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Dr. Peter King, who recently retired as Deputy and Chief Scientist for the Office of Naval Re-

search (ONR) began his government career at the Naval Research Laboratory in 1939 as an asso-

ciate chemist and rose to the position of Associate Director of Research for Materials in 1954.

In 1960, he was awarded the Distinguished Civilian Service Award for his contributions to the

development of a long-range atmospheric radiation detection program. This method provided

conclusive evidence of the first atomic explosion by a foreign power. By measuring the amount

of fissionable material in rain water. Dr. King was able to determine the bomb material and to fix

the approximate time of explosion.

Before coming to ONR Washington, in 1966, Dr. King served as Chief Scientist for the ONR

London Branch.

He has been awarded the Civilian Career Achievement Award for outstanding contributions

to the Department of the Navy in the field of naval research.

Dr. King is a member of the American Chemical Society with numerous scientific papers and

patents to his credit.
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Dr. Peter King , who recently retired as Deputy and Chief Scientist for the Office of Naval Re­
search (ONA) began his go~rnment career at the Naval Research Laboratory in 1939 as an asso­
ciate chemist and rose to the position of Associate Director of Research for Materials in 1954. 

In 1960, he was awarded the Distinguished Civilian Service Award for his contributions to the 
development of a long-range atmospheric radiation detection program . This method provided 
conclusive evidence of the first atomic explosion by a foreign power. By measuring the amount 
of fissionable material in rain water. Dr. King was able to determine the bomb material and to fix 
the approximate· time of explosion . 

Before coming to ONA Washington , in 1966, Dr. King served as Chief Scientist for the ONA 
London Branch. 

He has been awarded the Civilian Career Achievement Award for outstanding contributions 
to the Department of the Navy in the field of naval research . 

Dr. King is a member of the American Chemical Society with numerous scientific papers and 
patents to his credit. 
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The Navy and the Challenge

of Deep Diving

Rear Admiral Carl O. Holmquist, USN

Chief of Naval Research

The sea never changes and its w orks, for all the talk of man,

are wrapped in mystery.

The sea has not changed since Joseph Conrad penned these words,

but man's eternal curiosity, aided by advances in science and tech-

nology, has allowed him to probe deeper and deeper into the mystery

of the ocean.

Man has tried to explore the underwater world since remote time

and diving, with or without some crude breathing apparatus, was well

practiced by the ancient Greeks and Romans. The earliest reference

to this activity is made by Homer who mentions oyster divers in the

Iliad. In the works of the Roman writer Vegetius is found a drawing

of a diver wearing a helmet-like device with a long leather pipe leading

to the surface. The surface end of the pipe was apparently kept afloat

by a bladder. Other contrivances for exploring the sea continued to be

proposed through the ages, but it was not until relatively modern times

that significant progress was made in the field of diving and diver equip-

ment permitting man to conduct a wide spectrum of underwater tasks.

Until the advent of the industrial revolution, man's progress into the

depths of the sea had been very slow. The industrial revolution provided

the technology necessary to the development of diving helmets, diving

bells and air compressors. As the design of this equipment improved,

and man went deeper and stayed longer in the sea, a strange new ailment

was encountered. Medical science of the time was powerless against

"caisson disease," or the "bends'" as the ailment was called. Theories

about its causes and proposed treatments abounded, but it was not until

1878 that the French physiologist, Paul Bert, showed the precise causes

of decompression sickness and suggested the proper treatment.

The U.S. Navy has long been in the forefront in the development

of diver technology. One of the earliest problems was nitrogen narcosis —

that sense of drunkenness and euphoria that can affect divers breathing

pressurized air for extended periods at depths below 100 feet.

In an effort to solve the nitrogen narcosis problem, the Navy and the

Bureau of Mines in 1924 began to conduct joint experiments with

breathing mixtures consisting of inert helium gas and oxygen. By 1927,

the work had progressed to the point where human subjects could be

used. In 1937, using a helium-oxygen gas mixture, two Navy divers

* Reprinted from Underwater Magazine, Vol. I. No. 3. Post Office Box 212. Arlington, Mass.
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The Navy and the Challenge 
of Deep Diving 

Rear Admiral Carl O. Holmquist, USN 
Chief <~l No, '<tl R<:'search 

The sea ne1'er changes and its ll'orks, for all the talk of man, 
are i1·rapped in m) ster). 

The ea ha not changed since Joseph Conrad penned the e word , 
but man' eternal curio ity, aided by advance in cience and tech­
nology, ha allowed him to probe deeper and deeper into the my tery 
of the ocean. 

Man ha tried to explore the underwater world ince remote time 
and diving, with or without ome crude breathing apparatu wa well 
practiced by the ancient Greek and Roman . The earlie t reference 
to thi activity i made by Homer who mention oy ter diver in the 
Iliad. l n the work of the Roman writer Vegetius i found a drawing 
of a diver wearing a helmet-like device with a long leather pipe leading 
to the urface. The -urface end of the pipe wa apparently kept afloat 
by a bladder. Other contrivance for exploring the ea continued to be 
proposed through the ages, but it was not until relatively modern time 
that ignificant progre wa made in the field of diving and diver equip­
ment permitting man to conduct a wide pectrum of underwater ta k . 

Until the advent of the indu trial revolution man progre into the 
depth of the ea had been very low. The indu trial revolution provided 
the technology nece ary to the development of diving helmet , diving 
bell and air compre or . A the de ign of thi equipment improved, 
and man went deeper and stayed longer in the ea, a trange new ailment 
wa encountered. Medical cience of the time wa powerle again t 
"cai on di ea e," or the "bend " a _ the ailment wa called. Theorie 
about it cau e and propo ed treatment abounded but it wa not until 
1878 that the French phy iologi t , Paul Bert, howed the preci e cau -e 
of decompre ion ickne and ugge ted the proper treatment. 

The U.S. Navy ha long be n in the forefront in the dev lopment 

of diver technology. One of the earlie t problem wa nitrogen narco i -
that en e of drunkenne • and euphoria that can affect diver breathing 
pre urized air for extended period at depth below I 00 feet. 

In an effort to olve the nitrogen narco i problem, the Navy and the 
Bureau of Mine in 1924 began to conduct joint experiment with 
breathing mixture con i ting of inert helium ga and oxygen. By 1927, 
the work had progre ed to the point where human ubjects could be 
u ed. In 1937, u ing a helium-oxygen ga mixture, two Navy diver 

* Reprinted from U11der ll'e1ter Magcdne. Vol. I. o. 3. Post Office Bo 2 12. Arl ington, M as ·. 
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reached a simulated depth of 500 feet in one of the tanks at the Navy

Experimental Diving Unit, Washington, D.C.

These dry-land experiments were put to operational use in May of

1939 to rescue the crew of the submarine SQUALUS from a depth of

243 feet. The helium-oxygen diving technique was used in 640 dives

to the submarine without death or serious injury. On the basis of data

obtained during the SQUALUS dives and from laboratory simulated

dives, the Navy established 380 feet as the new limit for operational

diving, with 30 minutes of bottom time, breathing a helium-oxygen

mixture.

Up to that time, the "hard hat" technique was used; that is, a diver

was tethered with his air hose to a surface air compressor or gas supply.

This tether drastically constrained his mobility. In the 1940's the develop-

ment of the self contained underwater breathing apparatus (SCUBA)

freed the diver from these constraints and allowed him to move about

with relative freedom. With SCUBA, however, his depth-time is limited

by the amount of breathing gas he is able to carry on his back.

Until the late 1950's, the limit for Navy operational dives was still

380 feet with 30 minutes on the bottom. Without complications, a dive

of this depth and duration requires more than three hours of decompres-

sion. To overcome this unfavorable ratio of work-to-decompression

time, the Navy developed "saturation diving." The first experiments

in the field of saturation diving were initiated by the Navy in 1957 under

the direction of Captain George Bond, MC, USN, using a standard de-

compression chamber and the climate-altitude chamber at the Naval

Submarine Medical Research Laboratory in New London, Connecticut.

These experiments were given the code name Genesis I.

The data derived from the Genesis experiments were used to pursue

open sea experiments by a number of other groups, notably the American

inventor Edwin Link in his "Man-in-the-Sea" experiments, and the

French oceanographer Jacques Costeau in his "Conshelf."

The saturated diving technique capitalizes on the fact that, at a given

depth, the amount of inert gas dissolvable into the body tissues is limited.

After about 24 hours at a given depth the tissues become essentially

saturated with inert gas at the pressure equivalent to that depth. The

tissues do not absorb significantly more gas no matter how long the

diver stays at that level. For example, a diver saturated to 300 feet

requires the same decompression time whether he spends one day or

one month at depth. For time-consuming underwater tasks, it is far

more efficient for a diver to stay at depth and complete the job than to

return to surface atmospheric conditions repeatedly, spending hours in

decompression before each return.

The first phase of experiments was concerned with the reaction of

animals under long-term exposure to pressure and sriythetic gas mixtures.
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reached a imulat J depth of 500 feet in one of the tanks at the Navy 
Experimental Diving Unit , Wa hington, D.C. 

These dry-land experiment were put to operational use in May of 
1939 to rescue the crew of the submarine SQUALUS from a depth of 
243 feet. The helium-oxygen diving technique was used in 640 dives 
to the submarine without death or eriou injury. On the basis of data 
obtained during the SQUALUS dive and from laboratory simulated 
dives, the Navy e tabli hed 380 feet a the new limit for operational 
diving, with 30 minute of bottom time, breathing a helium-oxygen 
mixture. 

Up to that time, the ' hard hat" technique wa used; that i , a diver 
was tethered with his air hose to a surface air compressor or gas upply. 
This tether dra tically constrained hi mobility. In the 1940' the develop­
ment of the elf contained underwater breathing apparatu (SCUBA) 
freed the diver from these con traint and allowed him to move about 
with relative freedom. With SCUBA however, hi depth-time i limited 
by the amount of breathing gas he i able to carry on his back. 

Until the late I 950's the limit for Navy operational dive wa still 
380 feet with 30 minutes on the bottom. Without complications, a dive 
of this depth and duration require more than three hour of decompre -
ion. To overcome this unfavorable ratio of work-to-decompre sion 

time the Navy developed " saturation diving." The fir t experiment 

in the field of saturation diving were initiated by the Navy in 1957 under 
the direction of Captain George Bond, MC, USN, using a tandard de­
compression chamber and the climate-altitude chamber at the Na val 
Submarine Medical Re earch Laboratory in New London, Connecticut. 
These experiments were given the code name Genesis I. 

The data derived from the Genesis experiments were used to pursue 
open sea experiments by a number of other groups, notably the American 
inventor Edwin Link in his "Man-in-the-Sea" experiments, and the 
French oceanographer Jacques Costeau in hi .. Con shelf." 

The saturated diving technique capitalizes on the fact that, at a given 
depth, the amount of inert gas di solvable into the body tissues is limited. 
After about 24 hours at a given depth the tissues become essentially 
aturated with inert gas at the pre sure equivalent to that depth. The 

tis ue do not absorb ignificantly more gas no matter how long the 
diver stays at that level. For example, a diver aturated to 300 feet 
requires the same decompression time whether he pends one day or 
one month at depth. For time-con urning underwater tasks, it is far 
more efficient for a diver to tay at depth and complete the job than to 
return to surface atmospheric condition repeatedly, pending hour in 
decompre sion before each return. 

The first pha e of experiments was concerned with the reaction of 
animal under long-term exposure to pres ure and sriythetic gas mixtures. 
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Late in 1962, three men were exposed to a helium-oxygen breathing

mixture at sea level pressure for six days. In the next phase of Genesis

I, eonducted early in 1963, three men spent seven days in a pressure

chamber at a simulated depth of 100 feet. In the final phase, three men

spent 12 days at a simulated ocean depth of 200 feet, again breathing a

helium-oxygen gas mixture without ill effects.

The Navy's Man-In-The-Sea program took these dry-land experi-

ments to sea. In the summer of 1964, the Office of Naval Research

conducted the first in situ experiment off Bermuda. In this experiment,

called SEALAB I, four men lived in a 40-foot long chamber or "habitat"

at a depth of 193 feet for 1 1 days in relatively warm water.

SEALAB I was followed by SEALAB II , conducted off San Diego

also by the Office of Naval Research. Three 10-man teams each remained

at the depth of 205 feet for 15 days in cold water. One man remained at

that depth for 30 days. In addition to living underwater and conducting

a multitude of physiological experiments, underwater work tasks in

simulated salvage, oceanography, and construction were performed.

In total, the three teams achieved more than 300 man-hours of work

outside the habitat. The third open-ocean experiment, SEALAB III,

was planned to extend the operating depth of aquanauts to the 600-foot

level for 60 days in waters off San Clemente Island, California. A tragic

event, resulting in the death of one of the aquanauts, cancelled the ex-

periment short of its planned goals (Figure I).

Since then, other Navy experiments have placed divers at depths

down to 850 feet in the open sea, and the Navy is now planning a pro-

gram that will eventually take the Navy divers to well below 1,000

feet. Development of techniques for occupying habitations as well as

for short-term dives at these depths, would give the Navy the ability

to dispatch divers to any place on the continental shelf to perform any

of a variety of tasks.

The spectrum of Navy underwater tasks include the following: rescue

of personnel from disabled submarines; salvage of aircraft and ships;

recovery of large and small objects such as torpedos, nuclear weapons

and space hardware; reconnaissnace, surveillance and protection of

beaches and harbors; underwater warfare; ship repair, and underwater

construction and engineering; as well as extensive scientific gathering

of oceanographic data. There are physiological and technological limits

to man's penetration of the deep ocean, however, and we should know

what these are. We must find out just how long and how deep man can

venture into the open ocean. The goal is not to discover merely what

depth a man can reach and remain alive, but rather the maximum depth

at which he can perform useful tasks with safety and efficiency (Figure

2).
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Late in 1962, three men were exposed to a helium-oxygen breathing 
mixture at ea level pre ure for i day . In the next pha e of Gene i 
I, conducted early in 1963, three men pent even day in a pre ure 
chamber at a imulated depth of I 00 feet. In the final pha e, three men 
pent 12 day at a ·imulated ocean depth of '.WO feet, again breathing a 

helium-oxygen ga mixture without ill effect . 

The Navy' Man-In-The-Sea program took the e dry-land experi­
ment to -ea. In the ummer of 1964, the Offic of Naval Re earch 
conducted the fir t in situ experiment off Bermuda. In thi ' experiment, 
called SEALAB I, four men lived in a 40-foot long chamber or "habitat 
at a depth of 193 feet for I I day in relatively warm water. 

SEALAB I wa followed by SEALAB 11 , conducted off San Diego 
al o by the Office of Naval Re earch. Three IO-man team each remained 
at the depth of 205 feet for 15 days in cold water. One man remained at 
that depth for 30 day . In addition to living underwater and conducting 
a multitude of phy iological experiment , underwater work ta k in 
imulated alvage, oceanography, and con truction were performed. 

In total, the three team achieved more than 300 man-hour of work 
out ide the habitat. The third open-ocean experiment EA LAB 111 , 
wa planned to extend the operating depth of aquanaut to the 600-foot 
level for 60 day in water off San Clemente I sland, California. A tragic 
event, re ulting in the death of one of the aquanaut , cancelled the ex­
periment hort of it planned goal ( Figure I) . 

Since then, other Navy e periment have placed diver at depth 
down to 850 feet in the open ea, and the Navy i now planning a pro­
gram that will eventually take the Navy diver to well below I 000 
feet. Development of technique for occupying habitation a well a 
for hort-term dive at the e depth , would give the Navy the ability 
to di patch diver to any place on the continental helf to perform any 
of a variety of ta k . 

The pectrum of Navy underwater ta k include the following: re cue 
of per onnel from di abled ubmarine ; alvage of aircraft and hip ; 
recovery of large and mall object uch a torpedo , nu rear weapon 
and pace hardware ; reconnai nace urveillance and protection of 
beache and harbor ; underwater warfare; hip repair, and underwater 
con truction and engineering; a well a exten ive cientific gathering 
of oceanographic data. There are phy iological and technological limit 
to man penetration of the deep ocean, however and we hould know 
what the e are. We mu t find out ju. t how long and how deep man can 
venture into the open ocean. The goal i not to di cover merely what 
depth a man can reach and remain alive, but rather the maximum depth 
at which he can perform u eful ta k with afety and efficiency ( Figure 
2). 
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Figure 1 — Sealab II being readied for its first wet tests at the San Francisco Bay

Naval Shipyard. The experiment was curtailed short of its goals because of the death

of one of the aquanauts.

The physiological limits are imposed by the effects of hydrostatic pres-

sure. Current physiological research is directed at such factors as de-

compression sickness, inert gas narcosis, gas density and viscosity as

well as the area of body thermal equilibrium.

Decompression Sickness

A great deal of research is focused on the decompression process,

the most familiar problem related to diving operations. When a diver

spends an extended period in deep water, he breathes a special gas

mixture that includes inert gases such as helium and nitrogen in order

to prevent oxygen toxicity. The inert gases dissolve into his tissues at

a rate depending on the partial pressure of the gas, the depth, and the

gas already in solution in his tissues. Excess gases must be removed

before he can return to normal atmospheric pressure, and this removal

is accomplished by a gradual reduction of pressure which allows the

inert gases to leave his tissues slowly. If this depression process
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Figure 1 - Sea/ab JI being readied for its first wet tests at the San Francisco Bay 
Naval Shipyard. The experiment was curtailed short of its goals because of the death 
of one of the aquanauts. 

The physiological limits are imposed by the effect of hydrostatic pre -
sure. Current physiological research is directed at such factors as de­
compression sickness, inert gas narcosis, gas den ity and viscosity as 
well as the area of body thermal equilibrium. 

Decompression Sickness 

A great deal of research is focused on the decompression process, 
the most familiar problem related to diving operatio~s. When a diver 
spends an extended period in deep water, he breathes a special gas 
mixture that includes inert gases such as helium and nitrogen in order 
to prevent oxygen toxicity. The inert gases dissolve into his tissues at 
a rate depending on the partial pressure of the gas, the depth, and the 
gas already in solution in his tissues. Excess gases must be removed 
before he can return to normal atmospheric pressure, and this removal 
is accomplished by a gradual reduction of pre ure which allow the 
inert gases to leave his tissues slowly. If this depression process 
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Figure 2 — Artist's concept shows the tremendous range of problems which must be

solved in order to allow man to perform useful tasks at depths encountered on the

Continental Shelf and beyond. In order to extend the useful working time at depth,

habitats allow divers to utilize saturation diving techniques. Diver propulsion vehicles

and protective clothing must also be developed so that more useful work can be per-

formed while at depth. Sketch is of the Navy's Large Object Salvage System (LOSS)

under development to allow raising of submerged objects weighing up to 1,000 tons

from depths up to 850 feet.

occurs too quickly, the emerging gas forms tiny bubbles in the blood

stream which can coalesce into large bubbles. These bubbles can block

the capillaries or larger blood vessels, causing a variety of reactions

known as the "bends." Effects range from itching, pain in the muscles

and joints, to paralysis and even death. These reactions are the only

signs that now enable us to recognize decompression sickness.

The safe rate of decompression is presently based on time tables

developed from experiments with animals and the observation of human

subjects. They are not foolproof, however, since the rate at which inert

gas is released from the tissues depends on such individual character-

istics as age, weight, physical condition, fatigue, or past diving history.

As a result, one man in a group undergoing decompression may get the

bends while the others have no problem. Decompression is also a time-

consuming part of diving operations. For instance, a saturation dive at

500 feet requires about three and one-half days of decompression.

For some time the Navy has been investigating, in its own labora-

tories and through research performed under contract for the Office of
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Figure 2 - Artist's concept shows the tremendous range of problems which must be 
solved in order to allow man to perform useful tasks at depths encountered on the 
Continental Shelf and beyond. In order to extend the useful working time at depth , 
habitats allow divers to utilize saturation diving techniques . Diver propulsion vehicles 
and protective clothing must also be developed so that more useful work can be per­
form ed while at depth. Sketch is of the Na vy's Large Object Salvage System ( LOSS) 
under development to allow raising of submer1-:ed objects weighing up to I ,000 tons 
from depths up to 850 f eet. 

occurs too quickly, the emerging gas forms tiny bubbles in the blood 
stream which can coalesce into large bubbles. These bubbles can block 
the capillaries or larger blood vessels, causing a variety of reactions 
known as the "bends." Effects range from itching, pain in the muscles 
and joints, to paralysis and even death. These reactions are the only 
signs that now enable us to recognize decompression sickness. 

The safe rate of decompression is presently based on time tables 
developed from experiments with animals and the observation of human 
subjects. They are not foolproof, however, since the rate at which inert 
gas is released from the tissues depends on such individual character­
istics as age, weight, physical condition, fatigue , or past diving history. 
As a result, one man in a group undergoing decompression may get the 
bends while the others have no problem. Decompression is also a time­
consuming part of diving operations. For instance, a saturation dive at 
500 feet requires about three and one-half days of decompression. 

For some time the Navy has been investigating, in its own labora­
tories and through research performed under contract for the Office of 
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Naval Research, various techniques to speed up decompression and to

increase safety to divers. Probably the first decompression aid to be

discovered (1935) was the use of high oxygen tension, and this method

will probably continue to be one of the most useful techniques for

speeding up decompression. The technique calls for the use of a high

concentration of oxygen in the breathing mixture, which, during ascent,

speeds up release of the inert gases. This procedure, however, has its

limitations since oxygen at high pressure can be toxic and may result in

oxygen poisoning.

The use of multiple inert gases in breathing mixtures to aid decom-

pression has been considered for several decades. The basic concept

is clear, but results from actual trials are not yet conclusive. The funda-

mental assumption is that each gas in a mixture, or dissolved in body

fluids, behaves as though it alone were the only gas present. The principle

is that individual inert gases will decrease in pressure proportionately

with the increase in the number of gases used. Thus the diffusion gradient

is reduced. However, decompression still remains the most severe

problem currently related to diving operations. The problem is com-

plicated by the fact that there are many tissues in the body that become

saturated at different rates. Reliable decompression tables (safe ascent

rate) for extended depth-time dives are being developed through im-

proved computation methods and experimental validation. It is estimated

that, regardless of the inert gases used in a breathing mixture, the rate

of ascent will not be increased beyond the ten minutes per foot now

achieved. The prognosis is based on experimental data which indicate

that exposure to high hydrostatic pressure during a dive causes breathing

gases to be taken up in solution by all body tissues even those that

saturate at the slowest rate. Furthermore, severe decompression sickness

has occured after exposure to multiple gas mixtures. The explanation

is that once a small bubble is formed, its growth can be rapid since it

depends upon the sum of the individual pressures of all the gases in the

tissues. The practical utilization of the technique therefore will have to

await further development of foolproof methods for detecting bubble

formation or potential bubble formation.

Inert Gas Narcosis

Gases such as nitrogen and helium, that are biochemically inert in

the atmospheric pressure environment, are not so under increased pres-

sure. Nitrogen, which is physiologically inert at sea level, has an anes-

thetic effect under pressure. At depths greater than 150 feet, the average

diver is likely to suffer effects of nitrogen narcosis when breathing air.

The effects include impairment of judgement and psychomotor ability,

which can render a diver completely unable to cope with emergencies.

Helium, has been found to be much less narcotic and is currently being
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Naval Research, various techniques to speed up decompression and to 
increase safety to divers. Probably the first decompression aid to be 
discovered ( 1935) was the use of high oxygen tension, and this method 
will probably continue to be one of the most useful techniques for 
speeding up decompression. The technique calls for the use of a high 
concentration of oxygen in the breathing mixture, which, during ascent 
speeds up release of the inert gases. This procedure, however, has its 
limitations since oxygen at high pressure can be toxic and may result in 
oxygen poisoning. 

The use of multiple inert gases in breathing mixtures to aid decom­
pression has been considered for several decades. The basic concept 
is clear, but results from actual trials are not yet conclusive. The funda­
mental assumption is that each gas in a mixture, or dissolved in body 
fluids , behaves as though it alone were the only gas present. The principle 
is that individual inert gases will decrease in pressure proportionately 
with the increase in the number of gases used. Thus the diffusion gradient 
is reduced. However, decompression still remains the most severe 
problem currently related to diving operations. The problem is com­
plicated by the fact that there are many tissues in the body that become 
saturated at different rates. Reliable decompres~ion tables (safe ascent 
rate) for extended depth-time dives are being developed through im­
proved computation methods and experimental validation. It is e timated 
that, regardle of the inert gases used in a breathing mixture , the rate 
of a cent will not be increased beyond the ten minutes per foot now 
achieved. The progno is is based on experimental data which indicate 
that exposure to high hydrostatic pressure during a dive cause breathing 
gase to be taken up in solution by all body tissues even those that 
saturate at the slowe t rate. Furthermore, severe decompres ion icknes 
has occured after exposure to multiple gas mixtures. The explanation 
is that once a mall bubble i formed , its growth can be rapid ince it 
depends upon the sum of the individual pressures of all the gase in the 
tissues. The practical utilization of the technique therefore will have to 
await further development of foolproof methods for detecting bubble 
formation or potential bubble formation. 

Inert Gas Narcosis 

Gases uch a nitrogen and helium, that are biochemically inert in 
the atmo pheric pres ure environment, are not o under increa ed pre -
sure. Nitrogen which is physiologically inert at ea level, ha an anes­
thetic effect under pres ure. At depth greater than 150 feet. the average 
diver is likely to uffer effect of nitrogen narco is when breathing air. 
The effects include impairment of judgement and psychomotor ability. 
which can render a diver completely unable to cope with emergencie . 
Helium, has been found to be much les narcotic and i currently being 
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used instead of nitrogen in almost all deep-sea dives. Some experiments

are also being conducted to determine the narcotic effect of hydrogen

since there are indications that hydrogen has even less narcotic effects

than helium.

Gas Density and Viscosity

Increasing the pressure of any gas mixture increases its density and

viscosity. A denser and more viscous breathing gas causes increased

resistance to movement through the small respiratory passages. This

resistance not only interferes directly with pulmonary ventilation —

the lungs' bellow-like activity of breathing in and out —but also increases

the work expended in breathing. A major method for reducing respira-

tory resistance at very great depths is the use of less dense and less

viscous gases, such as helium or hydrogen. A technological solution to

the respiratory resistance problem might be the development of a

respiratory pump to assist in the work of moving air in and out of the

lungs.

Body Heat Loss

The human body must maintain its thermal equilibrium within very

narrow limits, and both high and low temperatures impose severe

physiological stress. In water above normal body temperature a diver,

even at rest, can develop a fever that could be increased by exercise.

In water below normal body temperature, the unprotected man will

lose heat about 25 times faster than he would in normal air at the same

ambient temperature. Metabolic heat produced by exercise extends the

tolerance to cold water, and the combination of insulation (wet suit)

and work provides useful periods of time in water at temperatures down

to 55-60 degrees Fahrenheit. Significant improvement in human tempera-

ture tolerance cannot be expected from the use of drugs or physiological

adaption. Rather, human temperature tolerance must be achieved by

the use of insulation and external heating methods properly integrated

with the understanding of physiological heat exchange.

Hydrostatic Pressure Effects

If the problems of decompression, oxygen toxicity, inert gas narcosis,

gas density and viscosity, and temperature can be solved or circumvented

through physiological research and technological improvements, the

final barrier to man's attempts to go deeper into the sea would be the

direct effects of hydrostatic pressure —the enormous pressure of the

weight of water on the body of the diver. Whereas the effects of pressure
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used in ·tead of nitrogen in almo t all deep-sea dives. Some experiment 
are al o being conducted to determine the narcotic effect of ~ydrogen 
since there are indication that hydrogen ha even les narcotic effect 
than helium. 

Gas Density and Viscosity 

lncrea ing the pres ure of any ga mixture increases its density and 
visco ity. A den er and more viscous breathing gas cau e increa ed 
resistance to movement through the small re piratory pa ages. Thi 
resistance not only interferes directly with pulmonary ventilation­
the lung ' bellow-like activity of breathing in and out - but al o increases 
the work expended in breathing. A major method for reducing respira­
tory re istance at very great depths is the u e of le den e and le 
viscous gase , such a helium or hydrogen. A technological solution to 
the respiratory resistance problem might be the development of a 
respiratory pump to a sist in the work of moving air in and out of the 
lungs. 

Body Heat Loss 

The human body must maintain its thermal equilibrium within very 
narrow limits, and both high and low temperatures impo e severe 
physiological stress. In water above normal body temperature a diver, 
even at rest, can develop a fever that could be increased by exercise. 
In water below normal body temperature, the unprotected man will 
lose heat about 25 times faster than he would in normal air at the ame 
ambient temperature. Metabolic heat produced by exercise extends the 
tolerance to cold water, and the combination of insulation (wet suit) 
and work provide u eful period of time in water at temperature down 
to 55-60 degrees Fahrenheit. Significant improvement in human tempera­
ture tolerance cannot be expected from the u e of drug or phy iological 
adaption. Rather, human temperature tolerance must be achieved by 
the use of insulation and external heating methods properly integrated 
with the under tanding of physiological heat exchange. 

Hydrostatic Pressure Effects 

If the problem of decompre sion, oxygen toxicity , inert gas narco i , 
gas density and visco ity, and temperature can be solved or circumvented 
through physiological research and technological improvement , the 
final barrier to man's attempt to go deeper into the ea would be the 
direct effects of hydrostatic pressure-the enormou pressure of the 
weight of water on the body of the diver. Whereas the effects of pre ure 1
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on human cellular structure and the resultant body functional impair-

ments are essentially unknown, experiments have been conducted with

animals and animal tissues that indicate the existence of direct pressure

effects. A major difficulty in studies of this type is the inability to isolate

the causes of observed effects. For example, deterioration of mental

performance, which is ascribed to nitrogen narcosis, might really be the

onset of pressure effects on the nerve cell structure. Tremors, sweating,

dizziness and redness in the face, which might be ascribed to carbon

dioxide, could also be the direct effects of hydrostatic pressure (Figure 3).

In any case, it has been demonstrated in recent decades that very

high hydrostatic pressure effects on marine life include failure of gel

formation, failure of cell division, failure of ameboid movement and

inhibition of the growth of bacteria. Most of these effects develop at

pressures above 1,000 atmospheres and appear to be related to volume

changes in cells. This suggests the possibility that water pressure at the

depths were man hopes to live for long periods might have some apprecia-

ble but less drastic effect. Recent simulated and operational deep ocean

dives (greater than 600 feet) have suggested the possibility of some

pressure effects on bone-muscle structures. Divers working at depths

Figure 3 — Launch and Recovery Platform (LARP) under development by the Naval

Undersea Research Development Center will allow launch and recovery of submersibles

while still submerged to minimize problems in less-than-ideal sea conditions. Program

is part of the broad range of technological innovations being accomplished by the Navy

in the attack on diving problems.
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on human cellula r structure and the resultant body functional impair­
ments are essentially unknown, experiment have been conducted with 
animal s and animal ti ssues that indicate the exi tence of direct pre sure 
effects. A major difficulty in studies of this type is the inability to i olate 
the causes of observed effects. For example , deterioration of mental 
performance, which is ascribed to nitrogen narcosis, might really be the 
onset of pressure effects on the nerve cell structure. Tremors, weating, 
di zzines and rednes in the face , which might be ascribed to carbon 
dioxide , could also be the direct effect of hydrostatic pressure ( Figure 3). 

In any case, it has been demon trated in recent decades that very 
high hydrostatic pressure effects on marine life include failure of gel 
formation , failure of cell divi sion, failure of ameboid movement and 
inhibition of the growth of bacteria. Most of these effects develop at 
pressures above 1,000 atmospheres and appear to be related to volume 
changes in cells. This suggests the possibility that water pressure at the 
depths were man hopes to live for long periods might have some apprecia­
ble but less drastic effect. Recent imulated and operational deep ocean 
dives (greater than 600 feet ) have suggested the possibility of ome 
pressure effects on bone-muscle tructures. Divers working at depths 

Fi}.{ure 3 - Launch and R ecovery Platform ( LARP) under development by the Na val 
Undersea R esearch Development Center will allow launch and recovery of submersibles 
while still submerged to minimize problems in less-than-ideal sea conditions . Program 
is part of the broad range of technological innovations being accomplished by the Na vy 
in the attack on diving problems. 
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exceeding 600 feet have shown an increasing tendency toward tremors,

backaches and aching joints. Although the number of incidents cannot

support firm conclusions, there appear to be some bone-muscle effects

resulting from high hydrostatic pressures that must be investigated.

Fluid Breathing

Almost all the present problems of deep diving could be solved or

greatly alleviated if new approaches to underwater life-support now under

study should prove feasible. Among these new approaches are the tech-

niques of fluid breathing and the use of artificial gills for gas exchange.

Experimental evidence indicating that the lungs of mammals can

function as gills was first presented in 1962. It was found that adult

mice, rats and dogs can live for several hours submerged with lungs

filled with fluid —in salt solutions equilibrated with oxygen at high

pressures. Under these conditions, the submerged mammals continued

making respiratory movements, and were apparently capable of ex-

tracting adequate amounts of dissolved oxygen from the aqueous environ-

ment. Although completely narcotized, the animals were not fatally

injured by hydrostatic pressures of up to 160 atmospheres which is

equivalent to an ocean depth of one mile.

The potential practical importance of this phenomenon is clear. The

problem of decompression sickness would be circumvented since the

inert gas would no longer by present. No inert gas would dissolve in

the blood and tissues of a diver with fluid-filled lungs; consequently,

he would be free to ascend to the surface an any time and as rapidly as

he desired without fear of bubble formation. The problem of inert gas

narcosis would also be avoided. If the fluid breathing concept proves

to be physiologically feasible in all ways, the depths that man can reach

as a diver would be limited only be the effects of water pressure on

cellular structure.

However, the use of the fluid breathing technique by humans is far

in the future since all of the physiological effects of fluids on the lung

tissues are still not known. Furthermore, a gas exchange in liquid-filled

lungs is diffusion-limited and at least 60 times more work is required to

propel equal amounts of water, instead of air, through the lung passages.

These factors seriously restrict carbon dioxide elimination in water-

breathing mammals. In mechanically-ventilated water-breathing dogs,

carbon dioxide elimination was always deficient. The use of fluid breath-

ing techniques by man could only come about through extensive research

into the effects of fluids on lung tissue and through solution of the prob-

lem of carbon dioxide elimination.

An artificial gill would give man the same ability that fish now have

in obtaining oxygen. Fish obtain oxygen by diffusion from the water in
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exceeding 600 feet h?ve hown an increa ing tendency toward tremor 
backache and aching joint . Although the number of incident cannot 
upport firm conclu ion , there appear to be ome bone-mu cle effect 

re ulting from high hydro tatic pre ure that mu t be inve tigated. 

Fluid Breathing 

Almo t all the pre ent problem of deep diving could be olved or 
greatly alleviated if new approache to underwater life- upport now under 
tudy hould prove fea ible. Among the e new approache are the tech­

nique of fluid breathing and the u e of artificial gill for ga exchange. 
Experimental evidence indicating that the lung of mammal can 

function a gill wa fir t presented in 1962. It wa found that adult 
mice, rat and dogs can live for everal hour ubmerged with lung 
filled with fluid-in alt olution equilibrated with oxygen at high 
pre sure . Under the e condition the ubmerged mammal continued 
making re piratory movements, and were apparently capable of ex­
tracting adequate amounts of dis olved oxygen from the aqueou environ­
ment. Although completely narcotized, the animal were not fatally 
injured by hydro tatic pre ure of up to 160 atmo phere which i 
equivalent to an ocean depth of one mile. 

The potential practical importance of thi phenomenon i clear. The 
problem of decompre ion ickne would be circumvented ince the 
inert ga would no longer by pre ent. No inert ga would di olve in 
the blood and ti ue of a diver with fluid-filled lung ; con equently, 
he would be free to a cend to the urface an any time and a rapidly a 
he de ired without fear of bubble formation. The problem of inert ga 
narco i would al o be avoided. If the fluid breathing concept prove 
to be phy iologically fea ible in all way , the depth that man can reach 
a a diver would be limited only be the effect of water pre ure on 
cellular tructure. 

However, the u e of the fluid breathing technique by human i far 
in the future ince all of the physiological effect of fluids on the lung 
ti ue are till not known. Furthermore, a ga exchange in liquid-filled 
lung i diffu ion-limited and at lea t 60 time more work i required to 
propel equal amount of water, in tead of air, through the lung pa age · . 

The e factor eriou ly re trict carbon dioxide elimination in water­
breathing mammal . In mechanically-ventilated water-bre thing dog 
carbon dioxide elimination wa alway deficient. The u e of fluid breath­
ing technique by man could only come about through exten ive re earch 
into the effect of fluid on lung ti ue and through elution of th prob­
lem of carbon dioxide elimination. 

An artificial gill would give man the ame ability that fi h now have 
in obtaining oxygen. Fi h obtain oxygen by diffu ion from the water in 
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Figure 4 — Underwater tasks involving use of torque require systems that can counter-

act forces developed in the weightless environment. The diver shown above is drilling

underwater while making use of what appears to be a restraining device held firm by

magnetic clamps. The problem of force counteraction is encountered in the outer

space environment also, and similar devices are under development to solve those

problems. Note heavy gloves required to deep diver's hands warm.

which they swim and eliminate carbon dioxide in the same way. Diffusion

takes place in the gills of fish where water and blood are in intimate

contact, separated mainly by a series of cell membranes. The same

physical factors that operate to supply oxygen and eliminate carbon

dioxide in fish gills; i.e., membranes with appropriate permeability proper-

ties, could be used in the design of artificial gills. An artificial gill, which

could enable submerged men to obtain oxygen by diffusion from water,

would have obvious advantages. Work on such gills has been conducted

in several laboratories, and recently a patent was awarded to the designer

of one. Any of the fluid-breathing methods would, of course, require
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Figure 4 - Underwater tasks involving use of torque require systems that can counter­
act forces developed in the weightless environment. The diver shown above is drilling 
underwater while making use of what appears to be a restraining device held firm by 
maRnetic clamps. The problem of force counteraction is encountered in the outer 
space environment also, and similar devices are under development to solve those 
problems. Note heavy !?loves required to deep diver's hands warm. 

which they swim and eliminate carbon dioxide in the same way. Diffusion 
takes place in the gills of fish where water and blood are in intimate 
contact, separated mainly by a series of cell membranes. The same 
physical factors that operate to supply oxygen and eliminate carbon 
dioxide in fish gills; i:e., membranes with appropriate permeability proper­
ties, could be used in the design of artificial gills. An artificial gill, which 
could enable submerged men to obtain oxygen by diffusion from water, 
would have obvious advantages. Work on such gills has been conducted 
in several laboratories, and recently a patent was awarded to the designer 
of one. Any of the fluid_-breathing methods would, of course, require 
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considerable efforts to insure maintenance of body temperature. The

ultimate system might be a combination of the fluid breathing technique

with the extraction of oxygen from sea water by artificial gills.

Technological Research and Development

Research and development efforts in diving technology can be divided

in two parts: the first associated with life support; the second, with

functional support of the divers. Life support technology concerns itself

with the hardware necessary to keep the diver alive and well in the

ambient ocean pressure.

The attempt to increase diving depth is placing more stringent require-

ments on the makeup of breathing gas mixtures and the monitoring of

gas concentrations. The physiological effects of oxygen, inert gases,

and contaminants are generally proportional to partial pressure: the

product of concentration and total pressure. Thus, the allowable con-

centration of any substance must become smaller as diving depth is

increased. For example, at 100 feet, the safe percentage of oxygen

ranges form 3.75% to 7.50% and carbon dioxide percentage from 0%

to 0.50%. At 1,000 feet this range is from 0.48% to 0.9% for oxygen

and 0% to 0.06% for carbon dioxide. Devices for sensing, monitoring,

and controlling the gas environment more stringently at high pressure

must be improved. Moreover, methods of detecting and eliminating

contaminants, such as carbon dioxide and carbon monoxide, must be

developed. Unless the components of gas mixtures can be reliably con-

trolled, full exploitation of the diving capabilities of man will not be

possible.

Closely related to the development of reliable sensing, monitoring,

and controlling devices for providing a safe breathing gas environment

at high pressures is the continuing development of reliable and safe

closed-circuit, mixed-gas, self contained underwater breathing apparatus.

Present day breathing devices are limited in depth and time capability

because of the need to exhaust portions of the breathing gas during each

breath. The open or semi-closed SCUBA devices do not fully exploit

the full amount of gas a free swimming man can carry. The totally closed-

circuit oxygen rebreather is limited in depth because of the problems of

oxygen toxicity. A closed-circuit device where the breathing gas is mixed

as needed, has been developed to extend the depth-time capabilities of

current breathing apparatus. Certified by the Navy, the device, desig-

nated as the Mark 10, is able to extend diving time to about 6 hours at

all depths of the continental shelf.

Extending the time and depth capabilities of diving apparatus to the

deep colder depths will, of course, complicate the problem of body

thermal equilibrium discussed above and make essential the develop-

ment of heated diving suits and localized heat sources. Open-circuit
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con iderable effort to in ·ure maintenance of body temperature. The 
ultimate y tern might be a combination of the fluid breathing t chnique 
with the extraction of oxygen from ea water by artificial gill 

Technological Research and Development 

Re earch and development effort in diving technology can be divided 
in two part : the fir t a ociated with life upport; the econd, with 
functional upport of the diver . Life upport technology concern it elf 
with the hardware nece ary to keep the diver alive and well in the 
ambient ocean pre ure. 

The attempt to increa e diving depth is placing more tringent require­
ment on the makeup of breathing ga mixture and the monitoring of 
gas concentration . The phy iological effects of oxygen, inert ga e , 
and contaminant are generally proportional to partial pre ure: the 
product of concentration and total pre ure. Thu , the allowable con­
centration of any ub tance mu t become mailer a diving depth i 
increa ed. For e ample, at 100 feet the afe percentage of oxygen 
range form 3.75 % to 7.50% and carbon dioxide percentage from 0% 
to 0.50% . At 1,000 feet thi range i from 0.48% to 0.9% for oxygen 
and 0% to 0.06% for carbon dioxide. Device for en ing, monitoring, 
and controlling the ga environment more tringently at high pre ure 
mu t be improved. Moreover, method of detecting and eliminating 
contaminant , uch a carbon dioxide and carbon monoxide, mu t be 
developed. Unle the component of ga mixture can be reliably con­
trolled full exploitation of the diving capabilitie of man will not be 
po ible. 

Clo ely related to the development of reliable en ~ing, monitoring, 
and controlling device - for providing a afe breathing ga environment 
at high pre ure is the continuing development of reliable and afe 
clo ed-circuit , mixed-ga , elf contained underwater breathing apparatu . 
Pre ent day breathing devices are limited in depth and time capability 
becau e of the need to exhau t portion of the breathing gas during each 
breath. The open or emi-clo ed SCUBA device do not fully exploit 
the full amount of ga a free wimming man can carry. The totally clo ed­
circuit oxygen rebreather i limited in depth becau e of the problem of 
oxygen toxicity. A clo ed-circuit device where the breathing ga i mixed 
a needed ha been developed to extend the depth-time capabilitie of 
current breathing apparatu . Certified by the Navy, the device de ig­
nated a the Mark IO i able to extend diving time to about 6 hour at 
all depth of the continental helf. 

Extending the time and depth capabilitie of diving apparatu to the 
deep colder depth will , of cour e, complicate the problem of body 
thermal equilibrium di cu ed above and make e ential the develop­
ment of heated diving uit and localized heat ource . Open-circuit 
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hot water suits are being used successfully; however, the cumbersome

umbilical is undesirable. A battery-supplied, resistance-wire heat suit

was tried during the SEALAB II experiments, but it is limited by the

available energy-density of the battery pack. The base of the heated

suit problem, thus, is in the development of a compact energy source,

which is a technological area that is receiving research attention for many

areas of application. Ancillary equipments that are being developed to

support divers include advanced head gear, depth gauge and decompres-

sion computers.

The second aspect of research in diving technology— functional

support —is associated with the hardware and systems that aid the diver

in accomplishing his underwater tasks, such as tools. Underwater

tasks present problems that are encountered in similar jobs on land.

One of these problems is the virtual weightlessness of divers which

makes working underwater quite similar to working in outer space.

Simple chores that require the application of torque, such as screw

driving, nut tightening and bolting, need tools and systems that can

neutralize or counteract the reactive force on the weightless diver.

Protective clothing such as gloves, needed to keep the diver com-

fortable when working in cold water, drastically decrease his efficiency

in tasks that require fine tactile discrimination and finger dexterity. This

may be compounded by poor visibility.

Numerous tools are becoming available for use in the underwater

environment. Many of these were adapted from land tools to meet the

waterproofing and pressure requirements imposed by the underwater

conditions. In response to the need for improved tools, the Navy has

been engaged in research to define the work capabilities of divers and

the engineering criteria necessary for the design of specific underwater

tools. Among these are tools for torqueing, cutting, drilling and punching,

welding and fastening and miscellaneous tools having potential applica-

tions in underwater work tasks.

Besides underwater tools, functional support of the diver requires

improvements and development of other aids such as communication

equipment, navigation equipment, sonar and propulsion aids. One

technological development now receiving attention by the Navy is the

exploitation of self-supporting, ocean-floor diving stations. In existing

techniques the man working and living underwater must depend on a

surface support ship for air, power, communications and other vital

elements for his operation. He must return to the support ship to be

decompressed. This makes the success of the operation susceptible to

sea conditions at the surface and the stability of the surface support.

An autonomous ocean floor diving station, incorporating its own life

support systems, including decompression facilities and capable of some

mobility would sever the umbilical cord that tethers him to the surface.
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hot water uit are being u ed succe fully; however the cumber ome 
umbilical i unde irable. A battery- upplied re i tance-wire heat uit 
wa tried during the SEALAB II experiment , but it i limited by the 
available energy-density of the battery pack. The ba e of the heated 
uit problem, thu , i in the development of compact energy ource, 

which is a technological area that i receiving re earch attention for many 
area of application. Ancillary equipment that are being developed to 
upport diver include advanced head gear, depth gauge and decompre -
ion computer . 
The econd a pect of re earch in diving technology-functional 

upport-i a ociated with the hardware and ystems that aid the diver 
in accomplishing hi underwater ta ks, uch a tool . Underwater 
ta k pre ent problem that are encountered in imilar job on land. 
One of these problem i the virtual weightle ne of diver which 
make working underwater quite imilar to working in outer pace. 
Simple chore that require the application of torque uch a crew 
driving nut tightening and bolting, need tool and y tern that can 
neutralize or counteract the reactive force on the weightle diver. 

Protective clothing uch a glove needed to keep the diver com­
fortable when working in cold water dra tically decrea e hi efficiency 
in ta k that require fine tactile di crimination and finger dexterity. Thi 
may be c mpounded by p or vi ibility . 

Numerous tool are becoming available for u e in the underwater 
environment. Many of the e were adapted from land tool to meet the 
waterproofing and pre ure requirements impo ed by the underwater 
condition . In re pon e to the need for improved tool , the Navy has 
been engaged in re earch to define the work capabilities of diver and 
the engineering criteria nece ary for the de ign of pecific underwater 
tools. Among the e are tools for torqueing, cutting, drilling and punching, 
welding and fa tening and mi cellaneou tool having potential applica­
tions in underwater work ta k . 

Beside underwater tools, functional support of the diver requires 
improvements and development of other aids such as communication 
equipment, navigation equipment, sonar and propulsion aids. One 
technological development now receiving attention by the Navy is the 
exploitation of self-supporting, ocean-floor diving stations. In exi ting 
technique the man working and living underwater must depend on a 
surface support ship for air power, communications and other vital 
elements for his operation. He must return to the support ship to be 
decompre ed. This makes the succe s of the operation susceptible to 
ea condition at the urface and the stability of the surface support. 

An autonomous ocean floor diving tation, incorporating its own life 
support systems, including decompression facilities and capable of some 
mobility would sever the umbilical cord that tether him to the surface. 
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In this article only a few of the problems involving man and his ability

to dive deeply with safety for long periods have been discussed. The

psychological pressures that face him also require serious research.

For example, little is yet known about the psychological effects pro-

duced by the anxiety of man who finds himself removed from the familiar

and relatively secure terra firma and his ability to respond to emergency

conditions. In the unfamiliar and alien world of the ocean bottom,

dispossessed of normal social contacts, he undergoes sensory depriva-

tions and is often unwilling to communicate with his fellow workers. In

the underwater realm, the power of reasoning and performing mental

tasks may be affected, visual perception is reduced, judgement of the

relative distances of objects is impaired, manual dexterity is lessened,

and the intelligibility of speech are perhaps best exemplified by the

familiar "Donald Duck" effect encountered in helium breathing.

Understanding and developing solutions to problems such as these

may take years of research and experimental work in simulated and real

situations. Eventually man must conquer this barrier to permit him to

roam and explore within the oceanic frontiers of the earth, to reap the

bounties of the sea, and to unveil the mysteries of its depths.

New Compact Satellite Navigation Receiver Sets

Ordered for Shipboard Use

New compact and more reliable satellite navigation receiver sets will soon

go into shipboard use. The Navy has placed an order with the Magnavox Com-

pany for 32 sets to be used primarily on special purpose surface ships.

The equipment, an outgrowth of an integrated system developed by the Office

of Naval Research (ONR), will be used in conjunction with the Navy Satellite

Navigation System, better known as TRANSIT. Basically the TRANSIT sys-

tem consists of several navigation satellites in circular polar orbit about 600

miles above the earth together with a precision network of ground stations which

predict and record the satellites' constantly changing orbits. The satellites are

capable of providing highly accurate, passive, all-weather world-wide navigation

for ships at sea.

Each satellite is actually a self-contained navigation beacon. It transmits on

two very stable frequencies, sending out timing marks at two-minute intervals

and a navigation message which describes the satellite's position at each timing

mark. By receiving these signals, the system user can calculate an accurate

position fix.

Although TRANSIT has been in operation since 1964, the primary users

until recently have been Polaris submarines and a few surface ships. The high

cost and size of receiving equipment have limited its application. The existing

receiver consists of three separate components.

(Continued on Page 28)
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In thi article only a few of the problem involving man and hi ability 
to dive deeply with afety for long period have been di cu ed. The 
p ychological pre ure that face him al o require eriou re earch. 
For e ample little i yet known about the p ychological effect pro­
duced by the anxiety of man who find him elf removed from th familiar 
and relatively ecure terra .firma and hi ability to re pond to emergency 
condition . In the unfami liar and alien world of the ocean bottom, 
di po e ed of normal ocial contact , he undergoe ·en ory depriva­
tion and i often unwilling to communicate with hi fellow worker . In 
the underwater realm, !_he power of rea oning and performing mental 
ta k may be affected, vi 'ual perception j reduced, judgement of the 
relative di tance of object i impaired, manual dexterity i le ened, 
and the intelligibility of peech are perhap be t exemplified by the 
familiar " Donald Duck" effect encountered in helium breathing. 

Under tanding and developing elution to problem uch a the 
may take year of re earch and experimental work in imulated and real 
ituation . Eventually man mu t conquer thi barrier to permit him to 

roam and explore within the oceanic frontier of the earth to reap the 
bountie of the ea and to unveil the my terie of it depth . 

New Compact Satellite Navigation Receiver Sets 
Ordered for Shipboard Use 

New compact and more reliable satellite navigation receiver et will oon 
go into shipboard use. The Navy ha placed an order with the Magnavox Com­
pany for 32 set to be used primarily on pecial purpose urface hip . 

The equipment, an outgrowth of an integrated y tern developed by the Office 
of Naval Research (ONR), will be used in conjunction with the Navy Satellite 
Navigation Sy tern, better known a TRANSIT. Basically the TRANSIT y -
tern consi ts of everal navigation atellites in circular polar orbit about 600 
mile above the earth together with a precision network of ground tations which 
predict and record the atellite ' con tantly changing orbit . The atellite are 
capable of providing highly accurate, pa ive, all-weather world-wide navigation 
for hip at ea. 

Each atellite i actually a self-contained navigation beacon. It transmits on 
two very table frequencie ending out timing mark at two-minute interval 
and a navigation me age which de cribes the atellite's po ition at each timing 
mark. By receiving the e signaJs the y tern u er can calculate an accurate 
position fix. 

Although TRANSIT has been in operation ince 1964 the primary u er 
until recently have been Polari ubmarine and a few urface hip . The high 
co t and size of receiving equipment have limited it application. The exi ting 
receiver consi ts of three eparate components. 

(Co11ti1111 ed on Page 28) 
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Triggered Lightning and Some

Unsuspected Lightning Hazards

Edward T. Pierce*

Stanford Research Institute

Menlo Park, California

This paper considers instances of lightning initiated by man's activities. These

include the triggering of lightning by high-rise buildings and other tall struc-

tures; by rockets trailing wires; by the column of water thrown up by a depth-

charge; by the large Apollo 12 rocket; by aircraft; and by thermonuclear

explosions. All the incidents occur when the ambient electric field is some 10,000

volts per meter, and the voltage discontinuity between the conductor initiating

the lightning and the adjacent atmosphere is about a million volts.

It is pointed out that solid-state devices and micro-circuitry, computers,

plastics, and electrically composite materials, are all quite vulnerable to the

effects of lightning. These components are being increasingly used in aircraft

construction and operation. Also, as aircraft become bigger and faster they have

a greater propensity to trigger lightning. Therefore it is concluded that the

lightning hazard to aircraft operation is increasing.

We define triggered lightning as lightning that is caused by some human

modification of the natural atmospheric environment. This definition

excludes lightning that has been occasionally reported as occurring in

dust-storms, in snow-blizzards, within the clouds above active volcanoes,

and in association with earthquakes. All these lightning occurrences —

although unusual —are in accompaniment to a natural phenomenon; the

lightning is not due to any man-made activity.

Almost all instances of lightning triggered by man, either by design

or by accident, involve the introduction of a long electrical conductor

into a thundery environment where the general electric field is some 10

kilovolts per meter (kV/m). If the potential discontinuity between the

tip of the conductor and the ambient atmosphere becomes about a

million volts (106V) a leader-streamer is initiated from the conductor

and triggered lightning can occur. We may differentiate between two

main categories of triggered lightning:

(a) The conductor is connected to earth. Examples are shown in Figure

1. These include lightning triggered by a tall building, and discharges

initiated by the sudden introduction of a conductor (depth-charge column

of water; rocket carrying a wire) into a thundery environment.

(b) Conductor is in free flight. Examples are shown in Figure 2. They

include discharges triggered by rockets (Apollo 12) and by aircraft.

*Dr. Edward T. Pierce is the Staff Scientist for the Electronics and Radio Sciences Division at Stan-

ford Research Institute.

The writer of more than 50 scientific papers, Dr. Pierce specializes in atmospheric electricity and

lightning.
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Triggered Lightning and Some 
Unsuspected Lightning Hazards 

Edward T. Pierce• 
Stanford Research Institute 

Menlo Park, California 

This paper considers instances of lightning initiated by man's activities. These 
include the triggering of lightning by high-rise buildings and other tall struc­
tures; by rockets trailing wires; by the column of water thrown up by a depth­
charge; by the large Apollo 12 rocket; by aircraft; and by thermonuclear 
explosions. All the incidents occur when the ambient electric.field is some 10,000 
volts per meter, and the voltage discontinuity between the conductor initiating 
the lightning and the adjacent atmosphere is about a million volts. 

It is pointed out that solid-state devices and micro-circuitry, computers, 
plastics, and electrically composite materials, are all quite vulnerable to the 
effects of lightning. These components are being increasingly used in aircraft 
construction and operation. Also, as aircraft become bigger and faster they have 
a greater propensity to trigger lightning. Therefore it i:S concluded that the 
lightning hazard to aircraft operation is increasing. 

We define triggered lightning as lightning that is caused by some human 
modification of the natural atmospheric environment. This definition 
excludes lightning that has been occasionally reported as occurring in 
dust-storms, in snow-blizzards, within the clouds above active volcanoes, 
and in association with earthquakes. All these lightning occurrences -
although unusual - are in accompaniment to a natural phenomenon; the 
lightning is not due to any man-made activity. 

Almost all instances of lightning triggered by man, either by design 
or by accident, involve the introduction of a long electrical conductor 
into a thundery environment where the general electric field is some 10 
kilovolts per meter (kV/m). If the potential discontinuity between the 
tip of the conductor and the ambient atmosphere becomes about a 
million volts (106V) a leader-streamer is initiated from the conductor 
and triggered lightning can occur. We may differentiate between two 
main categories of triggered lightning: 

(a) The conductor is connected to earth. Examples are shown in Figure 
1. These include lightning triggered by a tall building, and discharges 
initiated by the sudden introduction of a conductor (depth-charge column 
of water; rocket carrying a wire) into a thundery environment. 

(b) Conductor is in free flight. Examples are shown in Figure 2. They 
include discharges triggered by rockets (Apollo 12) and by aircraft. 

• Dr. Edward T. Pierce is the Staff Scientist for the Electronics and Radio Sciences Division at Stan­
ford Research Institute. 

The writer of more than 50 scientific papers, Dr. Pierce specializes in atmospheric electricity and 
lightning. 
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Equipotential surfaces are indicated on Figures 1 and .2; however, the

motion of, and the charges carried by, rockets and aircraft, may cause

appreciable distortions from the representation of Figure 2. The greatest

electric fields are where the equipotentials are closest spaced that is at

the extremities of the conductors. It is at these points the the leader-

streamers initiating lightning develop.

Franklin's classic kite experiment is an example of a conductor con-

nected to earth and could well have resulted in an instance of triggered

lightning similar to some of those on Figure 1. Fortuitously, but most

fortunately for humanity in general and the U.S.A. in particular, Frank-

lin's kite did not trigger lightning. Other kites flown later under circum-

stances similar to those of Franklin's experiment have, as indeed is

occasionally to be expected, triggered lightning, with the result that the

kite flyers have sometimes been killed (1).

THUNDERCLOUD

THUNDERCLOUD

(a) TALL STRUCTURE

THUNDERCLOUD

(b) CARGO-HELICOPTER (?)

THUNDERCLOUD

(c) ROCKET FROM SHIP

(d) DEPTH CHARGE

Figure 1 — Examples of triggered lightning
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Equipotential surfaces are indicated on Figures 1 and,2; however, the 
motion of, and the charges carried by, rockets and aircraft, may cause 
appreciable distortions from the representation of Figure 2. The greatest 
electric fields are where the equipotentials are closest spaced that is at 
the extremities of the conductors. It is at these points the the leader­
streamers initiating lightning develop. 

Franklin's classic kite experiment is an example of a conductor con­
nected to earth and could well have resulted in an instance of triggered 
lightning similar to some of those on Figure 1. Fortuitously, but most 
fortunately for humanity in general and the U.S.A. in particular, Frank­
lin's kite did not trigger lightning. Other kites flown later under circum­
stances similar to those of Franklin's experiment have, as indeed is 
occasionally to be expected, triggered lightning, with the result that the 
kite flyers have sometimes been killed (1). 

THUNDERCLOUD 

_,/..__) ._/ --'--'---'-./ 
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(0) APOLLO 12

Figure 2 — Examples of triggered lightning

Lightning Triggered by Tall Structures

Conventional cloud to ground lightning is initiated by a leader that

travels from the cloud towards the earth. However, the classic work

of McEachron (2) on the Empire State Building showed that lightning to

the building is usually started by a leader moving upwards from the tip

of the building towards the charged clouds. In other words, lightning is

triggered by the presence of the building. Figure 3(a) shows an example

of lightning initiated by the tower of a prominent building in Moscow.

Figure 4 summarizes some data on the incidence of lightning flashes

to tall structures (buildings, TV towers, etc.). The data are for temperate
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FiRure 2 - Examples of triggered lightning 

Lightning Triggered by Tall Structures 

Field) 

Conventional cloud to ground lightning is initiated by a leader that 
travels from the cloud towards the earth. However, the classic work 
of McEachron (2) on the Empire State Building showed that lightning to 
the building is usually started by a leader moving upwards from the tip 
of the building towards the charged clouds. In other words, lightning is 
triggered by the presence of the building. Figure 3(a) shows an example 
of lightning initiated by the tower of a prominent building in Moscow. 

Figure 4 summarizes some data on the incidence of lightning flashes 
to tall structures (buildings, TV towers, etc.). The data are for temperate 
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(a) Tall Building

<b) Rocket

(c) Depth Charge (d) Nuclear

Figure 3 — Instances of triggered lightning

latitudes and have been drawn for several sources (2-8). An adjustment

to an isoceraunic (thunderstorm days per annum) level of 32 has been

made. We note that structures less than about 150 meters (m) in height

are only struck by conventional lightning. However, with increasing

height there is a very rapid increase in the proportion of flashes initiated

by the structure; for a structure height of 200 m it is about 50 percent,

and at 400 m it exceeds 80 percent.

The conditions for the development of a leader-streamer from the tip

of a conductor depend upon the electric field magnitude and configura-

tion in the vicinity of the tip. The breakdown field must be exceeded

over some distance from the tip and not only at the tip itself; otherwise,

even such a minor breakdown as point corona would produce leader-

streamers. In the case of a tall structure, the field configuration at its

top is controlled by the general ambient field, Ea, the height, H, of the
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FiRure 3 - Instances of triggered lightning 

latitudes and have been drawn for several sources (2-8). An adjustment 
to an isoceraunic (thunderstorm days per annum) level of 32 has been 
made. We note that structures less than about 150 meters (m) in height 
are only struck by conventional lightning. However, with increasing 
height there is a very rapid increase in the proportion of flashes initiated 
by the structure; for a structure height of 200 m it is about 50 percent, 
and at 400 m it exceeds 80 percent. 

The conditions for the development of a leader-streamer from the tip 
of a conductor depend upon the electric field magnitude and configura­
tion in the vicinity of the tip. The breakdown field must be exceeded 
over some distance from the tip and not only at the tip itself; otherwise, 
even such a minor breakdown as point corona would produce leader­
streamers. In the case of a tall structure, the field configuration at its 
top is controlled by the general ambient field, E a, the height, H, of the 

17 

Digitized by 

Origi11al from 

UNIVERSITY OF ILLINOIS AT 
URBANA-CHAMPAIGN 



Figure 4 — Data on flashes to tall

structures (isoceramic level—32)

HEIGHT OF STRUCTURE — m

structure, and its shape; this last, is a factor for which a normalizing

adjustment between different structures is impracticable. However, we

may define two parameters which can readily be estimated, and which

are quantitatively indicative of the thresholds for the development of

leader-streamers and accordingly for the triggering of lightning. These

parameters are the general ambient field, Efl, mentioned above, and the

voltage discontinuity Vd between the tip of the conducting structure and

its atmospheric environment. For a tall building Vd is approximately

equal to the product of Ea and the height of the building. Broadly speak-

ing, the value of Vd, the voltage discontinuity, has to be greater than a

certain threshold before a leader-streamer can be initiated; whether the

streamer subsequently becomes self-propagating depends on a critical

value of Ea, the ambient field, being exceeded. Thus both Vd and Ea are

involved in determining the criterion for the occurrence of triggered

lightning.

When there is a thundercloud overhead the strong electric fields at

ground level cause points such as trees at the surface of the earth to go

into corona. The resulting ionic space charge is distributed between the

ground and the thundercloud, and it follows from Poisson's equation

that because of the space charge the field should increase with increasing

height. The magnitude of the increase is uncertain. It may be by tenfold

ore more; it may be slight. The experimental evidence is confused.

However, it is generally agreed that the field certainly does not decrease

between ground and cloud levels. Also, because of the effective absence

of surface points and irregularities over sea the surface ambient field is

probably substantially greater than over land, while the increase of

ambient field with height is less pronounced.

Figure 5 presents some data, derived from Simpson's measurements

(9), regrading the magnitudes of the surface field (E0) during a typical

land thunderstorm. Obviously the field rarely exceeds 10 kV/m. We may
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Figure 4 - Data on flashes to tall 
structures (isoceramic level-32) 
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structure, and its shape; this last, is a factor for which a normalizing 
adjustment between different structures is impracticable. However, we 
may define two parameters which can readily be estimated, and which 
are quantitatively indicative of the thresholds for the development of 
leader-streamers and accordingly for the triggering of lightning. These 
parameters are the general ambient field, Ea, mentioned above, and the 
voltage discontinuity V d between the tip of the conducting structure and 
its atmospheric environment. For a tall building V d is approximately 
equal to the product of Ea and the height of the building. Broadly speak­
ing, the value of V d, the voltage discontinuity, has to be greater than a 
certain threshold before a leader-streamer can be initiated; whether the 
streamer subsequently becomes self-propagating depends on a critical 
value of Ea, the ambient field, being exceeded. Thus both V d and Ea are 
involved in determining the criterion for the occurrence of triggered 
lightning. 

When there is a thundercloud overhead the strong electric fields at 
ground level cause points such as trees at the surface of the earth to go 
into corona. The resulting ionic space charge is distributed between the 
ground and the thundercloud, and it follows from Poisson's equation 
that because of the space charge the field should increase with increasing 
height. The magnitude of the increase is uncertain. It may be by tenfold 
ore more; it may be slight. The experimental evidence is confused. 
However, it is generally agreed that the field certainly does not decrease 
between ground and cloud levels. Also, because of the effective absence 
of surface points and irregularities over sea the surface ambient field is 
probably substantially greater than over land, while the increase of 
ambient field with height is less pronounced. 

Figure 5 presents some data, derived from Simpson's measurements 
(9), regrading the magnitudes of the surface field (Eo) during a typical 
land thunderstorm. Obviously the field rarely exceeds 10 kV/m. We may 

18 

Digitiz~ by Go gle 
Origi11al from 

UNIVERSITY OF ILLINOIS AT 
URBANA-CHAMPAIGN 



10

Figure 5 — Structural data on surface

fields in a thunderstrom environment
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associate this effective maximum experienced value for E0 with the

minimum height — 150 m —needed to trigger a lightning discharge (Figure

4). The product of these two figures gives us a rough threshold value

of 1.5 million volts or so below which a lightning strike would be unlikely

to occur.

Estimates of (the voltage discontinuity at a height H) Vw can also be

made for certain specific structures. Bruce (10) deduced that discharges

could be initiated by the Empire State Building when the average field

between the ground and the tip of the building was only 5 kV/m. Since

the height of the Building is 380 m this gives V«=1.9x 106V. Miiller-

the height of the

Hillebrand (11) has discussed an instance of upward leaders occurring

simultaneously from two towers, each 70 m tall, situated near the 600

m high summit of Monte San Salvatore. At the time the ground field E0

was approximately 3 kV/m. Evidence (6) suggests that the "effective"

height of the towers is increased by perhaps 200 m as a result of their

location near the summit of a sharply peaked mountain, creating a volt-

age discontinuity at that combined height of 8.1 x 105V.

Solak (12) has pointed out (Figure 1(b)) that a cargo-helicopter when

its load is near the ground acts effectively as a tall structure, and as such

is vulnerable to a triggered lightning hazard when in a thundery environ-

ment. The hazard may be increased by the charge carried on the heli-

copter producing a local breakdown, and therefore a sudden conducting

connection, between the load and the ground. Tethered balloons (13)

are another type of tall structure that can initate triggered lightning.

Lightning Triggered by Rockets Trailing Wires

There have been many attempts to trigger lightning by firing rockets

trailing conducting wires into thunderclouds. These efforts have met

with little success over land. Over sea, however, Newman and his

associates (14) have triggered lightning on several occasions; Figure 3(b)
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FiKure 5 - Structural data on surface 
fields in a thunderstrom environment 
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associate this effective maximum experienced value for Eo with the 
minimum height-150 m-needed to trigger a lightning discharge (Figure 
4). The product of these two figures gives us a rough threshold value 
of 1.5 million volts or so below which a lightning strike would be unlikely 
to occur. 

Estimates of (the voltage discontinuity at a height H) V H can also be 
made for certain specific structures. Bruce (10) deduced that discharges 
could be initiated by the Empire State Building when the average field 
between the ground and the tip of the building was only 5 kV/m. Since 
the height of the Building is 380 m this gives V H = 1.9 x 106 V. Miiller­
the height of the 
Hillebrand ( 11) has discussed an instance of upward leaders occurring 
simultaneously from two towers, each 70 m tall, situated near the 600 
m high summit of Monte San Salvatore. At the time the ground field Eo 
was approximately 3 kV/m. Evidence (6) suggests that the "effective" 
height of the towers is increased by perhaps 200 m as a result of their 
location near the summit of a sharply peaked mountain, creating a volt­
age discontinuity at that combined height of 8.1 x 105V. 

Solak (12) has pointed out (Figure l(b)) that a cargo-helicopter when 
its load is near the ground acts effectively as a tall structure, and as such 
is vulnerable to a triggered lightning hazard when in a thundery environ­
ment. The hazard may be increased by the charge carried on the heli­
copter producing a local breakdown, and therefore a sudden conducting 
connection, between the load and the ground. Tethered balloons ( 13) 
are another type of tall structure that can initate triggered lightning. 

Lightning Triggered by Rockets Trailing Wires 

There have been many attempts to trigger lightning by firing rockets 
trailing conducting wires into thunderclouds. These efforts have met 
with little success over land. Over sea, however, Newman and his 
associates (14) have triggered lightning on several occasions; Figure 3(b) 

Digitized by o gle 
19 

Origi11al from 

UNIVERSITY OF ILLINOIS AT 
URBANA-CHAMPAIGN 



shows an example. The better success for sea as compared with land is

to be expected, since because of the lesser point-discharge (and con-

sequent space-charge) effects, the surface fields —and therefore the

effective electrical perturbation due to the rocket —are greater over a

sea-surface than over solid terrain.

Triggering over the oceans has occurred with the rocket at heights of

between 100 and 300 m. The fields were about 18 kV/m both at the sea-

surface and at the cloud base(15), giving voltage discontinuities of be-

tween 1.8 to 5.4 million volts at these rocket heights.

The Depth-Charge Incident

This famous instance (Figure 3(c)) of triggered lightning occurred

when depth-charges were being tested in Chesapeake Bay during thun-

dery weather (16). Much to the surprise of all concerned, when the

plume of water thrown up by one charge had reached a height of about

70 m a lightning flash occurred to the top of the plume. The discharge

was of long duration and persisted as the water-plume continued to rise.

The flash included at least three component strokes.

No measurements of electric field were being made at the time of the

depth-charge incident. However, measurements made under similar

circumstances (15) suggest surface fields of perhaps 10 to 20 kilovolts

per meter with a consequent voltage discontinuity at the height of the

plume of 0.7 to 1.4 million volts.

The Apollo 12 Incident

The lightning strikes to the Apollo 12 space vehicle shortly after its

launch on November 14, 1969, have been thoroughly investigated (17).

It is generally agreed that the discharges were triggered by the presence

of the vehicle. The flashes occurred when the vehicle was within cloud

and at altitudes of approximately 2,000 m and 4,400 m. No lightning

was reported in the immediate vicinity of the launch-pad before the

launch, although a few isolated flashes probably occurred within 30 km

of the launch area during the 30 minutes prior to launch (15). However,

although the clouds above the launch-pad were not active thunderclouds

they were undoubtedly strongly electrified, and a reasonable estimate

(15,17) for the surface field is 3 to 4 kV/m.

Figure 2(a) is a diagrammatic representation of electrical conditions

around the Apollo 12 vehicle in free flight. The representation is probably

unrealistic for several reasons. It shows the exhaust as extending the

electrically conducting length of the vehicle system by an amount

approximately equivalent to the length of the rocket: the effective

conducting extension by the exhaust could well be either much greater
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shows an example. The better succe for sea a compared with land i 
to be expected, ince becau e of the le ser point-di charge (and con­
equent pace-charge) effect , the urface field - and therefore the 

effective electrical perturbation due to the rocket-are greater over a 
ea- urface than over olid -terrain. 

Triggering over the ocean ha occurred with the rocket at height of 
between I 00 and 300 m. The fields were about 18 kV /m both at the ea­
urface and at the cloud ba e( 15), giving voltage di continuitie of be­

tween 1.8 to 5.4 million volt at these rocket heights. 

The Depth-Charge Incident 

Thi famous in tance ( Figure 3(c)) of triggered lightning occurred 
when depth-charge were being tested in Che apeake Bay during thun­
dery weather ( 16). Much to the urprise of all concerned, when the 
plume of water thrown up by one charge had reached a height of about 
70 m a lightning fla h occurred to the top of the plume. The di charge 
wa of long duration and per i ted a the water-plume continued to ri e. 
The fla h included at least three component trokes. 

No measurements of electric field were being made at the time of the 
depth-charge incident. However, mea urements made under imilar 
circumstances ( 15) sugge t urface field of perhaps IO to 20 kilovolt 
per meter with a consequent voltage di continuity at the height of the 
plume of 0. 7 to 1.4 million volt . 

The Apollo 12 Incident 

The lightning trikes to the Apollo 12 space vehicle shortly after its 
launch on November 14, 1969, have been thoroughly inve tigated ( 17). 
It i generally agreed that the di charges were triggered by the presence 
of the vehicle. The flashes occurred when the vehicle was within cloud 
and at altitudes of approximately 2,000 m and 4,400 m. No lightning 
was reported in the im_mediate vicinity of the launch-pad before the 
launch. although a few isolated flashe probably occurred within 30 km 
of the launch area during the 30 minute prior to launch ( 15). However 
although the clouds above the launch-pad were not active thunderclouds 
they were undoubtedly strongly electrified, and a rea onable estimate 
( 15 I 7) for the urface field is 3 to 4 kV /m. 

Figure 2(a) is a diagrammatic representation of electrical conditions 
around the Apollo 12 vehicle in free flight. The repre entation i probably 
unrealistic for everal reason . It show the exhau t as extending the 
electrically conducting length of the vehicle system by an amount 
approximately equivalent to the length of the rocket ; the effective 
conducting exten ion by the exhau t could well be either much greater 
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or much less than this. Figure 2(a) assumes that the vehicle-exhaust

system has attained electrical equilibrium with its surroundings so that

the potential of the ambient atmosphere and of the system at its midpoint

are equal; because of the rocket motion it is unlikely that this equilibrium

situation will ever be approached. Charges on the vehicle will distort

the electrical representation of Figure 2(a). Experiments with instru-

mented rockets show that because of engine charging currents, rockets

can acquire a sutstantial charge following lift-off as soon as the conducting

connection with the ground is broken. Furthermore, vehicle impact with

precipitation elements can develop very large charges on the vehicles

(18).

There are obviously considerable uncertainties in estimating values

of ambient electric field and voltage discontinuity for the Apollo incident.

Most workers in atmospheric electricity believe that with a ground level

field of 3 kV/m the field within the cloud above would be at least 10

kV/m; we will adopt this figure as a minimum value for the ambient field

E„. For the case of an airborne pointed conductor in electrical equilibri-

um with its atmospheric environment the voltage discontinuity, V,/, at

the ends of the conductor is also dependent on the "electrical" length of

the conductor. We assume that electrical equilibrium is attained, but

there are still difficulties for Apollo 12 in estimating the electrical length,

since we must add a rather uncertain amount to the actual length — 1 10

m —of the vehicle in order to allow for a conducting exhaust trail. Cal-

culations (19) suggest that at an altitude of about 2,000 m, 300 m is not

an unreasonable estimate for the conducting length of the exhaust trail.

Ground-level observations show that during the launch of Apollo vehicles

the exhaust maintains a conducting connection with ground over a

length exceeding 100 m, while actual in-flight measurements made with

other large rockets indicate that this connection is abruptly broken at a

trail length of about 200 m. Since exhaust conductivity increases with

altitude these ground level values are quite compatible with a trail

estimate of 300 m and 2,000 m altitude. We will therefore consider the

electrical length to be 400 m, (300 + 100), for the Apollo 12 incident.

For the intra cloud field assumed, the voltage discontinuity at the tip of

the missile would be two million volts.

Lightning Triggered by Aircraft

Although aircraft are often struck by lightning it is usually impossible

to determine whether the flash was initiated by the presence of the air-

craft or not. However, there are at least two (20,21) published accounts

of several instances in which the lightning was almost certainly triggered

by aircraft. In most of these cases the flashes occurred while aircraft

were penetrating dissipating thunderstorms which had ceased to produce

lightning; the only discharges that took place during these penetrations
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or much I than thi . Figure 2(a) a ume that th vehicle-exhau t 
y t m ha attained electrical equilibrium with it urrounding o that 

the pot ntial of the ambient atmo phere and of the y tern at it midpoint 
are equal· becau e of the rocket motion it i unlikely that thi equilibrium 
ituation will ever be approached. Charge on the vehicle will di tort 

the electrical repre entation of Figure 2(a). Experiment with in tru­
mented rocket how that becau e of engine charging current , rocket 
can acquire a ut tantial charge following lift-off a oon a the conducting 
connection with the ground i broken. Furthermore, vehicle impact with 
precipitation element can develop very large charge on the vehicle 
( 18). 

There are obviou ly con iderable uncertaintie in e timating value 
of ambient electric field and voltage di continuity for the Apollo incident. 
Mo t worker in atmo pheric electricity believe that with a ground level 
field of 3 kV /m the field within the cloud above would be at lea t I 0 
kV /m ; we will adopt thi figure a a minimum value for the ambient field 
E,,. For the ca e of an airborne pointed conductor in el ctrical equilibri­
um with it atmo pheric environment the voltage di continuity V rl, at 
the end of the conductor i al o dependent on the "electrical ' length of 
the conductor. We a ume that electrical equilibrium i attained but 
there are till difficultie for Apollo 12 in e timating th electrical length 
ince we mu t add a rather uncertain amount to the actual length- I I 0 

m-of the vehicle in order to allow for a conducting e hau t trail. Cal­
culation ( 19) ugge t that at an altitude of about 2,000 m, 300 m i not 
an unrea onable e timate for the conducting length of the exhau t trail. 
Ground-level ob ervation how that during the launch of Apollo vehicle 
the exhau t maintain a conducting connection with ground over a 
length exceeding I 00 m, while actual in-flight mea urement made with 
other large rocket indicate that thi connection i abruptly broken at a 
trail length of about 200 m. ince exhau t conductivity increa e with 
altitude the e ground level values are quite compatible with a trail 
e timate of 300 m and 2,000 m altitude. We will therefore con ider the 
electrical length to be 400 m, (300 + I 00), for the Apollo 12 incident. 
For the intra cloud field a urned the voltage di continuity at the tip of 
the mi ile would b two million volt . 

Lightning Triggered by Aircraft 

Although aircraft are often truck by lightning it i u ually impo ible 
to determine whether the fla h wa initiated by the pre ence of the air­
craft or not. However, there are at lea t two (20 21) publi hed account 
of everal instance in which the lightning wa almo t certainly triggered 
by aircraft. In mo t of the e ca e the fla he occurred while aircraft 
were penetrating di ipating thunder torm which had cea ed to produce 
lightning; the only di charge that took place during the e penetration 
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were to the aircraft. It is also understood (22) that during the develop-

ment of the Boeing 747 test flights were made in which the aircraft was

flown in and out of clouds that were strongly electrified but not actually

generating lightning. The 747 was consistently struck soon after entering

the clouds; no other lightning, except that to the 747, occurred.

If we accept that a certain voltage discontinuity is necessary in order

to initiate a leader-streamer it follows that the bigger an aircraft (greater

length) the more likely it is to trigger lightning. There are indeed indica-

tions that, under comparable environmental conditions, the large aircraft

now coming into widespread service are struck more frequently than

their smaller predecessors. However, the available statistics are limited

in extent and need careful interpretation. There is also some evidence

that high-speed aircraft experience more lightning strikes than their

slower fore-runners. It is tempting to associate this behavior with an

effective electrical extension —as in the case of a rocket —of the aircraft

by a conducting exhaust plume, but even for a high-performance fighter

aircraft the exhaust plume is only a few meters in length (23). However,

it should be recognized that an aircraft in flight is trailed by a cloud of

ions, generated within the engine exhaust and also by corona from the

aircraft. This ionic trail although not of itself a good conductor is never-

theless much more conducting than the undisturbed atmosphere. It

seems quite plausible that a lightning leader encountering such a trail

could be "led" towards the aircraft, especially if—as is believed —

photoelectric processes occur in front of the leader tip (17). Since an

ionic exhaust trail will preserve its identity to longer distances behind

the faster aircraft, the chance of strokes being diverted along the trail

should increase with increasing aircraft speed.

Electric fields within thunderclouds are predominantly vertical in

orientation but there can be substantial horizontal components as well.

Figures 2(b) and 2(c) show diagrammatically the electrical conditions

possibly leading to the initiation of leader-streamers from aircraft for

the two idealized cases of entirely vertical and entirely horizontal fields.

As in the case of Figure 2(a) the assumption —probably unrealistic—of

electrical equilibrium with the ambient atmosphere is made, while the

effects of charge on the aircraft are ignored.

The instances of triggered lightning to an F-100 aircraft reported by

Fitzgerald (20) occurred when the pre-discharge ambient electric field

was about 30 kV/m vertically and 6 kV/m horizontally. The maximum

dimensions of the F-100 are approximately 5 m vertically and 15 m

horizontally. It follows that —assuming equilibrium with the ambient

atmosphere— the voltage discontinuities are 75 kV for a vertical flash

and 45 kV for one horizontally directed. The strikes described by Cobb

and Holitza (21) were to a DC-6 (vertical dimension 9 m: horizontal

dimension 36 m) and occurred in lesser ambient fields of some 16 kV/m
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were to the aircraft. It is also understood ( 22) that during the develop­
ment of the Boeing 747 te t flights were made in which the aircraft was 
flown in and out of clouds that were trongly electrified but not actually 
generating lightning. The 747 was consistently struck soon after entering 
the clouds; no other lightning, except that to the 747, occurred. 

lf we accept that a certain voltage discontinuity is neces ary in order 
to initiate a leader-streamer it follows that the bigger an aircraft (greater 
length) the more likely it is to trigger lightning. There are indeed indica­
tions that, under comparable environmental conditions, the large aircraft 
now coming into widespread ervice are struck more frequently than 
their smaller predeces ors. However, the available statistics are limited 
in extent and need careful interpretation. There is also some evidence 
that high-speed aircraft experience more lightning strikes than their 
slower fore-runner . It is tempting to associate this behavior with an 
effective electrical extension-as in the case of a rocket-of the aircraft 
by a conducting exhaust plume, but even for a high-performance fighter 
aircraft the exhaust plume is only a few meters in length (23). However, 
it should be recognized that an aircraft in flight is trailed by a cloud of 
ion , generated within the engine exhaust and al o by corona from the 
aircraft. This ionic trail although not of itself a good conductor is never­
theless much more conducting than the undi turbed atmosphere. It 
eem quite plau ible that a lightning leader encountering such a trail 

could be "led" towards the aircraft, especially if-as is believed­
photoelectric processes occur in front of the leader tip ( 17). Since an 
ionic exhau t trail will preserve its identity to longer di tances behind 
the faster aircraft, the chance of stroke being diverted along the trail 
hould increase with increasing aircraft peed. 

Electric fields within thundercloud are predominantly vertical in 
orientation but there can be substantial horizontal components as well. 
Figures 2(b) and 2(c) how diagrammatically the electrical conditions 
po ibly leading to the initiation of leader-streamers from aircraft for 
the two idealized cases of entirely vertical and entirely horizontal field . 
As in the case of Figure 2(a) the assumption -probably unrealistic -of 
electrical equilibrium with the ambient atmosphere is made. while the 
effects of charge on the aircraft are ignored. 

The instances of triggered lightning to an F-100 aircraft reported by 
Fitzgerald (20) occurred when the pre-discharge ambient electric field 
wa about 30 kV /m vertically and 6 kV /m horizontally. The maximum 
dimension of the F-100 are approximately 5 m vertically and 15 m 
horizontally. It follows that-as urning equilibrium with the ambient 
atmosphere- the voltage discontinuitie are 7 5 kV for a vertical flash 
and 45 kV for one horizontally directed. The strikes described by Cobb 
and Holitza (21) were to a DC-6 (vertical dimen ·ion 9 m: horizontal 
dimension 36 m) and occurred in lesser ambient field - of some 16 kV /m 
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vertically and 2 kV/m horizontally. With the larger dimensions of the

DC-6 the corresponding voltage discontinuities are still 72 kV and 36

kV.

An Unusual Incident

Figure 3(d) shows lightning triggered by the detonation of the first

thermonuclear device; this event, of 10.4 megatons yield, was set off

at Eniwetok in the Marshall Islands on October 31, 1952 (24). Figure

3(d) is an enlargement of one frame of a high speed film. Study (25) of

the other frames reveals that the lightning discharges were initiated from

surface structures and developed as upward leader-streamers in entirely

the same manner as more conventional triggered lightning from tall

buildings (Figure 3(a)).

In one respect, however, this example of triggered lightning differs

from all the others we have considered. In the previous examples, man

provided the perturbation in the electrical environment necessary for

the triggered lightning, but the environment was created by natural

causes. In the present instance, however, the charge producing the elec-

trical environment is itself generated by the explosion. The charge is

developed by gamma rays emanating from the detonation and interacting

with the atmosphere to create Compton electrons. Calculations (25)

yield a value of 30 kV/m for the field due to the gamma-Compton mech-

anism. The flashes were apparently initiated from antenna-towers and

similar structures carrying instrumentation; 10 m would be a reasonable

estimate for their height. Hence, the voltage discontinuity is 3 x 105V.

Summary and Discussion of Triggered Lightning Incidents

Table I summarizes the incidents of triggered lightning that we have

considered; the table extends some information previously presented

(26). The deduced values for ambient field and voltage discontinuity

are quite consistent. Obviously if the electric field in the atmosphere

is about 10 kV/m. and we introduce a conductor into that field so that

the voltage difference between the conductor and the adjacent atmo-

sphere approaches 10fiV, then we may expect triggered lightning. These

two quite general criteria can readily be applied to predict the hazard

represented by triggered lightning under many different circumstances.

There are only two entries in Table I which show very large deviations

from the general pattern. There are the two aircraft incidents, for which

the deduced values of the voltage discontinuity are less than 105V; the

average for all incidents is of the order of 106V. However, it should

be recalled that in the analysis any effects due to charge on the aircraft

have been ignored. It is well known that when flying through clouds
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vertically and 2 kV /m horizontally. With the larger dim n ion f the 
DC-6 the corre ponding voltage di continuitie are till 72 kV and 36 
kV. 

An Unusual Incident 

Figure 3(d) how lightning triggered by the detonation of the fir t 
thermonuclear device; thi ev nt, of I 0.4 megaton yield, wa et off 
at Eniwetok in the M ar hall I land on October 3 I , 1952 ( 24). Figure 
3(d) i an enlargement of one frame of a high peed film . Study (_5) of 
the other frame reveal that the lightning di charge were initiated from 
urface tructure and developed a upward leader- treamer in entirely 

the ame manner a more onventional triggered lightning from tall 
building ( Figure 3(a)). 

In one re pect however, thi ample of triggered lightning differ 
from all the other we have con ·idered. In the previou example , man 
provided the perturbation in the electrical environment nece ary for 
the triggered lightning, but the environment wa created by natural 
cau e . In the pre ent in tance, however, the charge producing the elec­
trical environment i it elf generated by the explo ion. The charge i 
developed by gamma ray emanating from th detonation and interacting 
with the atmo phere to create ompton electron . alculation (_5) 
yield a value of 30 kV /m for the field due to the gamma- ompton m ch­
ani m. The fla he were apparently initiated fr m antenna-tower nd 
imilar tructure carrying in trumentation; IO m would be a r a onable 

e timate for their height. Hence, the voltage di continuity i 3 x 105 V. 

Summary and Discussion of Triggered Lightning Incidents 

Table I ummarize the incident of triggered lightning that we have 
con idered; the table extend ome information previou ly pre ented 
(26). The deduced value for ambient field and voltage di continuity 
are quite con ~i tent. Obviou ly if the electric field in the atmo phere 
i about l O kV /m. and we introduce a conductor into that field that 
the voltage difference between the conductor and the adja ent atmo-
phere approache l 0 6 V, then we may e pect triggered lightning. The e 

two quite general criteria can readily be applied to predict the haz rd 
repre ented by triggered lightning under many different circum tanc . 

There are only two entrie in Table I which how very large deviation · 
from the general pattern. There are the two aircraft incident for which 
the deduced value of the voltage di continuity ar le than I05 V· the 
average for all incident i of the order of l 06 V. However, it hould 
be recalled that in the analy i any effect due to charge on the aircraft 
have been ignored. It i well known that when flying through cloud 
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Table I

Triggered Lightning Incidents

Type of Incident

Ambient Field

(kV/m)

Length of Conductor

(»)

Voltage Discontinuity

(kV)

Tall Structures

3

General Statistics

10

150

2 1.5 X 10

Empire State Building

5

380

1.9 X 103

Monte San Salvatore Tower

s 3

270*

2 8.1 X 102

Rocket Trailing Wire

18

100 to 300

1.8 to 5.4 X 103

Depth-Charge

10 to 20 (?)

70

0.7 to 1.4 X 103

Apollo 12

> 10

400+

2 2 x 103

Aircraft

F-100

6 to 30

15 to 5

45 to 75

DC-6

2 to 16

36 to 9

36 to 72

Thermonuclear

30

10

3 X 102

Effectively extended by shape of mountain.

Effectively extended by exhaust trail.

aircraft can become charged to such an extent that their potential may

be several hundred kilovolts with respect to the neighboring atmosphere

(18). This potential is presumably available to supplement the voltage

discontinuity due to the ambient field alone, and thus lead to the initia-

tion of leader-streamers. Certainly the charge carried by aircraft and

rockets should be considered when their propensity to trigger lightning

is being assessed. We have investigated two reports (20,21) of triggered

lightning incidents to aircraft. It is perhaps very significant that in the

first instance (20) strong charges were measured on the aircraft, while

in the other case (21) the strikes occurred with the aircraft was encoun-

tering a mixture of rain and graupel: precipitation-impact charging cur-

rents are notoriously high under these conditions.

Some Unsuspected Lightning Hazards

Aside from structures and airborne vehicles there are other practical

dangers associated with lightning. We have been familiar for many years

with shocks to human beings, lightning effects on forests, and methods

of lightning protection. However there are more novel aspects in which

our way of life is being inconvenienced by lightning. Most of these newer

hazards follow directly from technological improvements; such improve-

ments often entail —unfortunately —an increased vulnerability to light-

ning.
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Table I 
Triggered Lightning Incidents 

Ambient Field Length of Conductor Voltage Discontinuity 
Type of Incident 

(kV / m) (m) (kV) 

Tall Structures 

Genera l Statistics .., 10 150 :2 l. 5 X 10
3 

Empire State Building 5 380 1. 9 X 10
3 

270* 
2 

Monte San Salvatore Towe r :2 3 2: 8 . 1 X 10 

Rocket Trailing Wire 18 100 to 300 1. 8 to 5. 4 X 103 

Depth-Charge 10 to 20 ( ? ) 70 0 . 7 to 1 . 4 X 103 

Apollo 12 :2 10 400+ :2 2 X 10
3 

Aircraft 

F-100 6 to 30 15 to 5 45 to 75 

DC-6 2 to 16 36 to 9 36 to 72 

Thermonuclear 30 10 
2 

3 X 10 

• Effectively extended by shape of mountain . 

tEffectively extended by exhaust trail . 

aircraft can become charged to uch an extent that their potential may 
be everal hundred kilovolts with respect to the neighboring atmo phere 
( 18). Thi potential is presumably available to upplement the voltage 
discontinuity due to the ambient field alone, and thus lead to the initia­
tion of leader-streamers. Certainly the charge carried by aircraft and 
rocket should be con idered when their propensity to trigger lightning 
i being assessed. We have investigated two reports (20,21) of triggered 
lightning incident to aircraft. It is perhaps very significant that in the 
fir t in tance (20) trong charge were measured on the aircraft while 
in the other case (2 l) the trikes occurred with the aircraft was encoun­
tering a mixture of rain and graupel; precipitation-impact charging cur­
rents are notoriou ly high under these conditions. 

Some Unsuspected Lightning Hazards 

Aside from structure and airborne vehicles there are other practical 
danger a ociated with lightning. We have been familiar for many year 
with shock to human beings, lightning effects on fore ts, and method 
of lightning protection. However there are more novel a pects in which 
our way of life i being inconvenienced by lightning. Most of the e newer 
hazard follow directly from technological improvement ; such improve­
ments often entail - unfortunately- an increa ed vulnerability to light­
ning. 
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A. Vulnerability of Solid-State Circuitry

The electrical interference caused by lightning may be separated into

two main categories. We have the electromagnetic signals radiated into

the atmosphere by the discharge, and the surges traveling along power-

lines that are either struck or experience near misses. Extraneous noise

inductively coupled into electronic circuitry is a familiar interfering factor

in many systems. However, modern electronic systems make increasing

use of semiconductors and low-signal level microcircuits, and these are

much less tolerant of transient voltage and current surges than were the

vacuum tubes and large electronic components of the past (27,28). Both

induced coupling effects and surges introduced through power supplies

can readily cause malfunctions and even permanent damage to transistors

and solid-state diodes.

B. Vulnerability of Computers

Computer operations are perhaps especially vulnerable to lightning.

The effects of power surges can range from the inconvenience of lost

time, when the operation in progress has essentially to be reaccomplished,

to the extreme of serious damage to magnetic disks, recording arms, and

so on. Even more alarming are the possible results of a flash occurring

very close to an insufficiently shielded computer. It appears that the

magnetic and electromagnetic fields radiated by the flash can seriously

modify the core memory cells of a computer. The consequences in such

areas as banking, where customers' affairs are increasingly monitored by

computer surveillance, could obviously be disastrous.

C. Vulnerability of Modern Materials

Modern technology involves the widespread use of plastics which —

normally —are electrical insulators. Also, electrically composite mate-

rials, for example those which utilize fibers such as carbon or boron

embedded in a plastic matrix, are being increasingly employed. The

behavior of both plastics and composites when subjected to lightning

currents is much less satisfactory than that of conventional metals,

with the chance of material damage being much greater. There are also

some subtle features. For example, as metals are replaced by less elec-

trically conductive materials the inherent safety of shielding by "Fara-

day-cage" effects is reduced. Furthermore, in electrically inhomogeneous

systems the currents are channeled preferentially into the better con-

ducting media; therefore current densities and induced fields are in-

creased and deleterious effects are consequently enhanced.

In some instances, many factors, related to modern developments,

contribute to a lightning hazard. For instance, TV towers exceeding
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A. Vulnerability of Solid-State Circuitry 

The electrical inte1ference cau ed by lightning may be eparat d into 
two main categorie . We have the electromagnetic ignal radiated into 
th atm ph r by th di harge, and th urge trav ling along power­
line that are either truck or experience near mi e . Extraneou n i e 
inductively coupled into electronic circuitry i a familiar interfering factor 
in many y tern . However, modern electronic y tern make increa ing 
u e of emiconductor and low- ignal level microcircuit , and the e are 
much le tolerant of tran ient volt ge and current urge than were the 
vacuum tube and large electronic component of the pa t (27,28). Both 
induced coupling effect and urge introduced through power upplie 
can readily cau . e malfunction and even permanent damage to tran i tor 
and olid- tat diode . 

B. Vulnerability of Computers 

omputer operation are perhap especially vulnerable to lightning. 
The effect of power urge can range from the inconvenience of lo t 
time, when the operation in progre ha e entially to be reaccompli hed, 
to the e treme of eriou damage to magnetic di k , recording arm , and 
o on. Even more alarming are the po ible re ult of a fta h occurring 

very clo e to an insufficiently hielded computer. It appear that the 
magnetic and electromagnetic field radiated by the fla h can eriou ly 
modify the core memory cell of a computer. The con equence in uch 
area a banking, where cu tom r ' affair are increa ~ingly monitored by 
computer urveillance, could obviou ly be di a trou . 

C. Vulnerability of Modern Materials 

Modern technology involve the wide pread u e of pla tic which­
normally-are electrical in ulator . Al o, electrically compo ite mate­
rial for example tho e which utilize fiber uch a carbon or boron 
embedded in a pla tic matri , are being increa ingly employed. The 
behavior of both pla tic and compo ite when ubj cted to lightning 
current i much le ati factory than that of conventional metal 
with the chance of material damage being much greater. There are al o 
ome ubtle feature . For e ample, a metal are replaced by le elec­

trically conductive material the inherent afety of hielding by ' Fara­
day-cage' effect i reduced. Furthermore in electrically inhomogeneou 
y tern the current are channeled preferentially into the better on­

ducting media· therefore current den itie and indu ed field are m­
crea ed and deleteriou effect are con equently enhanced. 

ln ome in tance . many factor , related to modern developm nt , 
contribute to a lightning hazard. For in tance, TV tower e ceeding 
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300 m in height are now quite common structures. These towers are

convenient high platforms for some equipment; examples are meteo-

rological sensors and radio communication links. Almost inevitably the

equipment will include solid-state circuitry and use plastic materials in

its fabrication. Thus we have the structure, because of its height, trig-

gering many flashes to the tower; we have vulnerable solid-state com-

ponents experiencing this intense lightning exposure; we also have

damage-prone plastic materials encountering the same exposure; and we

have the secondary effects of diminished "Faraday-cage" protection and

increasing channeling of lightning currents.

Table 11

Lightning and Aircraft Operation

Trend in Aviation

Result

Lightning

Hazard

Bigger

More Triggered Lightning

Increased

Aircraft

Faster

Minor Damage Increased by Wind-Loading

Increased

Aircraft

More Triggered Lightning (?)

Increased

Better Climb Rate

Less Time at Lower Altitudes

Decreased

More Traffic

More Time in Holding Patterns

Increased

Greater Use of Plastics

More Material Damage by Strike

Increased

Concentration of Current in Remaining Metal

Increased

Greater Use of

More Material Damage by Strike

Increased

Composite Materials

Concentration of Current in Remaining Metal

Increased

Greater Use of

Greater Vulnerability to Lightning Transients

Increased

Solid-State Electronics

More Reliance on

Greater Vulnerability to Lightning Transients

Increased

Electronic Flight Controls

More Reliance on

Greater Vulnerability to Lightning Transients

Increased

Preprogramming of Flight

on Airborne Computer

D. Vulnerability of Aircraft

The relationship between aircraft operation and lightning is presently

one of much interest; there are strong indications that the overall light-

ning hazard is tending to increase. Some of the main areas concerned

are listed in Table II; the list is not exhaustive but obviously the sum

of present trends in aircraft design and operation acts to augment the
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300 m in height are now quite common structures. These tower~ are 
convenient high platforms for some equipment ; examples are meteo­
rological sensors and radio communication links. Almost inevitably the 
equipment will include solid-state circuitry and use plastic materials in 
its fabrication. Thu we have the structure, because of its height, trig­
gering many flashes to the tower; we have vulnerable olid- tate com­
ponent experiencing this intense lightning exposure ; we also have 
damage-prone pla tic materials encountering the ame expo ure· and we 
have the secondary effects of diminished "Faraday-cage" protection and 
increasing channeling of lightning cur~ent 

Table I I 
Lightning anid Aircraft Operation 

Trend in Aviation 

Bigger 
Aircraft 

Faster 
Aircraft 

Better Climb Rate 

More Traffic 

Greater Use of Plastics 

Greater Use of 
Composite Materials 

Greater Use of 
Solid-State Electronics 

More Reliance on 
Electronic Flight Controls 

More Reliance on 
Preprogramming of Flight 

on Ai rborne Computer 

Result 

More Triggered Lightning 

Minor Damage Increased by Wind-Loading 

More Triggered Lightning (?) 

1.A?SS Time at Lower Altitudes 

More Time in Holding Patterns 

More Material Damage by Stri ke 

Concentration of Current in Remaining Me tal 

More Ma terial Damage by Stri ke 

Concentration of Current in Remaining Me tal 

Greater Vulnerability to Lightning Transients 

Greater Vulnerability to Lightning Transients 

Greater Vulnerability to Lightning Trans i ents 

Lightning 
Hazard 

Increased 

Increased 

Increased 

Decreased 

Increased 

Increased 

Increased 

Increased 

Increased 

Increased 

Increased 

Increased 

D. Vulnerability of Aircraft 

The relationship between aircraft operation and lightning is presently 
one of much interest; there are strong indications that the overall light­
ning hazard is tending to increase. Some of the main area concerned 
are listed in Table 11; the list is not exhaustive but obviously the sum 
of present trends in aircraft design and operation acts to augment the 
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lightning hazard. The civil jet aircraft of 1959 was constructed largely

of metal; cruised at 35,000 feet and could thus avoid most active thunder-

storms; was fitted with rugged electronics; and relied more during opera-

tion on pilot judgment than on automatic controls. By all appearances the

supersonic aircraft of—say—1979 will be constructed of plastics and

composite materials; will cruise at 60,000 feet; will use only solid-state

circuitry and components; and will follow a present flight plan entirely

computer controlled. A cursory examination of Table II shows that the

lightning hazard will be much greater for the 1979 aircraft than for its

predecessor of 1959, unless some of the problems discussed above are

solved.
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lightning hazard. The civil jet aircraft of 1959 was constructed largely 
of metal; cruised at 35,000 feet andl could thus avoid most active thunder­
storms; was fitted with rugged elec:tronics; and relied more during opera­
tion on pilot judgment than on automatic controls. By all appearances the 
supersonic aircraft of- say- 1979 wilJ be constructed of plastics and 
composite materials; will cruise at 60,000 feet; will use only solid-state 
circuitry and components; and willl follow a present flight plan entirely 
computer controlled. A cursory examination of Table II shows that the 
lightning hazard will be much greater for the 1979 aircraft than for its 
predecessor of 1959, unless some of the problems discussed above are 
solved. 
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A few years ago ONR through the Scripps Institution of Oceanography

sought to procure a limited number of miniaturized and reliable modular re-

ceiving sets for use aboard Navy oceanographic ships, which require high

accuracy in navigation. This resulted in the development of an accurate and

compact modular receiver, which is fully automatic in operation and easy to

maintain by using modular units.

The new receiver integrates the three previous components and includes a

computer for processing the satellite signal. The result is a "black box" roughly

two feet square and weighing only a few hundred pounds. This compares to more

than a thousand pounds for the previous equipment.

The miniaturized receivers were tested for 17 months aboard oceanographic

research ships and some ships and aircraft in the fleet. The sets demonstrated

extremely high reliability, consistently high accuracy, and negligible down time

because of the modular replacement concept. In addition, the complete integra-

tion and compactness of the models make them easily portable, permitting rapid

and easy transfer between ships or aircraft when required.

The group of 32 receivers that have been ordered incorporate a number of

the same principles of the minaturized model with some minor improvements,

such as a larger memory core for the computer. Magnavox is fabricating the re-

ceivers under a contract with the Naval Electronic Systems Command.
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A few years ago ONR through the Scripps Institution of Oceanography 
sought to procure a limited number of miniaturized and reliable modular re­
ceiving sets for use aboard Navy oceanographic ships, which require high 
accuracy in navigation. This resulted in the development of an accurate and 
compact modular receiver, which is fully automatic in operation and easy to 
maintain by using modular units. 

The new receiver integrates the three previous components and includes a 
computer for processing the satellite signal. The result is a "black box" roughly 
two feet square and weighing only a few hundred pounds. This compares to more 
than a thousand pounds for the previous equipment. 

The miniaturized receivers were tested for 17 months aboard oceanographic 
research ships and some ships and aircraft in the fleet. The sets demonstrated 
extremely high reliability, consistently high accuracy, and negligible down time 
because of the modular replacement concept. In addition , the complete integra­
tion and compactness of the models make them easily portable, permitting rapid 
and easy transfer between ships or aircraft when required. 

The group of 32 receivers that have been ordered incorporate a number of 
the same principles of the minaturized model with some minor improvements, 
such as a larger memory core for the computer. Magnavox is fabricating the re­
ceivers under a contract with the Naval Electronic Systems Command. 
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Research Note

Radar that "Sees" Under the Ground

A radar that can "see" beneath the ground to variable depths is under study

by the Navy as a possible system for detecting, locating and describing buried

objects. The broad band pulse radar system was developed by Geophysical

Survey Systems, North Billerica, Massachusetts. The company under a contract

with the Office of Naval Research is exploring its application to Navy and

Marine problems. The system, called Electromagnetic Subsurface Profiling

(ESP), is portable and operates on a few watts of power.

Basically, the ESP System is the electromagnetic equivalent of the seismic

method of geophysical exploration. The waves produced by the seismic sounder

are known to propagate in a wide variety of materials. Since the seismic pulses

are localized in time, it is possible to differentiate soil and rock strata by separating

the received pulses on a time scale. The seismic pulse may be conceptualized

as a burst of energy which is modified in velocity and shape as it progresses

through the earth. The electromagnetic equivalent of the longitudinal acoustic

waves used in seismic sounders is the transverse electromagnetic wave. These

waves are produced electrically by discharging a battery into a special wave

launching device. These discharges take place in the order of one nanosecond

(10 9 seconds). A fast switch is used to create a time-limited signal which during

the transmit cycle is sent directly to the wave launching device. The transmitted

wave is reflected from the interfaces of various soil and rock strata and objects

in the earth. Radar reflectance from the interface is governed by the differential

in the electrical characteristics of the materials. These characteristics vary with

priority, grain size, dielectric content, conductivity and moisture content.

The reflected signal is picked up by the same device used for launching the

transmitted wave. A selector then channels the returned signal to a receiving

device. A cable connects the unit with receiving and recording instruments in

the recording trunk. The radar pulse are displayed in real time on a screen

and are recorded on magnetic tape. They can also be printed out on paper as a

continuous graph.

At this point, field interpretation of the raw data can often provide informa-

tion sufficient for the project at hand. When data is more complex, or when de-

tailed and permanent profiling is required, the print-outs are analyzed by a staff

geophysicist. To assist him, the raw print-out data is refined by a variety of

laboratory techniques. Replay of the tapes in the presence of electronic variables

produces a more sharply defined profile. A computer further aids in location and

identification by matching profile data against models constructed through

previous experience and stored in a data bank.

One Navy application is the examination of permanently frozen ground,

known as permafrost, in arctic and subarctic areas. Any construction or land

use in these areas depends on understanding the nature and extent of subsurface

conditions, particularly whether large masses of ground ice exist beneath the

surface. If this is not carefully ascertained, significant ground subsidence can
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Research Note 

Radar that "Sees" Under the Ground 

A radar that can " ee,, beneath the ground to variable depth i under tudy 
by the Navy a a po ible y tern for detecting, locating and de cribing buried 
object . The broad band pul e radar y tern wa developed by Geophy ical 
Survey y tern North Billerica, Ma achu ett . The company under a contract 
with the Office of aval Re earch i exploring it application to Navy and 
Marine problem . The y tern, called Electromagnetic ub urface Profiling 
(ESP), i portable and operate on a few watt of power. 

Ba ically the E P Sy tern i the electromagnetic equivalent of the ei mic 
method of geophy ical exploration. The wave produced by the ei mic ounder 
are known to propagate in a wide variety of material . ince the ei mic put e 
are localized in time, it i po ible to differentiate oil and rock trata by eparating 
the received pul e on a time cale. The ei mic pul e may be conceptualized 
a a bur t of energy which i modified in velocity and hape a it progre e 
through the earth . The electromagnetic equivalent of the longitudinal acou tic 
wave u ed in ei mic ounder i the tran ver e electromagnetic wave. The e 
wave are produced electrically by di charging a battery into a pecial wave 
launching device . The e di charge take place in the order of one nano econd 
( I 0 - 9 econd ). A fa t witch i u ed to create a time-limited ignal which during 
the tran mit cycle i ent directly to the wave launching device . The tran mitted 
wave i reflected from the interface of variou oil and rock trata and object 
in the earth. Radar reflectance from the interface i governed by the differential 
in the electrical characteri tic of the material . The e characteri tic vary with 
priority, grain ize dielectric content, conductivity and moi ture content. 

The reflected ignal i picked up by the ame device u ed for launching the 
tran mitted wave. A elector then channel the returned ignal to a receiving 
device. A cable connect the unit with receiving and recording in trument in 
the recording trunk. The radar pulse are di played in real time on a creen 
and are recorded on magnetic tape. They can al o be printed out on paper a a 
continuou graph. 

At this point, field interpretation of the raw data can often provide informa­
tion ufficient for the project at hand. When data i more complex, or when de­
tailed and permanent profiling i required, the print-out are analyzed by a taff 
geophysici t. To a i t him, the raw print-out data i refined by a variety of 
laboratory technique . Replay of the tape in the pre ence of electronic variable 
produce a more harply defined profile. A computer further aid in location and 
identification by matching profile data again t model con tructed through 
previous experience and tored in a data bank. 

One Navy application i the examination of permanently frozen ground, 
known a permafro t, in arctic and ubarctic area . Any con truction or land 
u e in the e area depend on understanding the nature and extent of ub urface 
condition , particularly whether large mas e of ground ice exi t beneath the 
surface. If thi i not carefully a certained, ignificant ground ub idence can 
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Generalized diagram of structural and compositional relationships with in permafrost and

betw een permafrost and surrounding unfrozen soil (modified after Stearns, 1966).

take place, leading to costly repairs or abandonment of the structure. Presently

borings are used but generally give an incomplete, and often misleading, picture

of subsurface conditions. Seismic and other geophysical methods have been

used with less success.

In one experiment conducted with the ESP system six tons of block ice were

buried several feet down in sand and silt. The ESP profile clearly indicated the

presence and location of the ice against the background of the sand and silt.

Further tests are now being conducted in actual permafrost near Barrow, Alaska,

the site of ONR's Naval Arctic Research Laboratory.

In other experiments the ESP radar precisely located various objects, including

wire strand, wood and cement blocks, and metals, buried in naturally occurring

deltaic sediments. In one test a tunnel was detected.

Further research is expected to devise new data processing techniques in

order to display more clearly the configuration and signal response of buried

objects. It is also planned to explore the development of an airborne ESP system.

^—WAVE LAUNCHING DEVICE

TRANSMITTED PULSE

Block diagram of ESP system
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Ice Wedge (Ground Ice) 

SUBPERMAFROST 
(UNFROZEN) 

Zone of Annual Freeze & Thaw 

Part or all of this un­
frozen zone may freeze 
during severe winters 
and remain frozen through 
several summers. 

Permafrost "Island" 

Generalized diairam of structural and compositional relationships with in permafrost and 
between permafrost and surroundinR unfrozen soil (modified after Stearns, /966). 

take place, leading to costly repairs or abandonment of the structure. Presently 
borings are used but generally give an incomplete, and often misleading, picture 
of subsurface conditions. Seismic and other geophysical methods have been 
used with less success. 

In one experiment condu·cted with the ESP system six tons of block ice were 
buried several feet down in sand and silt. The ESP profile clearly indicated the 
presence and location of the ice against the background of the sand and silt. 
Further tests are now being conducted in actual permafrost near Barrow, Alaska, 
the site of ONR's Naval Arctic Research Laboratory. 

In other experiments the ESP radar precisely located various objects, including 
wire strand, wood and cement blocks, and metals, buried in naturally occurring 
deltaic sediments. In one test a tunnel was detected. 

Further research is expected to devise new data processing techniques in 
order to display more clearly the configuration and signal response of buried 
objects. It is also planned to explore the development of an airborne ESP system._ 

TRANSMITTED PULSE 

Digitized by o gle 

WAVE LAUNCHING DEVICE 

11 ,e~.....,,...---- RECEIVED SIGNALS 
I ; ,K 

Block diawam of ESP system 
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On the Naval Research Reserve

Promotion Selections

Congratulations are extended to officers listed below who were

selected for promotion by the Fiscal Year 1972 Reserve Selection

Boards.

There were 224 Naval Reserve line officers selected for promotion

to Captain. One was a member of the Research Reserve Program:

Abraham, George NRRC 5-9

There were 615 officers selected for promotion to Commander.

Twenty-one were members of the Research Reserve Program:

NRRC

NRRC

Baldwin, Robert C. (CO)

4-4

Leo, Paul P. (CO)

1 1-11

Brainerd, Walter S.

3-1

Levin, Roger L.

5-8

Chodorow, Alan M.

8-7

Mc Whorter, William C.

6-3

De Vorsey, Louis

6-9

Meggitt, William F.

9-16

Gartmann, Russell J.

4-1

Nelms, Harry A.

6-3

Gleason, Burton J.

9-5

Pietkiewicz, Wesley

1-7

Hall, Wilford H. (CO)

6-19

Prickett, Gordon O.

1 1-7

Hansen, Helmuth H.

4-3

Prince, William G. (CO)

9-3

Hohman, Glenn W. (CO)

6-8

Reavis, Marshall W., Ill

6-9

Huggins, Richard, Jr.

6-17

Rodgers, Tommie J.

9-4

Lawson, Donald R. (CO)

9-21

Eleven of the officers selected were from the new field and ten from

the old. Other statistics based on the records of the Research Reservists

selected for promotion are:

Year of Birth Date of Rank Designator

Earliest 1923 Earliest 5-1-63 1105:14 1405:2

Latest 1936 Latest 1-1-67 1106:1 1615:1

1315:2 1685:1

Four officers were selected from the Staff Corps by the Fiscal Year

1972 Reserve Selection Boards.

One officer was selected for promotion to Captain:

NRRC

Martin A. Rizack, MC, USNR 3-1
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On the Naval Research Reserve 

Promotion Selections 

Congratulation are extended to officer Ii ted below who were 
elected for promotion by the Fi cal Year 197 _ Re erve el ction 

Board . 
There were 224 Na val Re erve line officer elected for promotion 

to aptain. One wa a member of the Re earch Re erve Program: 

Abraham George NRRC 5-9 

There were 615 officer elected for promotion to Commander. 
Twenty-one were member of the Re earch Re erve Program: 

Baldwin, Robert C. (CO) 
Brainerd, Walter S. 
Chodorow, Alan M. 
De Vor ey , Loui 
Gartmann, Ru ell J. 
Glea on, Burton J. 
Hall, Wilford H. ( 0) 

Han en, Helmuth H. 
Hohman, Glenn W. (CO) 
Huggin Richard, Jr. 
Law on, Donald R. (CO) 

NRRC 

4-4 
3-1 
8-7 
6-9 
4-1 
9-5 
6-19 
4-3 
6-8 
6-17 
9-21 

Leo, Paul P. (CO) 
Levin Roger L. 
Mc Whorter, William C. 
Meggitt William F. 
Nelm Harry A. 
Pietkiewicz. We ley 
Prickett, Gordon 0. 
Prince, William G. (CO) 
Reavi , Mar hall W., 111 
Rodger , Tommie J. 

NRRC 

I 1-1 I 
5-8 
6-3 
9-16 
6-3 
1-7 

1 1-7 
9-3 
6-9 
9-4 

Eleven of the officers elected were from the new field and ten from 
the old. Other tati tic ba ed on the record of the Re earch Re ervi t 
elected for promotion are: 

Year of Birth 

Earlie t 
Late t 

1923 
1936 

Date of Rank 

Earlie t 5-1-63 
Late t 1-1-67 

De ignator 

1105: 14 1405:2 
1106: I 1615: I 
1315:2 1685: I 

Four officer were elected from the Staff Corp by the Fi cal Year 
1972 Re erve Selection Board . 

One officer wa elected for promotion to Captain: 

Digitized by 

NRRC 

Martin A. Rizack MC USNR 3-1 
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Three officers were selected for promotion to Commander:

NRRC

Robert E. Boyle, MSC, USNR

Ralph J. Teynor, DC, USNR

David G. Warren, SC, USNR

5- 4

13-5

6- 6

Seminar Planned at NRL

The Naval Reserve Research Company 5-9, Naval Research Labora-

tory, Washington, D.C. will conduct a seminar at NRL, 14-25 August

1972.

The purpose of the seminar is to present current developments in

oceanology, space science and technology, electronics and materials

as they relate to the Navy.

Quotas have been established for the following Naval Districts:

FIRST, THIRD, FOURTH, FIFTH, SIXTH, EIGHTH and NINTH.

Quotas for ELEVENTH, TWELFTH and THIRTEENTH Naval Dis-

tricts will be granted upon request.

Recently scientists were scheduled to begin diving under Arctic ice to observe

Pacific walrus from a small research submarine. They are seeking information

needed to aid in conservation and management of this relatively unknown

animal.

A team of biologists and oceanographers led by Dr. G. Carleton Ray of Johns

Hopkins University will make a month-long series of dives in the Perry two-man

submersible PC-8 in the Bering Sea. Support for their submersible operations

is provided by the Commerce Department's National Oceanic and Atmospheric

Administration.

Mother ship for the little submarine and the scientific team will be the USCGC

Burton Island, an icebreaker provided by the U.S. Coast Guard. Operations

will be carried out in the Bering Sea ice pack.

As a demonstration project of the marine mammals program, International

Biological Program, the research is also supported by the National Science

Foundation and the Office of Naval Research.

Dr. Ray and his team will observe behavior, acoustics, anatomy, and other

characteristics of the animals and their environments both on the ice and, from

the submersible, under the ice. Their objectives are to identify mating groups,

determine sex ratios and social organization of these groups, and examine

mother-young relationships. Walrus herds appear to be organized in a complex

way. Finding out how they maintain contact in the mobile world of the pack ice

is one object of the research. Some scientists believe that they do this vocally.

Dive Under Arctic Ice

U. S. GOVERNMENT PRINTING OFFICE : 1972 O - 464-002
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Three officer were elected for promotion to Commander: 

NRRC 

Robert E. Boyle, MSC, USNR 5-4 
Ralph J. Teynor, DC, USNR 13-5 
David G. Warren, SC, USN R 6-6 

Seminar Planned at NRL 

The Naval Reserve Research Company 5-9, Naval Re earch Labora­
tory, Washington, D.C. will conduct a seminar at N RL, 14-25 August 
1972. 

The purpose of the eminar is to pre ent current development in 
oceanology, space science and technology, electronic and material 
as they relate to the Navy. 

Quota have been e tabli hed for the following Naval Di trict : 
FIRST, THIRD, FOURTH , FIFTH, SIXTH, EIGHTH and NINTH. 
Quotas for ELEVENTH, TWELFTH and THIRTEENTH Naval Dis­
tricts will be granted upon request. 

Dive Under Arctic Ice 

Recently cientists were cheduled to begin diving under Arctic ice to ob erve 
Pacific walrus from a small research submarine. They are eeking information 
needed to aid in conservation and management of this relatively unknown 
animal. 

A team of biologi ts and oceanographer led by Dr. G. Carleton Ray of John 
Hopkins University will make a month-long series of dive in the Perry two-man 
submersible PC-8 in the Bering Sea. Support for their submer ible operation 
i provided by the Commerce Department ' National Oceanic and Atmo pheric 
Administration. 

Mother ship for the little ubmarine and the cientific team will be the USCGC 
Burton Island , an icebreaker provided by the U .S. Coast Guard. Operations 
will be carried out in the Bering Sea ice pack. 

A a demon tration project of the marine mammals program, International 
Biological Program, the research i also supported by the National Science 
Foundation and the Office of Naval Research. 

Dr. Ray and his team will ob erve behavior, acoustics , anatomy , and other 
characteristics of the animals and their environments both on the ice and, from 
the ubmersible, under the ice. Their objective are to identify mating groups, 
determine ex ratios and ocial organization of these group , and examine 
mother-young relationship . Walrus herds appear to be organized in a complex 
way. Finding out how they maintain contact in the mobile world of the pack ice 
is one object of the research. Some scienti ts believe that they do thi vocally. 
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The walrus has one of the largest of marine mammal vocabularies. Dr. Ray's

group hope, with the aid of acoustic devices, to shed more light on this char-

acteristic.

The scientists also plan to use telemetry to look at the undersea environment

of the walrus. By attaching telemetry transmitters to some of the animals, they

can track their daily dives to the bottom for food. The team will then use the

submersible to examine closely the particular localities on the seafloor where the

walrus feed. They hope also to observe the walrus in their undersea habitats.

Although marine mammals are more abundant in the Bering Sea than in

any comparable area on earth, knowledge of many of them is fragmentary owing

to the difficulty of access and rigorous climate. The walrus has been chosen as

the first object of major study by this International Biological Program project

because of the comparative ease with which it may be studied on and under the

sea ice.

The Pacific walrus is a renewable resource of international importance, cur-

rently utilized only by subsistence hunters in coastal Alaska and northeastern

Siberia. It is also potentially vulnerable to more intensive exploitation on sea

ice on the high seas.

Cooperating in the study is the Alaska Department of Fish and Game and,

for the telemetry, the Naval Undersea Research and Development Center.

Investigators on the project, in addition to Dr. Ray, are Dr. Robert Barsdate,

Sam Stoker, Michael Gottschalk, and E. H. Miller of the University of Alaska;

Dr. Francis H. Fay of the U.S. Public Health Service; and Steven D. Suit,

Johns Hopkins University. Participating personnel from Perry Oceanographies,

Inc., are Mike Adams, E. J. Michaud, and William Barton, Jr. Michael Sparling

of Ocean Applied Research, Inc., will operate the telemetry.

NOAA support for the project is provided through the Manned Undersea

Science and Technology (MUS&T) program, whose objective is to support

both science and improved technology in undersea operations.
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The walru ha one of the large t of marine mammal vocabularie . Dr. Ray's 
group hope with the aid of acou tic device , to shed more light on thi char­
acteri tic. 

The cientist al o plan to use telemetry to look at the under ea environment 
of the walru . By attaching telemetry transmitter to ome of the animal , they 
can track their daily dives to the bottom for food. The team will then use the 
ubmer ible to examine clo ely the particular localities on the eafloor where the 

walrus feed . They hope al o to observe the walrus in their undersea habitat . 
Although marine mammal are more abundant in the Bering Sea than in 

any comparable area on earth, knowledge of many of them is fragmentary owing 
to the difficulty of acce and rigorou climate. The walru has been chosen a 
the fir t object of major study by thi International Biological Program project 
because of the comparative ea e with which it may be tudied on and under the 
ea ice. 
The Pacific walru i a renewable re ource of international importance, cur­

rently utilized only by ub i tence hunter in coa tal Alaska and northea tern 
Siberia. It i al o potentially vulnerable to more inten ive exploitation on ea 
ice on the high eas. 

Cooperating in the tudy i the Alaska Department of Fish and Game and 
for the telemetry, the Naval Under ea Re earch and Development Center. 

lnve tigators on the project , in addition to Dr. Ray , are Dr. Robert Bar date 
Sam Stoker, Michael Gott chalk , and E. H. Miller of the University of Ala ka· 
Dr. Francis H. Fay of the U.S. Public Health Service· and Steven D. Sult, 
John Hopkin Univer ity. Participating per onnel from Perry Oceanographic , 
Inc., are Mike Adam , E. J. Michaud, and William Barton, Jr. Michael Sparling 
of Ocean Applied Research , Inc. , will operate the telemetry. 

NOAA upport for the project i provided through the Manned Undersea 
Science and Technology (MUS&T) program, who e objective to support 
both cience and improved technology in under ea operation . 
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