casualties, should existing Battle Dressing Stations be rendered unusable due to damage, fire or smoke. While these alternate locations cannot be fully configured or equipped to manage casualties, they may be all there is, and ships should be prepared for that.  
f. Provide sufficient potable water 

The first aid management of casualties requires ready access to sufficient potable water for irrigating debris and filth from wounds and cooling of burns. Potable water for this key first-aid treatment is not available near many manned fighting stations, and systems should be installed to make it so. 
g. Provide methods to easily move casualties

Even after a century and more of experience, we do not yet have effective means to move laden stretchers vertically through ships. Reliance on makeshift maneuvers, such as fire-hose lifts, risk added injury to already compromised casualties. While in some circumstances this risk may be unavoidable and warranted, we must develop systems that make possible casualty movement both horizontally and vertically through ships. These may ensure that casualties can be moved for first aid, treatment and evacuation quickly without additional injury, and without imposing added burdens upon large numbers of crewmembers to complete the evolution.

 h. Provide emergency heads 

The need to ensure that normal body waste can be properly managed must be considered when ships sustain significant damage and are unable to move away from the combat zone for repair. Alternative toileting facilities for use during such extended periods on station do not yet exist and need to be provided, either through the provision of additional spaces equipped as heads or by providing sufficient portable equipment that can be readily set up when the ship’s primary systems are compromised.
i. Improve casualty identification methods

The need to properly identify casualties, both deceased and those under care, remains paramount to both the provision of safe medical care and notifying relatives. This can be critical when a casualty is unconscious and/or disfigured. The re​quirements for wearing of ID tags to help recog​nize dis​figured ca​su​al​ties on-scene must be sustained.
NEEDS FOR THE FUTURE: THE PREVAILING IMPERATIVE 

Survival and success in armed conflict ultimately remain within the province of human performance. The latter is the ultimate resource, requiring concentrated support and development. Programs must be developed for enhancing future competencies within any ship that potentially may be engaged in conflict. Consequently, to facilitate recoverability of the ship and augment crew survivability, expected crew responses to damages following impact by a threat weapon should be evaluated, as well as goals for training readjustments and leadership enhancement. 
While there persists a public expectation of quick victory in any conflict with few—if any—casualties, in reality a warship cannot survive and prevail under the potentially violent conditions of naval warfare unless crewmembers are protected effectively against stress and violence, and likewise organized and trained to fight. Indeed, in contemporary naval surface warfare environments, these conditions impose leadership and management demands that are more challenging than any before encountered. 

Comprehensive programs must be developed to weigh and evaluate measures for assisting on-board leadership in strengthening the fighting and survival abilities of all members of surface warship crews. To facilitate this process, analyses of both the mechanism of action of weapons threats, and the historical trail of their physical and human effects are required. In essence, any future attacks upon naval shipping must prompt in-depth assessments, as noted in this text, of the mechanism of damage created by the weapons utilized, accompanied by an examination of the immediate causes of casualties and the types of injuries accrued. Concurrently, included within this damage scenario based analysis must also be an evaluation of the technical aspects of the ship structure and its ability to survive such a weapon, as well as an identification of procedures, designs, material changes, and other issues that could possibly help minimize casualties during any future attacks. 
 

The ability to fight effectively is a result of the ability to perform effectively all designed functions under conditions of surprise, stress, and violence. Our suggestions in this paper describe an in​te​grated system encom​passing people, struc​ture, equipment, and procedures. The Navy must establish explicit responsibility for these pur​poses. For combat commanders, the capability to lead the fight successfully depends upon a series of responsibilities: strengthening both the psychological and physical protection of their people and equipment; clarifying everyone’s responsibilities for battle readiness and battle training; measuring results achieved toward improvement of fighting abilities; planning battle drills in advance; providing means to feed training progress information back to each ship’s company; and ultimately enabling each  ship’s Captain to specify and track the particular performance standards that he wishes his crewmembers to achieve (44). 

The metallic perimeter of a ship is only skin deep, and, as the historic record described earlier in this essay demonstrates, highly vulnerable. The key to both survival and success in naval warfare ultimately depends upon resilient and thoroughly trained personnel. People will always be not only the most indispensable but also the most vulnerable resource in every ship. Consequently, it must be acknowledged that when the crew of a warship is weakened, so will be the ship; when it is strengthened, so will be the ship as well! 
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Table 1

U.S. Naval Combat Casualties Accrued During World War II:
By Ship Class   

25 Battleships (BB): 22 were attacked on 43 separate occasions—by kamikaze aircraft in 16; by gunfire in 14; torpedoes in 6; bombs in 4; and by multiple armaments in 3. 

[2 sunk, both in harbor, one by a 16 inch shell used as a bomb, the other by torpedoes]

Casualties sustained were 1,684 WIA, 2,061 KIA, and 12 MIA.

25 Heavy Cruisers (CA): 17 were attacked on 32 separate occasions—by kamikaze in 5; gunfire in 10; bombs in 4; torpedoes in 9; and by multiple armaments in 4.

[7 sunk, one by submarine torpedoes, one by aircraft torpedoes, the others by surface ship gunfire and torpedoes]

Casualties sustained were 1,804 WIA, 1,484 KIA, and 1,586 MIA.

22 Aircraft Carriers (CV): 16 were attacked on 39 separate occasions—by kamikaze in 16; gunfire in 2; bombs in 13; torpedoes in 5; and by multiple armaments in 3. 

[4 sunk, one by submarine torpedoes, two by aircraft torpedoes, and one by both] 

Casualties sustained were 2,603 WIA, 1,885 KIA, and 266 MIA.

417 Destroyers (DD): 206 were attacked on 283 separate occasions—by kamikaze in 100; gunfire in 78; bombs in 46; torpedoes in 28; mines in 15; and by multiple armaments in 11. Casualties sustained were 6,895 WIA, 3,565 KIA, and 3,500 MIA.

235 Submarines (SS): The number of attacks is not recorded, but casualties sustained were 1,178 WIA, 444 KIA, and 4,501 MIA.

Sources:

A)   C.G. Blood, “Analyses of Battle Casualties by Weapon Type Aboard U.S. Navy Warships”, Report 91-1 (San Diego, Calif: Navy Health Research Center) pp. 1-22

B)  C.G. Blood, Shipboard and Ground Troop Casualty Rates among Navy and Marine Corps Personnel during World War II Operations, Report No. 90-16 (San Diego, Calif: Naval Health Research Center), pp. 1-50.
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Captain Appleton, a graduate of the United States Naval Academy, served on active duty from1940 through 1970. He was aboard the battleship Pennsylvania during the assault upon Pearl Harbor, and subsequently participated in seven naval campaigns during WWII aboard battleships, cruisers, destroyers and amphibious assault ships. He later held two sea commands, as well as commands of a Destroyer Division and a Destroyer Squadron. Captain Appleton also held Fleet responsibilities focusing on shipboard training and battle readiness (including Assistant Chief of Staff) on the staffs of Commander Battleship-Cruiser Force and Commander Cruiser-Destroyer Force, U.S. Pacific Fleet. Subsequently, he was originator and first director of the Navy Readiness Analysis System in the Office of the Chief of Naval Operations. Likewise, he was the originator and first director of the Output Measurement Systems Directorate in the Office of the Secretary of Defense.

In early years Captain Appleton designed and installed an emergency system for delivering propellants from powder magazines to battleship 14” gun turrets. During duty in the Navy Department, he initiated and coordinated revision of the basic doctrinal directive of the Navy Bureau of Ordnance (Bureau of Ordnance Manual). He conceived and directed major training/readiness improvement and measurement programs in the Navy Department (Navy Readiness Analysis System), in the Office of the Secretary of Defense (DOD Output Measurement System for Program Budgeting), and at sea (Procedure for Description and Communication of Readiness of Dispersed Units). (The Navy Readiness Analysis System originated the current Navy wide concepts of Required Operational Capabilities and Objective Based Training (OBT) as later adopted by the Fleet Surface Force Commanders.) He drafted a "Gunnery Drill Guide," which the Navy accepted and published (NAVPERS 10885) and which originated the concept of today's Personnel Qualification Standards (PQS) system. 

Captain Appleton later designed and evaluated an experimental battle efficiency competition (FlotComp3) involving seventeen ships of different types based on measurement of achieved combat readiness. He designed and instituted an experimental technique for integrating shipboard organization, maintenance, and training in a Fleet unit (Ship's Readiness Improvement Program), which resulted in the current Planned Maintenance System and the structure of shipboard Work Centers. In the Fleet Amphibious Force, he designed and instituted new procedures for controlling ship-to-shore amphibious operations at night without radio, radar, or visual lights.

In the Office of the Chief of Naval Operations, Captain Appleton served in the Strategic Plans (Nuclear Warfare) Division, originated and directed a new OPNAV Fleet Readiness and Training Division (which exists today as the Surface Warfare Division), served as CNO liaison officer for design of the Joint Chiefs of Staff readiness reporting ("C-rating") system, and served as weekly briefing officer to the Secretary of the Navy on Fleet readiness. 

During retirement, Captain Appleton served as crew design manager for Litton Ship Systems for the (then) new LHA amphibious assault ship. He compiled a bibliography of documentation on "Warship Battle Readiness" for the Navy Personnel Research and Development Center and received a PhD from the University of California in 1978 focusing on design of warship management systems.
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