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Editor’s MessageMESSAGE
EDITOR’S

Here we are at the last issue of the RCAFJ for 2014—my how time flies when you are having fun! As 
we close out the year, it amazes me just how busy the Royal Canadian Air Force (RCAF) is. In addi-
tion to our regular duties (often overlooked by the general public and press, yet extremely important), 

we participated in Operation ASSURANCE in Europe and joined the North Atlantic Treaty Organization’s 
Baltic Air Policing (BAP) mission. On a more sombre note, RCAF personnel find themselves once again 
engaged in combat operations in the Middle East; if memory serves me, this is the fifth time Air Force men 
and women have gone to “war” in the last twenty-five years. I often wonder if the individual(s) who coined 
the phrase “peace dividend” back in the early 1990s ever imagined that one of the “dividends” would be 
living in a more complex and, in some ways, more dangerous world.

To better deal with domestic and global challenges, the RCAF embraced, not always willingly, a culture 
of adaptability. We adapted to organizational, technological and operational imperatives in order to get the 
job done. I purposely use the word “adapted” rather than the current 21st-century buzzword “transformed,” 
as the latter implies a more permanent state that I am not sure has been achieved yet. In many ways, this is 
still the RCAF that I joined almost 40 years ago, and while I might applaud the continuity with respect to 
our heritage and traditions, it does make one think about the feasibility of institutional change.

In November of this year, the RCAF sponsored an Air Power Symposium at the Canadian Forces 
College, Toronto. The overall theme was an examination of technological change, in the near to midterm, 
and how it might impact the application of air power from a Canadian perspective. Although there were a 
number of excellent presentations, it was a discussion with Dr. Sanu Kainikara, from the Australian Air 
Power Development Centre, that really gave me pause. A former Wing Commander (Lieutenant-Colonel) in 
the Indian Air Force, Kainikara is a prolific writer on air-power topics. During our chat, he made the point 
that air forces may be spending too much time mesmerized by fifth-generation technology and not applying 
enough intellectual capital to what constitutes a fifth-generation air force. In other words, what cultural, 
organizational, recruiting, training, education, doctrinal, logistical and expeditionary issues, to name but a 
few, need to be addressed PRIOR to acquiring future technology to maximize its potential. I invite you to 
give it some thought, put finger to keyboard and let me know what you think would constitute a fifth-gener-
ation RCAF. If we get enough material, perhaps we can dedicate an entire issue to the RCAF of the future.

Speaking of the near future (i.e., the next issue), there seems to be a dearth of book reviews coming my 
way. So should Santa, or a gift-giving member of your family, provide you with reading material, please 
take a moment to send us a short piece on what you found to be good, or bad, about the book. If nothing 
else, it will provide me with ideas that I can pass on to my daughters when they ask that eternal question, 
“Dad, what do you want for Xmas?”

Enjoy the read. 

Sic Itur Ad Astra

Major William March, CD, MA
Senior Editor

Abbreviation
RCAF Royal Canadian Air Force
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Letters to the EditorLETTERS
TO THE EDITOR
Maj March,

First an introduction. My name is Major Dwight Bazinet, and I’m currently posted to 
Helicopter Operational Testing and Evaluation Flight, 12 Wing Shearwater, as the Tech-
Lead for Royal Canadian Air Force (RCAF) Project 91, a prototype development to ensure 
operational relevance of the Sea King until retirement, while using the Sea King as a lead-in 
for the Cyclone as much as possible. I have done tours at North American Aerospace Defence 
Command, notably as a member of the Bi-National Planning Group, and at North Atlantic 
Treaty Organization (NATO) Air-Ground Surveillance (AGS) and J2 Targeting, both of which 
have given me insight into command and control (C2).

Although correct as far as it goes, the subject article1 is misleading in its incompleteness. 
The issue is summed up in the following quote: “It is the responsibility of RCAF leadership at 
all levels to ensure the message of effective C2 of air power in joint/combined operations is best 
served by the ACC [air component commander] / AOC [air operations centre] concept.”2 This 
very much echoes the views of the United States Air Force, Air Component Command (ACC) 
Ramstein, the Royal Air Force, etc. but not those of the United States Navy (USN), Maritime 
Component Command (MCC) Northwood, the Royal Navy and various land components, 
including Special Operations Component Command (SOCC). C2 as described in the article 
ignores the issues of coordination with other component commands (CCs) who also have 
organic air and/or assigned air assets. It is an air-force-centric view of C2 not a joint view.

Within the constraints of domestic operations, C2 as described in the article may function; 
although from experience, maritime air was much more effective when assigned, in effect, 
to a maritime air operations centre (MAOC) attached to maritime air group. For major joint 
operations, C2 as described in the article breaks down. The larger picture was most apparent 
to me when in NATO AGS and trying to rewrite the C2 part of the concept of operations; ACC 
Ramstein believed they should always have full C2 but did not understand how to effectively 
employ AGS as a maritime-surveillance platform, to the point they didn’t even want it to do it.

The misunderstanding of C2 was apparent to me in NATO, where ACC Ramstein did 
not understand the role of MCC Northwood’s MAOC, that the MAOC did have air assets 
under control (the NATO maritime-patrol-aircraft pool), and the purpose of the maritime air 
coordination element (MACE) and land air coordination element (LACE). They also did not 
understand the role of organic air. At the division level and above, land air assets stay under the 
C2 of the land commander, and naval air elements stay under the C2 of the naval commander. 
This is for unity-of-command purposes.
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What this also means is that MCC / land component command (LCC) controlled assets 
can be chopped to the ACC for a given task and duration. Equally, ACC-controlled assets can 
be chopped to the MCC/LCC in the same way. The air tasking order is not just a way for the 
ACC to task their assigned assets; it is also a coordination tool with the MCC/LCC (through 
the MACE to the MAOC and the LACE to land organic air assets) and adjacent theatre ACCs, 
MCCs and LCCs. SOCC aviation is also dealt with differently, so coordination is required 
there as well.

The leadership of the RCAF does have to ensure knowledge of the ACC / combined air 
operations centre (COAC) concept, but they also need to understand and impart how the other 
CCs fight their battle, including how they use air power.

Respectively,

Maj Dwight Bazinet

Abbreviations
ACC air component commander / air component command
AGS Air-Ground Surveillance
C2 command and control
CC component command
LACE land air coordination element
LCC land component command
MACE maritime air coordination element
MAOC maritime air operations centre
MCC maritime component command
NATO North Atlantic Treaty Organization
RCAF Royal Canadian Air Force
SOCC Special Operations Component Command

Notes
1. Major Pux Barnes, “The JFACC and the CAOC-Centric RCAF: Considerations for the 

Employment of Air Power in Joint Operations,” Royal Canadian Air Force Journal 3, no. 3 
(Summer 2014).

2. Ibid., 18.
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Active Space-Debris Removal an 
InevitabilityBy Major Nathan Arleigh Burgess, MA

The box office hit Gravity, starring Sandra Bullock and George Clooney, provided the 
general public great insight into a very serious problem that is developing in outer 
space—namely, the accumulation of hazardous space debris in Earth orbit. The film 

portrays the devastating effect of the rapidly moving space debris on spacecraft, made even 
more horrifying when these spacecraft are occupied by astronauts. Some may wonder if the 
movie exaggerated the severity of the space-debris situation. In truth, the space-debris situation 
in Earth orbit has passed the “tipping point,” thus requiring active debris removal in order to 
ensure Earth orbits remain useable.

Space debris is defined as “manmade objects in space that are no longer in use.”1 This debris 
has been accumulating since man first started operating in space in the late 1950s. “These objects 
[i.e., space debris] include non-operational spacecraft, derelict launch vehicle stages, mission-
related debris, and fragmentation debris.”2 Mission-related debris, which is created during the 
launch/deployment process, includes “items such as sensor and engine covers, straps, springs, 
and yo-yo despin weights.”3 Fragmentation debris is comprised of fragments from defunct 
rocket bodies and spacecraft which are the product of explosions or collisions.4 Fragmentation 
debris comprises the majority of the space-debris population. “According to NASA [National 
Aeronautics and Space Administration], 42 percent of total extant debris is fragmentation debris 
(resulting primarily from the break-up of satellites), 22 percent is non-functional spacecraft, 
19 percent is mission related debris, and 17 percent is rocket bodies.”5
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Space debris comes in varying sizes, ranging from diameters of less than 1 centimetre (cm) 
to full-size defunct spacecraft.6 Space debris less than 1 cm in diameter is usually mitigated 
using shielding and orientation.7 As a result of tremendous impact speeds, up to 15 kilometres 
per second (km/s) in low earth orbit (LEO), space debris 1 cm in diameter can potentially damage 
or even destroy a satellite, and debris 10 cm or larger will most likely have a catastrophic effect 
on spacecraft.8 Furthermore:

debris as small as 10 cm in diameter carries the kinetic energy of a 35,000-kg [kilogram] 
truck travelling at up to 190 km [kilometres] per hour. While objects have lower velocities 
in Geostationary Earth Orbit (GEO), debris at this altitude is still moving as fast as a 
bullet—about 1,800 km per hour. No satellite can be reliably protected against this kind 
of destructive force.9

Debris 10 cm in diameter or larger is currently tracked by space surveillance; however, 
debris between 1 cm and 10 cm is not tracked and, thus, represents an undetectable threat to 
spacecraft. There are currently 21,000 pieces of tracked space debris 10 cm in diameter or 
greater. Additionally, there are an estimated 600,000 pieces of debris between 1 and 10 cm and 
100,000,000 pieces between 0.1 cm and 1 cm in Earth orbit.10 This debris can persist from a 
few days to indefinitely, depending on gravitational and non-gravitational factors such as solar 
activity, altitude and corresponding atmospheric drag.11 At low altitudes, debris is eventually 
pulled into the Earth’s atmosphere where most of it is burned up upon re-entry. Debris 10 cm 
in diameter at an altitude of 200 km or less will only persist for a matter of days, whereas the 
same debris at an altitude between 200 km and 600 km can last for years. Debris can persist for 
hundreds of years at altitudes above 600 km and indefinitely at altitudes above 36,000 km (GEO).12

In addition to debris persistence, there is the Kessler syndrome, whereby space debris collides 
with other space debris or objects (e.g., functional satellites), creating more space debris, thus 
increasing the likelihood of further collisions.13 This leads to a self-propagating space-debris 
situation. The result of debris persistence combined with the Kessler syndrome is that LEO has 
become dangerously “polluted” with space debris.

The growing space-debris population has increased the likelihood of collisions with spacecraft. 
For example, the International Space Station (ISS) has had to make avoidance manoeuvres, to 
avoid catastrophic collisions with space debris, on average once per year.14 On one occasion, a 
crew of six was ordered to evacuate the ISS and take refuge in two Russian Soyuz spacecraft 
until the threat passed; the debris was detected too late to perform an avoidance manoeuvre. 
“The two Americans, three Russians and one Japanese astronaut spent a nerve-racking half an 
hour before mission control gave them the all clear.”15 Recent studies have indicated that the 
space-debris population in LEO has now reached a level whereby the population of debris will 
continue to increase even if no further debris is added.16

This has led most space experts, including the Inter-agency Space Debris Coordination 
Committee (IADC),17 to determine that the only option is to intervene and prevent this cascading 
effect by removing space debris from LEO.18 Within LEO, certain areas are particularly polluted 
with space debris; studies have determined that the LEO regions with the highest space-debris 
mass and collision probability are the 600-km, 800-km and 1000-km regions. These regions 
are mostly comprised of large defunct spacecraft and rocket bodies with a high probability of 
collision, which could further increase the debris population.19 These represent a logical target 
for active debris removal.20 NASA simulations estimate that the removal of two large objects 
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(such as a defunct spacecraft or rocket body) per year, starting in 2020, would slow the debris 
population growth by 50 per cent. If five objects are removed per year, the debris population 
can be maintained at, or slightly above, current levels for the next 200 years.21 Of course, if 
the objective is to ameliorate the situation, more than five objects per year would have to be 
removed. Given the uncertainty and possibility of future collision events, it would be wise to 
err on the side of caution and remove more than five objects per year.22

These particularly “polluted” regions of LEO are of great concern to the Royal Canadian 
Air Force (RCAF) and the Canadian Armed Forces (CAF). Many of Canada’s military space-
based capabilities are provided by LEO satellites. For example, Canada’s first dedicated military 
satellite, Sapphire, resides in LEO. Sapphire provides space situational awareness (SA) to the 
CAF and United States (US) military, as a contributing sensor to the US’s space surveillance 
network (SSN). Sapphire tracks space debris and operational satellites in Earth orbit. This 
space SA data supports the RCAF’s North American Aerospace Defence Command (NORAD) 
responsibility to provide aerospace warning for North America.23

Canada’s RADARSAT 2 satellite, which provides remote sensing capabilities in support 
of the CAF, also resides in LEO. RADARSAT 2 provides, inter alia, Arctic and maritime ship 
detection as well as environmental sensing in support of Canadian security operations. The 
RADARSAT Constellation Mission (RCM), the follow-on to RADARSAT 2, will also reside in 
LEO. Due to launch in 2018, RCM will provide maritime domain awareness, a ground-moving-
target-indicator (GMTI) capability and an automated identification system (AIS)24 capability 
for ship identification.

The CAF also uses commercial satellite imagery in support of military operations via the 
Joint Space Support Team (JSST). The JSST provides SA data to commanders through their 
Unclassified Remote Sensing Situational Awareness (URSA) system. Commercial imagery 
satellites also reside in LEO.25

Finally, Canadian search-and-rescue-satellite (SARSAT) payloads also reside in LEO. 
SARSATs can detect emergency beacons at sea, in remote forests and in the Arctic region. 
Canadian SARSAT capabilities have been used in thousands of search and rescue operations 
since 1982 and have been “instrumental in the rescue of over 24,000 lives worldwide.”26 The 
loss of these military space capabilities as a result of an over-polluted LEO region would be 
detrimental to the CAF as well as Canadian safety and security.

Now that the debris population has reached a critical level in LEO (and most experts 
agree that active debris removal is required), space-faring nations and the international 
community must determine how to remove this debris from outer space, who will pay for 
it and how this will be regulated. There are a number of active debris removal techniques 
under exploration, ranging from space-based robotics systems to ground-based “contact-less” 
systems.27 Space-based robotics systems require a chaser or servicing vehicle that can be 
used to: 1) manoeuvre orbitally; 2) rendezvous with space debris; 3) capture the space debris; 
and 4) transfer the captured space debris to a graveyard orbit or to a lower orbit for re-entry 
into the Earth’s atmosphere.28

Such a chaser vehicle could be designed using conventional spacecraft and propulsion 
technologies; however, some studies are examining alternatives, such as using modified upper 
stages of launch vehicles as chaser vehicles. The upper stages of launch vehicles are normally 
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discarded as debris during the launch process, therefore, comprising a significant portion of 
large debris objects in Earth orbit. Modifying the upper stages of launch vehicles to become 
a chaser vehicle has the added benefit of preventing further debris build-up, while helping to 
remove extant space debris. This would allow the removal of one large piece of space debris 
after each launch and at a reduced cost when compared to conventional vehicles.29

These modified upper stages of launch vehicles could be equipped with electro-dynamic 
tether (EDT) propulsion systems rather than conventional propulsion technologies. An EDT is a 
long conducting wire that is attached to a spacecraft; the wire “can operate on electromagnetic 
principles as generators, by converting their kinetic energy to electrical energy, or as motors, 
converting electrical energy to kinetic energy.”30 In other words, this is a propellant-less 
propulsion system that uses the Lorentz force which results from the interaction between the 
Earth’s magnetic field and the conductive tether. “The main advantage of the EDT for space 
debris removal is that it does not require propellant. This reduces cost and improves reliability 
of in-space propulsion and operations.”31

 In addition to determining an appropriate chaser vehicle and propulsion system, there are 
various capturing-technique options. These capturing techniques can be categorized as pulling, 
pushing and contact-less.32 Pulling techniques use items such as throw nets and harpoons. 
Pushing techniques utilize robotic arms with clamping mechanisms. Contact-less techniques use 
technologies such as ion beams, dust, lasers, foam or air bursts to exert a force on space debris.

“One of the most promising techniques for actively controlling debris during re-entry or 
re-orbiting is to attach a tether to it and pull it.”33 Using a tether allows for capturing options 
that can handle target space debris of any shape, attitude or spin rate. This removes the very 
difficult requirement to dock with a rapidly moving/spinning target. In 2012, the European Space 
Agency (ESA) studied the use of throw nets to capture space debris.34 “The idea is simple, a net 
ejector mechanism ejects a net from a canister. The net is pulled open by the inertia of a number 
of corner masses that have a high mass relative to that of the net as well as a radial velocity.”35 
The masses at each corner of the net36 would be ejected outward at an angle (e.g., 30 degrees) 
to the centre of the net, thus forcing the net to open. Their simulations demonstrated that the 
net would passively wrap around the debris, fully securing the target. “However, while the 
simulations show that a fully passive net closure is likely to be sufficient, it is also possible to 
implement a simple closing mechanism consisting of winches in two of the corner masses and a 
thread between them.”37 Once the target debris is secured with the net, the chaser vehicle would 
pull the debris to a graveyard orbit or back towards the Earth for re-entry. ESA has determined 
that throw nets are “a very promising capture mechanism that could work … [for] a large range 
of target sizes, shapes, attitudes and spin rates.”38

Another tethered option is using a harpoon to capture space debris. Harpoons have many 
of the same advantages as a throw net; however, there are a few potential concerns. These 
concerns include the ability of the harpoon to penetrate satellite material, the anchor strength 
once penetration is achieved, and the potential creation of more debris through fragmentation. 
Initial testing has demonstrated promising results, and none of these initial concerns were 
identified as “show-stoppers.”39

One drawback of pulling techniques is that the thruster plume is directed towards the 
tether and net, thus requiring the use of a heat-resistant material, such as Zylon, on the portion 
of the tether that is exposed to the thruster plume. “Thermal failure of the Zylon tether is 
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predicted [upon re-entry] at 74 km altitude.”40 Zylon is tough enough to withstand the thruster 
plume but weak enough to burn up upon re-entry into the atmosphere, therefore posing no 
risk to humans.

Pushing technologies include the use of robotic arms or tentacles with some form of 
grappling device at the end to grab the space debris.41 Pushing techniques are inherently difficult 
during the rendezvous and capture phases of the mission, since they require great precision, 
especially when dealing with a rapidly moving, tumbling object. Inaccurate sensors could lead 
to fragmentation of the debris or to a collision between the chaser vehicle and the debris. Once 
the debris is fully secured, the chaser vehicle and attached debris would propel (i.e., push) 
forward up to a graveyard orbit or towards the Earth for re-entry.

An issue that is common to both pushing and pulling techniques is the risk of the explosion 
of debris energy stores.42 Some nations, such as France, have recently developed regulations 
to ensure the passivation of all future spacecraft at end of life.43 Passivation is the depletion of 
all on-board sources of stored energy in a spacecraft. Energy is stored in batteries, pressurized 
tanks and propellant tanks. Unfortunately, extant space debris was not subject to regulations 
requiring passivation; therefore, there is a risk of explosion when attempting to capture this 
debris. Fortunately, “propellant tanks are located inside the central cylinder and are therefore 
well protected from e.g., [sic] clamping mechanisms.”44 Harpoons, on the other hand, which 
penetrate into the body of the debris, must be carefully targeted so as not to strike a tank. 
There is also the risk that a throw net or grappling mechanism could break off a thruster, 
causing propellant leakage. Fortunately, the propellant valve is located upstream of the nozzle 
and flange, meaning that the valve would remain uncompromised even if the thruster, nozzle 
and flange broke away. Since the valve controls the flow of propellant, the propellant would 
remain in the tanks. From a passivation perspective, the throw net represents the lowest risk 
for an explosion.

A shared advantage of pulling and pushing techniques is the ability to control the re-entry. 
This is particularly important when dealing with large objects that are likely to survive re-entry 
into the Earth’s atmosphere, thus endangering human lives and property on the surface of the 
Earth. Overall, studies involving pulling and pushing techniques show promise.45

In addition to pulling and pushing techniques, there are numerous contact-less techniques 
(ion beams, dust, lasers, foam or air bursts) for space-debris removal, “even though the term 
is not entirely accurate.”46 One study undertaken by the ESA and the Universidad Politécnica 
de Madrid is the ion-beam shepherd (IBS) concept. The concept involves directing the plasma 
from an ion-beam thruster towards a piece of space debris, thus exerting a force.47

During a typical mission profile the IBS would rendezvous with the target debris and, 
while co-orbiting at constant distance have one of its ion beams constantly pointed at its 
surface to produce a small continuous drag force while the other ion beam would point 
at the opposite direction to keep the relative distance constant. This way the IBS can be 
used to remotely manoeuvre space debris without physical contact (docking), and can 
be repeated for multiple targets.48

It is highly advantageous that this technique can be used for multiple targets. Studies show 
that this technique is a very promising option with no show-stoppers. A similar concept using 
chemical thrusters instead of ion-beam thrusters is also under consideration.
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Another concept under investigation is the use of expanding foam. Similar to the IBS 
concept, the chaser vehicle would have to rendezvous in close proximity to the space debris 
prior to spraying it. The foam would subsequently expand and remain stuck to the debris so as 
not to create further debris. “The underlying principle of the method is to increase the area-to-
mass ratio of debris in sufficiently low earth orbiting debris in order to increase their natural 
atmospheric drag and thus substantially decrease their natural orbital lifetime leading to their 
natural re-entry.”49 An alternative delivery method is to embed the foam into future spacecraft as 
a preventative measure. Of course, this foam technique would only work in lower altitude orbits 
where there is sufficient atmospheric drag to allow for re-entry within a reasonable amount of 
time. Studies indicate that a one-ton (907-kg) piece of space debris could be de-orbited from a 
900-km altitude within 25 years, demonstrating great promise.50

The use of air-burst vortex rings offers another possibility.51 “The concept uses an air burst 
mechanism to place air molecules in the path of space debris, inducing a drag force which lowers 
orbital trajectory until intersection with the atmosphere.”52 One possible implementation would 
use a ground-based system to fire an air vortex into space. “LEO debris encountering this air 
burst would undergo a drag force from the increased ambient density, perturbing its orbit to the 
point of intersection with the atmosphere. Drag forces would then continue negative acceleration 
of the material until deorbit is achieved.”53 This ground-based implementation would require 
a lot of energy; however, it would be logistically simple.

Alternatively, a rocket could be used to carry an air-burst payload into orbit. This would 
be logistically complex relative to the ground-based option; however, it would reduce “energy 
costs associated with the initial burst and propagation.”54 The use of air bursts is considered 
very safe in terms of the risk of accidentally creating more debris. Even if a failure occurred, 
“the systems themselves cannot produce more debris as they never reach orbit.”55

The United States Naval Research Laboratory is studying the use of dust to remove space 
debris. A rocket would be used to carry a dust payload into the path of the target debris.

The debris population is engulfed by the dust cloud, experiencing enhanced drag and 
results in the loss of debris altitude. The debris population descends to an altitude … [at] 
which Earth’s natural drag is sufficient to force reentry within a desired time. The dust 
cloud also descends under gravity and re-enters the atmosphere.56

Tungsten dust is a prime candidate due to its high density, abundance and relatively low cost.

A ground-based laser also has potential as an active debris-removal element. Lasers could 
be used to remove both large and small pieces of debris. “LODR [laser orbital debris removal] 
uses the impulse generated by laser ablation of the debris surface by a focused, pulsed ground-
based laser to change the debris orbit and cause it to re-enter the atmosphere. We use a telescope 
to focus the laser down to a 30 cm diameter circle on a target 1000 km away.”57 The technique 
does not create more debris because “only a few nanometres of surface are vaporized and the 
object is not melted or fragmented by the gentle ablation pulse.”58 The lasers and telescopes 
required for such a mission now exist, making this a feasible option.

Space debris in Earth orbit is a problem necessitating intervention in the form of active 
debris removal. Potential active debris removal techniques—including pulling, pushing and 
contact-less—are being explored. While further analysis is required, initial studies at various 
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institutions around the globe indicate very promising results. The technical feasibility of active 
debris removal, however, is only part of the challenge that lies ahead. Perhaps of equal or greater 
difficulty are the regulatory, economic, political and legal challenges related to active debris 
removal. These areas require further examination as part of a broader effort to understand 
global space-governance requirements. 
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Introduction

The Aerospace Telecommunications Engineering Support Squadron (ATESS) is an 
organization within Canada’s Department of National Defence (DND). ATESS provides 
a wealth of engineering products and services to partner organizations within DND, 

including engineering analysis as well as design and production of aerospace equipment. 
Support was provided by ATESS during an operational test and evaluation (OT&E) of the CH146 
Griffon helicopter in 2009 and again 2010 in partnership with the Canadian Forces Electronic 
Warfare Centre (CFEWC), Land Aviation Test and Evaluation Facility and the CH146 Weapon 
System Manager. Members of ATESS assisted with the design and installation of electrical and 
mechanical assemblies for the United States Department of Defense Advanced Range Data 
System (ARDS), a system that provides precise time-space-position information or flight-path 
data during aircraft operational trials. Flight-path data was required by exercise personnel to 
determine position and orientation of the aircraft during each flight, both from a safety and 
range-control perspective in addition to post-flight assessment of aircraft manoeuvres.

By Major Eric North, 
Second Lieutenant Ben Frans, 

Second Lieutenant Jolanta Matusewicz, 
Maria Correa, and Colton Harrison-Steel
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While on-board navigation systems provided aircrew with situational awareness during 

each mission, the feature to record and obtain flight-path data was not easily available. Flight-
path recording systems included with ARDS were costly and required special arrangements to 
be made for use in Canadian aircraft and for use in a limited geographical area. Furthermore, a 
number of ground-based stations and terminals needed to be in functional condition and fully 
operational during trials.

Upon return to Canada, members from ATESS spoke with colleagues in CFEWC to assess 
the viability of a smaller, low-cost version of ARDS that can be installed in Royal Canadian Air 
Force (RCAF) aircraft for missions in both domestic and deployed operations.1 Portions from 
the above review, along with discussions between team members regarding flight-path playback, 
resulted in the development of a prototype system in addition to a smaller, lighter demo system 
and a suite of software tools for logging and displaying flight-path data. The hardware for both the 
prototype and demo systems was self-powered, cost less than $5000, and operated independently 
of flight-data recording systems and data-links. The prototype was treated as a “modification-
free” aircraft mission kit with the possibility for installation at a number of different flight-station 
positions on multiple aircraft, both in Canada and abroad. Hardware for the prototype and demo 
systems included the MTi-G by XSens: a small attitude and heading reference system (AHRS) 
and global positioning system (GPS) employing micro-electro-mechanical-system technology 
and capable of supporting applications for moving vehicles. The software suite consisted of 
a variety of commercial and open-source programs. Using open-source software, the authors 
implemented a toolset used to analyse data from several trajectories in support of the project. 
Using the methodology presented earlier, results from land-vehicle experiments from a GPS 
were used to validate sensor outputs of an integrated GPS / inertial measurement unit (IMU). 
This validation was necessary to ensure correct operation of the GPS/IMU during subsequent 
airborne experiments. Also included in the software suite was a set of modifications developed 
by the team to an open-source flight simulator called FlightGear. With this software, users 
could log trajectories, analyse their data, and then display the resultant flight paths in a virtual 
environment, complete with custom map overlays.

Applications for Bluejay include post-mission analysis of flight paths and regimes in 
several training environments such as RCAF pilot training, including phase I primary, phase II 
basic, and phase III helicopter/multi-engine. Other potential applications include: OT&E with 
applications in electronic warfare; flight-path characterization for use by Director Flight Safety 
in conducting accident investigations; engineering test and evaluation, review and refinement 
of aerobatic demonstrations; and airborne tactics as well as other manoeuvres.

The outline of this paper is as follows: The Experiments section provides a description of 
the hardware and software used in the project in addition to a description of the experiments; 
the Results and Discussion section presents the findings from experiments; and the Conclusions 
section wraps up the discussion and outlines future work.

Experiments
Two hardware variants were developed in support of this project: (1) a prototype consisting 

of a metal enclosure, sensors, processor and other components suitable for installation in aircraft 
and (2) a demonstration system consisting of portions of the internals of the prototype system 
in a much smaller, lighter configuration. The following sections provide details on both the 
prototype and demo systems for Project Bluejay.
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Prototype System
Hardware for the prototype system for Bluejay consisted of position and attitude sensors 

in addition to a power source and miniature computer. An XSens MTi-G AHRS/GPS was 
used as the primary sensor for position and attitude, while a GlobalSat DG-100 GPS receiver 
provided the vehicle’s position as a secondary sensor to validate some of the outputs from the 
MTi-G during land-vehicle experiments. This equipment was housed in an enclosure suitable 
for use in aviation, with switches, circuit breakers, and connectors for internal and external 
power as well as provision for external antennas and communications with a host computer. 
Fasteners, construction material, wiring, switches, interconnects, and other components were 
selected based on their availability, compliance with aerospace standards as well as being safe-
for-flight. The enclosure was constructed with a removable lid in addition to a small door to 
facilitate access to data storage ports and other connectors on the miniature computer. Owing 
to versatility of design, the enclosure can be mounted in an aircraft at various flight-station 
positions using tie-downs or an adapter plate affixed to either the cabin floor or other suitable 
structure. The prototype system is shown in Figures 1 and 2.
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Figure 1. Diagram of prototype hardware for Bluejay2
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Figure 2. Exploded view of prototype enclosure

Demo system
A demonstration (demo) system was developed in response to requirements to conduct air 

vehicle tests using a small remote-control (RC) aircraft. Compared to the prototype, the demo 
system (shown in Figure 3) used a much smaller power supply along with a smaller single-board 
computer (SBC). The SBC was equipped with a processor architecture that differed from the 
prototype system but was compatible with Debian-based Linux, the chosen operating system. 
Instead of being mounted inside an enclosure, the MTi-G and GPS antennas were mounted 
external to the aircraft on an adapter plate conforming to the upper camber of the wing. The other 
components, including SBC and power source, were installed using available space within the 
fuselage of the aircraft aft of the engine compartment. Upon completion of flights, a data transfer 
cable was connected to the SBC to transfer logged data to the host.
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Figure 3. Demo system hardware for Bluejay3

Data collection
Software for Bluejay is divided into three categories: data collection, analysis and display. 

Software for data collection resided in an embedded computer in both the prototype and demo 
systems, running on a Linux kernel with low central processing unit overhead. It was designed 
to be flexible, script-based, with provision to support multiple sensors. The embedded computer 
can be configured to run in stand-alone mode in addition to being networked with a host for 
debugging and transfer of sensor logs. There is a time synchronization feature to enable all 
sensors and the computer to share a common coordinated universal time “time-stamp” available 
from the GPS of the MTi-G. Users have the ability to extract data from a secure digital memory 
card post-flight. Alternatively, a direct connection via Ethernet can be made to a host to transfer 
the logged data. A depiction of the data-flow sequence for Bluejay is shown in Figure 4.

Analysis tools
Analysis software was written in SciLab and was used to post-process data from sensors. 

SciLab is cross-platform and open-source; it contains many useful features, including correlation, 
de-noising, and provision for coordinate system transformation in addition to plotting and other 
analysis tools. The following paragraphs outline a portion of the tool-set developed by SciLab 
in support of Project Bluejay.

In the absence of a reference solution for attitude (pitch, roll, and yaw), data obtained from 
GPS can be used in a rudimentary and trivial fashion to estimate vehicle heading in addition 
to pitch.4
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This calculation for pitch can be used to quickly assess performance of an AHRS/GPS such 
as the MTi-G; however, low-pass filtering and/or moving average may be required to attenuate 
sensor noise from the GPS. In addition, it must be applied carefully, given the low update rate 
of the GPS along with assumptions, including absence of side-slip and other vehicle dynamics. 
The calculations can be used in certain situations for sign correction and estimation of values in 
pitch for course assessment in sensor quality, particularly for the MTi-G in confirming that an 
appropriate scenario for extended Kalman filtering is used. Other sensors employing integrated 
GPS/IMU with data fusion may also benefit from this simple calculation (e.g., in the absence of 
a reference solution and where parameters of the data fusion must be tuned, particularly when 
the quality of the attitude outputs is in doubt).

Depending on start-up configuration in addition to clock source for each sensor, the 
time-stamps of multiple sensors may not be properly aligned with respect to each other. One 
approach to determining the difference(s) between the time-stamps of multiple sensors is to 
visually compare like outputs of sensors using plotting tools. At least two attempts are then 
made to physically match certain features of these outputs, noting how far away each feature 
in the output of one sensor is with respect to the same feature in the output of the other sensor. 
This method is adequate if, for instance: (1) the number of sensors to be compared is small; 
(2) there exists a large degree of similarity in the outputs of a sensor with respect to the like 
outputs of the other sensors; (3) features in the output of each sensor are easily recognizable 
using visual cues such as steep transitions from one data point to the next; (4) imprecision 
in aligning time-stamps can be tolerated; and (5) the difference between time-stamps of two 
or more sensors remains constant over the entire data-set from each sensor for the given 
experiment.6 In view of the above considerations, the authors opted to take a moderately 
robust approach available from the literature for digital filtering to determine the time lag 
between the MTi-G and DG-100 during land-vehicle experiments. There may be opportunity 
for this approach to be further generalized depending on the type of sensors used in a given 
application, noting that it may be of utility for certain designs involving sensor networks. 
By-products of the approach include: the ability to determine the similarity in time offsets 
across all data obtained from two sensors (i.e., similarity as a measure of the extant of 
variation in time offsets for all minimum root mean square [RMS] values); the number of 
occurrences of a given time offset; and the similarity of data between two sensors (i.e., the 
magnitude of all minimum RMS values as a method for determining similarity between data 
from both sensors).

3. SciLab • Smoothing, Orientation and Correction

4. Flightgear • Flight-Path Playback

1. XSens MTi-G • Attitude and Orientation Sensor Data

2. Embedded Computer • Log File
Serial-to-USB

Host Computer
Ethernet

Generic Protocol (playback2.xml)

Bluejay

Figure 4. Data-flow sequence for Bluejay5
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Display and after-action review
The display software allowed users to play back their trajectory data in a three-dimensional 

simulation. It ran on a host processor and was an adaptation of an open-source, platform-
independent simulator known as FlightGear. Other types of software were assessed for purposes 
of playing back trajectory data such as an open-source animation tool called Blender as well 
as Google Earth, Microsoft Flight Sim X and X-Plane. Ultimately, FlightGear was chosen 
due to it being open-source and aviation-friendly with its large library of terrain, aerodromes, 
and aircraft. Additional features such as accurate positioning of aerodromes on the reference 
geoid, ability to connect to a weather server, and possibility for other forms of expansion made 
FlightGear a good choice for Bluejay. The software was ideal for this project as custom map 
overlays were created and superimposed over existing terrain with good alignment between 
raster images and FlightGear artefacts such as aerodromes.7 Control input of the aircraft in 
FlightGear is normally done by an operator, but the software release has provisions for playing 
back flights, which was of interest for this project.

The interface between the log file (generated using Bluejay hardware) and FlightGear was 
straightforward. FlightGear allowed for creation of a custom input protocol also known as a 
generic protocol. A .XML file was written that related the headings in the log file produced 
in-flight with associated properties in FlightGear. The loading process commences before 
running FlightGear. Options are passed to the command line interface to turn off the default 
flight dynamics model. Other parameters were specified including playback speed, location of 
log file as well as selection of a .XML file containing the generic protocol. Once initialization 
was complete, a simulated aircraft followed the path and orientation of the recorded flight 
in time and space. Among other things, playback in FlightGear allowed the user to view the 
recorded flight from a variety of perspectives using various aircraft types selected at start-up.

A patch8 was applied to the FlightGear source code to enable the loading of custom raster 
maps versus FlightGear’s procedurally generated default terrain. Prior to start-up, custom 
maps needed to be transformed into a format supported by the software. FlightGear provides 
support for image files known as tiles in a compressed .DDS image format. These tiles are 

1. User’s geo-referenced map files

2. Convert to geotiff

3. Crop and resize to Flightgear file format

4. Get Flightgear corner index and rename file

5. Compress to .dds

6. Move file to proper Flightgear folder

Using GDAL Software libraries

Python script

Nvidia tool kit using nvcompress

Operating system shell

Figure 5. Process for converting custom map overlays9
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not intrinsically geo-referenced; however, their filename is an index to the geo-referenced tile 
location. A process and a script were created to take the corner geodetic from the initial .TIF 
file and then crop, rename, compress, and transfer the resultant file to the appropriate folder 
in the FlightGear data directories. The process for converting custom map overlays for use in 
FlightGear is shown in Figure 5.

Land Experiments
While hardware for Bluejay was designed for airborne operation, trajectory tests needed 

to be conducted on-ground to assess output from sensors in addition to development of both 
hardware and software. Several land-vehicle experiments were conducted using the GlobalSat GPS 
(DG-100) and XSens GPS/IMU (Mti-G) in a configuration similar to the one shown in Figure 3. 
Once placed inside the vehicle with both GPS antennas having an unobstructed view of the sky, 
the sensors were connected to a laptop for configuration, data-capture, and post-processing. 
The benefit of land-vehicle testing is that it is considerably less expensive than experiments on 
a full-sized aircraft. Several locations close to 8 Wing Trenton were chosen for the land-vehicle 
experiments, including roads north of Highway 401. On-line elevation profiling software called 
VeloRoutes was used to assess trajectories for maximum change in elevation over short distances 
to obtain decent variations in pitch of the vehicle. Once suitable trajectories were identified, 
experiments using both the MTi-G and DG-100 were conducted along chosen trajectories; data 

was logged for post-processing in 
SciLab and eventual display in 
FlightGear. Results from land-
vehicle experiments are available in 
the Conclusions section.

Air Experiments
A decision was made to conduct 

air experiments using a small 
RC aircraft in lieu of a full-scale 
aircraft. The small form-factor and 
low weight of the demo system 
for Bluejay was of great benefit 
during these experiments. A local 
RC flying club was selected as the 
location to conduct tests; flights were 
conducted over a number of calm 
and clear evenings to guarantee little 
to no interference from wind and 
other environmental effects. The 
RC aircraft was equipped with the 
Bluejay demo system in addition 
to a GPS-enabled, high-definition 
(HD) video camera. The HD video 
camera enabled comparison of each 
portion of the flight using the view 
from the cockpit in FlightGear 
during playback. Figures 6 and 7 
depict experimental setup of the 
demo system.

Figure 6. Demo hardware during initial phase of installation

Figure 7. Demo hardware during final phase of installation
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Results and Discussion
Land

Data from the MTi-G and DG-100 used during land experiments was examined using 
the methodology above where the analysis tools are described. Location data obtained from 
the DG-100 was post-processed to provide a mock reference for azimuth and pitch, with 
pitch calculated using a variation of the equation listed in endnote 5. Alignment of data 
from both sensors is presented in Figure 8. Several features in each data-set are apparent:

Both Sensors, Time Lag Applied to Second Sensor DG-100 Azimuth, Calculated
MTi-G Azimuth, Measured
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Figure 8. Data from sensors: (top) Azimuth from sensors; (bottom) Pitch from sensors with time 
correction applied
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1. There is a noticeable gap in data from the DG-100 starting at approximately 
2200 seconds for both data-sets: this was due to a feature of the DG-100 that prevented 
logging of data while the vehicle remained motionless for several minutes.

2. While most of data-set 1 for both sensors appears to be closely matched, there were 
several portions of data-set 2, in particular between 1050 and 2050 seconds, where 
outputs from the MTi-G were not matched with pitch calculated using the DG-100 
due in part to modelling errors using the equation in endnote 5.

3. Of importance is that the authors were able to employ rudimentary time-delay 
estimation and were able to determine an appropriate time offset between sensors 
for both data-sets, despite taking a simplified approach to modelling pitch using 
data from the DG-100.

Air
Upon successful completion of flights, data captured using the demo system was transferred 

to a host via Ethernet and post-processed using software, and this post-processed data was then 
passed to FlightGear for visual analysis. Simulated flight-paths in FlightGear were compared 
with a program showing video captured using the HD video camera during flights. Results from 
air experiments showing comparison of HD video versus simulated view using the FlightGear 
cockpit perspective are available in Figures 9, 10, and 11.

Figure 9. Comparison of HD video camera with view from cockpit in FlightGear. Aircraft 
is engaged in a slight turn to the left along with introduction of a small amount of left roll.

Figure 10. Comparison of HD video camera with view from cockpit in FlightGear. Aircraft 
engaged in left roll.
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Figure 11. Comparison of HD video camera with view from cockpit in FlightGear. 
Aircraft engaged in large left roll.

The left-side in each of the above figures is a still image from an HD video taken during 
testing of the demo system on-board the RC aircraft. The right-side image is a screenshot of 
the FlightGear playback of the same flight. In this image, there is actually a higher-definition 
map overlaid on the custom topographic map to facilitate referencing of landmarks between 
both still images. The results were effective, as the blue roof of a nearby barn provided a good 
reference between all sets of images. There is also a very distinct cleared area that appears grey 
on both the video and simulated playback of the flight.

In addition to the cockpit-view comparison between recorded video and simulated playback, 
project members were able to exploit FlightGear’s after-action review capability by pausing, seeking, 
and rewinding portions of the simulated flight-path, in addition to increasing and decreasing the 
playback rate. Furthermore, multiple camera angles, points of view, and perspectives both inside and 
outside of the aircraft were possible, along with a “chase” view that greatly illustrated various phases 
of the simulated playback of flight paths. Combined with custom overlays, including topographic 
maps and detailed terrain, all of these features provided an impressive after-action review capability.

Conclusions
This paper presented work on a project called Bluejay, a collection of hardware and software 

for post-mission analysis of flight-path data. Hardware for this project was designed to be small, 
self-powered, and low cost and to operate independently of flight-data recording systems and 
data-links. Wherever possible, software in support of the project was selected on the basis 
of it being platform-independent, low-cost or preferably open-source, available for public 
distribution and in wide-spread use. This paper demonstrated that hardware for Bluejay could 
be treated as a “modification-free” aircraft mission kit with the possibility for installation at 
a number of different flight-station positions on multiple aircraft both in Canada and abroad. 
Two separate systems, namely a prototype and proof-of-concept system, were developed 
using low-cost components in addition to being scalable in physical size to permit sensors to 
be evaluated. Using open-source software, the authors implemented a tool set used to analyse 
data from several trajectories in support of the project. Using the methodology presented in 
the section discussing analysis tools, results from land-vehicle experiments from a GPS were 
used to validate sensor outputs of an integrated GPS/IMU. This validation was necessary to 
ensure correct operation of the GPS/IMU during subsequent airborne experiments. Results 
from experiments were presented using several open-source programs, including a modified 
version of an open-source flight simulator called FlightGear to demonstrate the capabilities of 
the system. Using Bluejay, the authors proposed that pilots in the RCAF along with operators 
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in other militaries and various organizations will be able to use the system as an after-action 
review capability. Operators could use Bluejay to log their flights and then display resultant 
flight paths in a virtual environment complete with custom map overlays.

In regard to a stand-alone data-logging system, notwithstanding the fact that the demo 
hardware is quite small and able to be flown on a miniature RC aircraft, work is needed to 
determine to what extent the hardware can be miniaturized further along with reduction in 
per-unit costs. Follow-on discussions are required to determine the best location for installation 
in various aircraft as is a decision about keeping the hardware self-powered or being able to 
connect to aircraft power. In addition, consideration should be given with respect to optimum 
installation of supporting hardware such as antennas, data transfer, and other cables. In certain 
cases, it may be possible to integrate Bluejay hardware into existing mission kits with an aim 
of minimizing any potential impacts to operational and technical airworthiness.

Further work is needed to determine potential uses for Bluejay, including adaptation of 
software for electronic flight bags and tablet computers. Given the proliferation of these devices 
in various aviation markets, it seems reasonable to offer a “one-stop” solution for logging, 
analysing, and displaying flight paths, all on the same device. Many tablets are being fitted 
with gyroscopes, accelerometers, magnetometers, and GPS, which certainly facilitate the use 
of these devices in a data-logging role. In addition, certain tablets are equipped with antenna 
pass-through to improve quality and availability of GPS position-velocity-time data.

Future initiatives for Bluejay software can include the provision for multiple aircraft 
operating simultaneously during replay of flight paths, particularly for applications involving 
close-formation flying. Visual aids should be explored such as boxes and approach plates. Of note, 
FlightGear already possesses a glide-slope visualization that has potential to be quite useful for 
after-action review of approaches. Further potential enhancements include the representation 
of a functional cockpit using logged data being fed to instruments to display position, attitude 
and heading as well as a provision for a moving map during play back. 
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Abbreviations
AHRS attitude and heading reference system
ARDS Advanced Range Data System
ATESS Aerospace Telecommunications Engineering Support Squadron
CFEWC Canadian Forces Electronic Warfare Centre
demo demonstration
DND Department of National Defence
GDAL Geospatial Data Abstraction Library
GPS global positioning system
HD high definition
IMU inertial measurement unit
OT&E operational test and evaluation
RCAF Royal Canadian Air Force
RC remote control
RMCC Royal Military College of Canada
RMS root mean square
SBC single-board computer
USB universal serial bus
Notes

1. Earlier initiatives in navigation and instrumentation were reviewed during the preparation 
of this paper to obtain a better understanding of various techniques for estimating the position 
and orientation of moving vehicles, notably the work presented in J. Georgy et al., “Low-cost 
Three-dimensional Navigation Solution for RISS/GPS Integration Using Mixture Particle 
Filter,” IEEE Transactions on Vehicular Technology 59, no. 2 (February 2010): 599–615; 
U. Iqbal et al., “Experimental Results on an Integrated GPS and Multisensor System for Land 
Vehicle Positioning,” International Journal of Navigation and Observation Volume 2009; and 
E. North et al., “Improved Inertial/Odometry/GPS Positioning of Wheeled Robots even in GPS-
denied Environments,” InTech (February 2012). Additional sources were reviewed in regard 
to experimental set-up for navigation and instrumentation of aerospace vehicles including: 
C. Cutright and M. Braasch, “GPS and INS Flight Test Instrumentation of a Fully Aerobatic 
Turbojet Aircraft,” IEEE Aerospace Conference Proceedings 3 (2002); Z. J. Huang and J. C. 
Fang, “Integration of MEMS Inertial Sensor-based GNC of a UAV,” International Journal 
of Information Technology 11, no. 10 (2005); and D-H. Hwang et al., “Design of a Low-cost 
Attitude Determination GPS/INS Integrated Navigation System,” GPS Solutions 9, no. 4 (2005): 
294–311. Modelling and simulation with applications for capability modernization were also 
considered during the preparation of this paper through J. Landolt and J. Evans, “R&D Initiatives 
in Modelling and Simulation for Capability Modernization of the Canadian Air Force,” Canadian 
Military Journal (Spring 2001): 37–42; along with an appreciation for DND’s planned direction 
towards increased use of simulation technology as seen in J. L. D. Lachance, Projecting Power: 
Alternative Futures for Canada’s Air Force in 2020 (Trenton, ON: Canadian Forces Aerospace 
Warfare Centre, 2010); and K. Truss, “Canada’s Air Synthetic Environment Centre: Enabling 



THE ROYAL CANADIAN AIR FORCE JOURNAL   VOL. 3  |  NO. 4 FALL 2014

31Low-Cost Virtual Training and Analysis: ATESS and Project Bluejay

Force Transformation,” The Royal Canadian Air Force Journal 1, no. 3 (2012): 61–63. Motivation 
for this project came in part from prior work conducted by Major Adam Cybanski, a member 
of the Directorate of Flight Safety, in regard to flight-path recording and visualization.

2. Colours used in Figure 1 represent the components that are physically packaged together 
in the next higher assembly.

3. Colours used in Figure 3 represent the components that are physically packaged together 
in the next higher assembly.

4. The calculation for pitch is: ρ (k) = tan-1(∆h/∆d) where: ρ (k) represents pitch at sample k, 
∆h = h (k) − h (k − 1), representing a change in altitude between the present and previous 
sample, and ∆d = d (k) − d (k − 1), representing a change in distance between the present and 
previous sample.

5. Colours used in Figure 4 represent the components that are physically packaged together 
in the next higher assembly.

6. Other methods employing digital filtering may be preferred to the above: there are 
several instances in the literature mentioning systems and processes for time delay estimation 
of signals. C-Y Wuu and A. Pearson, “On Time Delay Estimation Involving Received Signals,” 
IEEE Transactions on Acoustics, Speech, and Signal Processing 32, no. 4 (1984): 828–35.

7. FlightGear source code in several versions was readily available for download, accessed 
September 26, 2014, http://www.flightgear.org, making it convenient to work with.

8. Created by B. Laniel. Brest photo scenery: FlightGear patch for overlaying raster images 
in simulated environments, accessed September 26, 2014, http://wiki.flightgear.org/ photoscenery.

9. Colours used in Figure 5 indicate the different pieces of software.

Photo CAF: MCpl John Nicholson



THE ROYAL CANADIAN AIR FORCE JOURNAL   VOL. 3  |  NO. 4 FALL 2014

33 Air Raid Colombo, 5 April 1942: The Fully Expected Surprise Attack

Air Raid Colombo, 5 April 1942: The Fully Expected Surprise Attack

ByRo B e R t  St u a R t
ByRo B e R t  St u a R t

Introduction

 O n the morning of 5 April 1942, a force of 127 aircraft from the five aircraft carriers of 
Kido Butai (KdB), the Imperial Japanese Navy’s carrier task force, attacked Colombo, 
the capital and principal port of the British colony of Ceylon (now Sri Lanka). This was 

no bolt from the blue, however. The defenders had been preparing for weeks for just such an 
eventuality. Reconnaissance aircraft had detected KdB’s approach the previous afternoon and 
tracked it during the night. The defending aircraft and anti-aircraft (AA) guns had come to full 
readiness before first light and were supported by an operational radar station. The defending 
fighters were nevertheless still on the ground when the Japanese aircraft arrived and were not 
scrambled until the pilots themselves saw the attackers overhead. As a result, the defenders lost 
20 of the 41 fighters that took off, while the Japanese lost only seven aircraft.

So what happened? Was there a problem with the radar, did someone blunder, or was there 
some other explanation? This article is a first look into why the defenders were caught on the 
ground.

Reinforcements
On 7 December 1941, the air defences of Ceylon consisted of four obsolescent three-inch 

AA guns at Trincomalee. The only Royal Air Force (RAF) unit was 273 Squadron at China Bay, 
near Trincomalee, with four Vildebeests and four Seals, both of which were obsolete biplane 
torpedo aircraft. There were no fighters and no radar. During the next two months, British 
reinforcements were sent mainly to Singapore and Burma, and the only additional aircraft 
provided to the RAF in Ceylon during this period was a single Catalina flying boat.
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The Japanese Navy’s switch on 4 December 1941 to a new additive table for JN-25B, its 
main operational code, temporarily cut off the Allies’ best potential source of intelligence on 
Japanese intentions. But the authorities in London still knew how to read a map, and they did 
their best to foresee Japan’s strategic options. On 16 February, the day after the fall of Singapore, 
the War Cabinet Joint Planning Staff submitted an assessment entitled “Far East Policy” which 
commented that:

9. By the seizure of Ceylon and raids on the Indian coast Japan could raise overwhelming 
internal security troubles in India, induce instability in Indian forces and threaten our 
communications to Middle East, Burma and Australia. Our fleet would be denied the 
use of Trincomalee and Colombo. …

11. In the near future we may expect to see … Attack on Ceylon by a raid of the “Pearl 
Harbour” type or by general assault. …

13. The basis of our general strategy lies in the safety of our sea communications, for 
which secure naval and air bases are essential. We must therefore make certain of our 
main bases, i.e. Burma, India, Ceylon and Australia, before we think of reinforcing the 
Malayan barrier.1

The assessment concluded that the top two priorities for reinforcement were now Burma, 
whose retention was “vital to prolongation of Chinese effort,” and Ceylon, whose loss “would 
imperil whole British war effort in Middle East and Far East.”2 Seeing things the same way, 
the Chiefs of Staff advised the War Cabinet five days later that:

The loss of Ceylon would imperil the whole British war effort in the Middle and Far East, 
owing to its position in relation to our sea communications. Immediate measures are being 
taken to provide the island with adequate defences, particularly air forces, anti-aircraft 
guns and increased R.D.F. [Radio Direction Finding, i.e., radar].3

The theatre commanders also anticipated the threat to Ceylon. On 7 February, Admiral Layton, 
then commanding the Eastern Fleet from a headquarters at Colombo, warned London of the 

defencelessness of Colombo and 
Trincomalee to a Pearl Harbor–
style Japanese air attack.4 On 
27 February, General Wavell, 
Commander-in-Chief India, 
suggested that the “immediate 
danger to Ceylon seems to lie 
in a raid of Pearl Harbour or 
Port Darwin type, from carriers 
to destroy warships, merchant 
ships, aircraft base, installations 
[and] oil tanks at Trincomalee 
and Colombo.”5 Altogether, the 
British explicitly acknowledged the 
possibility of a Pearl Harbor–type 
attack on Ceylon on at least seven 
occasions.

His Royal Highness the Duke of Gloucester inspects Canadian 
pilots and their Hurricane fighter aircraft at an RAF station in 
Ceylon, India, in July 1942.

Photo: DND PL-10021
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It is very clear that the attack on Colombo was not a strategic or operational surprise. The 
British anticipated the threat ahead of time and did what they could to reinforce the island. 
On 4 April, the following air and air-defence forces were in place: 7 Catalinas,6 67 Hurricane 
fighters,7 44 Fulmar fighters, 14 Blenheim IV bombers, 12 Swordfish torpedo aircraft, 1 radar 
station at Colombo, 1 radar station at Trincomalee, and 144 AA guns.8

SIGINT reduxit
The Allies’ signals intelligence (SIGINT) units spared no effort to break back into JN-25B 

[Japanese code], and on 3 March, the Far East Combined Bureau (FECB), the SIGINT centre 
at Colombo, read its first JN-25B message since 4 December. This message revealed that 
five Japanese submarines were to be based at Penang, on the northwest coast of Malaya (now 
Malaysia),9 which clearly indicated that submarines would be operating in the Bay of Bengal and 
the Indian Ocean and was probably taken as a possible indication of pending surface operations 
in the same area. By mid-March, Allied SIGINT was aware that Carrier Divisions 1 (Akagi 
and Kaga) and 2 (Soryu and Hiryu) were at Staring Bay, its forward base in Celebes (now the 
Indonesian island of Sulawesi), and that Carrier Division 5 (Shokaku and Zuikaku) was on its 
way to join them.10
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During the second half of March, firmer indications of what KdB’s next operation might be 
were seen. FECB later recorded that “about 20 March 1942 certain JN.25 messages concerned 
an operation by a Japanese carrier force, accompanied by another force (thought to be heavy 
cruisers), in the D area, including an air raid on DG on 2nd April.” The identity of “DG” was not 
known at that point but was deduced on 28 March from additional decrypts. FECB “estimated 
that D was the Ceylon area and DG a town in Ceylon—probably Colombo.” The commander 
of the Eastern Fleet, Admiral Somerville, who had assumed command only two day earlier, 
summoned the head of FECB’s cryptanalysis branch to discuss the reliability of this intelligence 
and was persuaded that it was correct.11

On 29 March, Somerville advised London that “according to a Combined Fleet telegram 
orders were issued that an A/C [aircraft] carrier unit, which would normally be expected to 
consist of 2 carriers 4 cruisers and 12 destroyers, should leave Staring Bay on about 21st March 
for the attack on ‘D.G.’ on or about first April.” He then noted that the Japanese carrier Kaga 
“had instructions some time ago to proceed [to] Japan, fill aeroplanes and subsequently take 
part in an attack on ‘D.G.’ … It is therefore deduced [the] area in which A/C Carrier KAGA 
force is to attack is Ceylon.”12

With the benefit of hindsight, we know that FECB was wrong about the composition of the 
attacking force—it had five carriers rather than two, and Kaga, KdB’s sixth carrier, was actually 
in Japan undergoing repairs. FECB also got the date wrong, but this was not an error in analysis, 
since the original Japanese schedule did call for KdB to attack Ceylon on 1 or 2 April. The 
schedule was pushed back, unbeknownst to Allied SIGINT, because the arrival of Shokaku and 
Zuikaku at Staring Bay was delayed until 24 March, and KdB did not sortie until 26 March.13

The British reacted energetically to FECB’s warning. The fighter and anti-aircraft units 
were put on alert; Colombo was cleared of as much shipping as possible; Somerville assembled 
the Eastern Fleet south of Ceylon with the intention of ambushing KdB, and the small Catalina 
force intensified its patrolling, focusing on the southeastern approaches. But 1 April and then 
2 April came and went, and the enemy did not arrive.

Having swept back 
and forth south of Ceylon 
for two-and-a-half days 
without seeing any sign of 
KdB, Somerville packed it 
in at 2100 on 2 April and 
led the bulk of the Eastern 
Fleet to Addu Atoll, some 
600 miles [966 kilometres 
(km)] to the southwest 
of Ceylon, thinking that 
perhaps the Japanese 
were not coming after all. 
The RAF units reverted 
to a lower alert level and 
resumed their training 
activities, but the Catalinas 
continued their patrolling.

Squadron Leader L. J. Birchall, of 413 Squadron, in the cockpit of a flying 
boat (Catalina) aircraft. 

Photo: DND PL-7405
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And then KdB showed up. It was spotted at about 1600 hours on 4 April, 360 miles [579 km] 
southeast of Ceylon, by Catalina QL-A from 413 Squadron, the only Canadian unit in the theatre. 
QL-A was shot down, after getting off a sighting report giving KdB’s position and course but 
not its composition. The pilot of QL-A, Squadron Leader “Len” Birchall, was one of the six 
survivors from the crew of nine. He was dubbed “the Saviour of Ceylon” by the Canadian press 
and became one of the Royal Canadian Air Force’s (RCAF’s) most notable leaders.14

The crew of QL-A gave the defenders a crucial warning of what was coming 15 hours before 
the Japanese arrived over Colombo. And that was not the last contribution of the Catalina force. 
At 1745, 205 Squadron’s FV-R, piloted by Flight Lieutenant “Jock” Graham, took off to take 
over the shadowing of the enemy force.15 At 2237, Graham reported one destroyer in position 
01.59N, 82.20E, course 315 degrees, speed 20 knots [37 kilometres per hour (km/h)]; at 0045 on 
5 April, it reported six destroyers in position 02.54N, 82.10E, course 325 degrees, speed 21 knots 
[38.8 km/h], and at 0615 one battleship, one cruiser “and at least four other ships” 110 miles 
[177 km] and 195 degrees from Dondra Head, the southernmost tip of Ceylon.16 KdB’s fighters 
attacked FV-R and shot it down about 90 minutes later. There were no survivors.

The sighting reports from the two lost Catalinas permitted the British to follow KdB’s 
progress and work out roughly where it would be at dawn. Air Vice Marshal D’Albiac, the 
commander of 222 Group, which controlled all RAF units on Ceylon, convened a conference at 
his headquarters within an hour of Birchall’s signal being received and briefed his subordinates 

A Catalina MKI undergoing repairs at a picturesque Royal Canadian Air Force base in Ceylon, India. 
It was one of these planes which first spotted Japanese warships attempting to attack that strategic 
section of the Indian Empire. Photo: DND PL-10007
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on the “anticipated Japanese air attack sometime after dawn.”17 At some point before midnight, 
222 Group issued Operation Order No. 43, which included the observation that: “Should the 
enemy force maintain present reported course at a speed of 25 knots it will arrive in position 
approximately 150 miles [241 km] from Colombo at 2100 hours G.M.T. [Greenwich Mean 
Time]”18 The time given, 2100 GMT, was 0300 local time on 5 April. The fact that KdB’s 
anticipated position at 0300 was given suggests that Albiac also saw an attack at or before 
dawn as a possibility, and “standby” was assumed at 0400 at all his airfields, with the pilots at 
immediate readiness.19

The four dogs which didn’t bark
So, 5 April found Colombo’s air defences forewarned and forearmed. They had been 

reinforced in good time; they were shadowing the enemy carrier force; they expected to be 
attacked, and they were on full alert. All that was required to get the Hurricanes and Fulmars 
in the air was word of the approaching raid and the order to scramble. Unfortunately, the word 
never came. A mystery novel may hinge on the dog which never barks, but in this case, there 
were four silent dogs.

The first dog: BN-L
At 0534, another Catalina took off to shadow KdB. This was 240 Squadron’s BN-L, piloted 

by Flight Lieutenant Bradshaw. At about 0640, Bradshaw’s crew sighted six aircraft resembling 
Fulmars flying at about 5,000 feet [1,524 metres] in light clouds, heading north in a V formation, 
100 miles [160 km] south of Ceylon. Two minutes later, four aircraft resembling Sea Hurricanes 
were seen heading in the same direction. Believing these aircraft to be British, Bradshaw did 
not break radio silence to report them.20 However, we know that they were Japanese, because 
an aircraft from the carrier Hiryu sent a message at 0645 reporting that at 0638 it had “Sighted 
enemy plane. One flying boat at 346 degrees, 43 nautical miles [80 km] from launch point.”21

On 4 June 1942, an American Catalina which sighted inbound aircraft famously broadcast 
the “Many planes heading Midway” message. That Bradshaw did not send a “Many planes 
heading Colombo” message on 5 April robbed the defenders of about 50 minutes’ warning of 
the raiders’ approach, which should have been enough to get Colombo’s fighters airborne and 
climbing to altitude.

The second dog: The coast watchers
Anyone familiar with the Battle of Britain will recall that once an inbound Luftwaffe 

formation crossed the English coast it was efficiently tracked by the Observer Corps. Ceylon had 
a counterpart organization in 1942, which was described as follows in a contemporary document:

1. A Civil Coast Watching [C.W.] System operates in all coastal areas of CEYLON. …

2. Duties of C.W. Posts are … to report on:

(a) Unidentified ships

(b) Aircraft

(c) Gunfire at sea

(d) Preparations for enemy landings
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3. Reports are written on special pro-formas, taken by cycle to C.W. Station, verified 
by Inspector on duty and forwarded to FIRE CHIEF. Majority of stations have no 
telephone, and reports have to be made from nearest Police Station. Consequently 
there is considerable delay in communicating information. …

4. Coast Watching Personnel are drawn from CEYLON EXCISE & EDUCATION 
DEPTS. They are stated to be reliable, but they lack training and equipment.22

It would not have been surprising if this ill-prepared organization had failed to detect enemy 
aircraft crossing the south coast and heading north, but in fact, it never got the chance to show 
what it could or could not do. The Japanese aircraft kept well out from the west coast before 
swinging in to cross the coast just south of Colombo and head for their targets.23 Neither the 
coast watchers nor any other ground observers had an opportunity to sound the alarm.

The third dog: The Fulmar patrol
One of the actions ordered in 222 Group’s Operation Order No. 43 was for Fulmars from 

Ratmalana, Colombo’s main air base, to carry out a line patrol from dawn onwards between Bentota 
on the west coast, 35 miles [56 km] south of Colombo, and Pottuvri (now Pottuvil), 135 miles 

[217 km] away on the 
opposite coast. Six Fulmars 
of 803 Squadron duly took 
off early on 5 April to patrol 
this line, but as the Japanese 
aircraft stayed well off the 
coast, the Fulmars did not 
encounter them and had 
no opportunity to sound 
the alarm or undertake any 
attack.

While heading back 
to Ratmalana, the Fulmars 
saw a number of aircraft 
heading out to sea, but one 
crew member later recalled 
that “Japanese aircraft were 

farthest from our minds on the return flight that morning, and we dismissed the aircraft seen 
by thinking they were another unscheduled FAA [Fleet Air Arm] flight.” (One wonders what 
kind of pre-flight briefing they had been given!) They were not aware of the raid until they 
landed and saw the damage.24

The fourth dog: Radar
A fair amount of misinformation has been printed to the effect that the radar station at 

Colombo was unmanned, down for maintenance, or not yet operational on 5 April. From 
the Operations Record Book (ORB) of the radar unit in question, AMES 254 (Air Ministry 
Experimental Station—the euphemism for a ground radar station), it is clear that none of 
these suggestions are true. The unit’s personnel arrived at Colombo on 18 March, and their 
equipment arrived four days later. They then moved to the Royal Colombo Golf Course at 
Ridgeway, in Colombo’s suburbs, and worked around the clock to put up the masts and get 

RAF’s Ratmalana Air Base in Ceylon, India 
Photo: DND
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everything working. The station became operational on 25 March and on 28 March was 
connected by telephone to No. 20 Operations Room. AMES 254’s ORB records “Normal 
Operations throughout month” for April, indicating that it was neither down for maintenance 
nor unmanned at any point.25

That said, it seems to be true that AMES 254 did not provide any timely warning of the 
approaching raid. No. 20 Operation Room’s ORB notes that “the early warning system failed 
to provide information on the Japanese aircraft until they were very close to Colombo.”26 

A 222 Group post mortem produced in June 1942 says only that “the early warning system 
failed and the fighters were on the ground when the attack commenced.”27 AMES 254’s own 
ORB gives no indication that it detected the approaching aircraft, noting only that its Lewis 
machine guns were in action during the raid!28

Sufficient information is available for some informed speculation as to why AMES 254 
provided no timely warning of the approaching raid. In the first place, we know from a cable 
from Layton to Churchill that AMES 254 “experienced interference from hills” and had a range 
of only about 60 miles. [96.5 km].29 This distance was not the best that this type of radar could 
do. With similar hardware, AMES 272 picked up the Japanese aircraft approaching Trincomalee 
on 9 April at 91 miles [146 km], for example.

As noted, we also know that AMES 254 was located at Ridgeway. Ridgeway is about 
six miles [10 km] north of Ratmalana, where three of Colombo’s four fighter squadrons were 
based, and one mile [1.6 km] east of the improvised airstrip at Colombo’s racecourse, where 
the fourth fighter squadron was based. The leading Japanese aircraft, which approached from 
the south and over the sea, were nine Zero fighters from Hiryu. The Zero cruised at just over 
200 miles per hour [322 km/h], so they could cover the roughly 54 miles [86 km] between the 
nominal edge of AMES 254’s coverage and Ratmalana in about 17 minutes. As noted below, 
it took about five minutes for Colombo’s Hurricane squadrons to get airborne that morning, so 
there was a window of only about 12 minutes for AMES 254 to detect the raid and report it to 
No. 20 Operations Room, and for the fighter controllers to get their orders to the squadrons. 
And since it took about six minutes for a Hurricane to reach 15,000 feet [4,572 metres], and the 
same amount of time for a Fulmar to reach 10,000 feet [3,048 metres], all of this would have 
to be accomplished in six minutes if the defending fighters were to get to altitude before the 
raiders arrived.

After the war, the Air Historical Branch in London produced a number of “staff narratives” 
on the RAF’s wartime operations, and Signals Volume V: Fighter Control and Interception 
makes two relevant comments. The first is: “The failure to detect the raid on 5 April was 
attributable in part to the very troublesome permanent echoes and to gaps subsequently 
discovered in the vertical polar diagram of the station.”30 To deal with permanent echoes the 
operator needed to be skilled at the operation of the set and to have experienced the return 
from local aircraft to be able to recognize the characteristics of false echoes and discount 
them. AMES 254 had gained operational experience in Egypt and, presumably, had adequately 
trained operators, but having been in operation at Colombo for less than two weeks, it is 
unlikely that all its operators were yet familiar with local conditions. It is pure speculation to 
say so, but it is perhaps possible that the operators on duty on 5 April may initially have taken 
the real echoes from the enemy aircraft as being false echoes. (It is even more speculative to 
wonder if the echoes from the first Japanese aircraft were taken as coming from the Fulmars 
patrolling their beat south of Colombo.)
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The reference to “gaps … in the vertical polar diagram of the station” may require some 
explanation. AMES 254’s transmitting antenna array consisted of parallel dipole elements. In 
Figure 1, which shows a deployed radar unit of the same type as AMES 254, the transmitting 
mast is on the left and it can just be made out that there are three parallel dipoles pointing 
toward the camera and another three dipoles perpendicular to them. Each of the six dipoles 
radiated its own signal and thus had its own lobe. The lobes overlapped but there could also be 
gaps between them. For example, an aircraft 60 miles [96.5 km] away which could be detected 
at 8,000 feet [2,438 metres] or at 12,000 feet [3,657 metres] might not be detected at that 
distance at 10,000 feet [3,048 metres] if there was a gap at that altitude. In the case of AMES 
254 on 5 April, the altitude at which these gaps occurred is not known, and consequently, it 
is not known whether the leading Japanese aircraft fortuitously flew in at an altitude at which 
they would be detected at something less than 60 miles [96.5 km] out. However, the quote 
from Signals Volume V seems to imply that this was the case.

Figure 1. A radar unit of the same type (mobile radio unit) as AMES 25431

The second relevant comment in Signals Volume V is that “another contributory 
cause of the failure was an unequally divided watch-keeping roster resulting in operators 
continuing on watch with diminished alertness.”32 This clearly implies that the operators 
on duty when the Japanese came within range had been at their consoles too long. In this 
context, it is important to note that the operators did not have before them a plan position 
indicator display, the radar “scope” familiar to everyone today, which displays both range 
and bearing. At Colombo the operators had “A scopes,” which gave only range.33 Working 
out the bearing, height, and strength of an approaching formation entailed a number of 
steps which needed to be completed in sequence, and fatigue would no doubt slow things 
down and tend to result in errors.34
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The raid
The first indication anyone at Colombo had that the raid was on was the arrival over 

the racecourse airstrip at about 0730 of the nine Zero fighters from Hiryu, sweeping 
ahead of the main force. They were seen from the ground, and Squadron Leader Fletcher, 
the commanding officer (CO) of 258 Squadron, miscounting by two, advised fighter 
operations that a formation of 11 aircraft was overhead and his pilots were running to 
their planes. The unit’s 14 Hurricanes got off in good order and were airborne by 0735.35 

By that time Hiryu’s Zeros had disappeared in the direction of Colombo harbour. They 
soon caught six Swordfish torpedo bombers lumbering along and quickly shot down 
all six. The Swordfish, from 788 Squadron, had taken off from Trincomalee’s China Bay 
airfield early in the morning and were being transferred to Ratmalana with a view to 
attacking the Japanese task force. Apparently no one had calculated that they might arrive 
over Colombo at the same time as the Japanese. The Swordfish crews were so oblivious 
to this possibility that they assumed the fighters approaching them were Hurricanes and 
fired recognition f lares.36

Behind Hiryu’s Zeros were 38 “Val” dive bombers from Shokaku and Zuikaku. They 
were spotted at 0740 from Ratmalana, where word of the sighting of enemy aircraft over the 
racecourse airstrip 10 minutes earlier had apparently not yet been received. Most of the Vals 
headed for the harbour, but 14 from Zuikaku attacked Ratmalana at 0745, just as 21 Hurricanes 
from 30 Squadron, 7 of them piloted by Canadians, were getting airborne in ones and twos, in 
a chaotic scramble which gave them no chance to form up. Four of them were still taxiing when 
the first bombs hit, and another Hurricane, the CO’s, was damaged and could not take off.37

30 Squadron paid dearly for the lack of warning, with eight Hurricanes being shot down 
and several others badly shot up, leaving the unit with only seven serviceable aircraft at nightfall 
and five pilots killed as well as two wounded.38 In addition, four of the six Fulmars from 803 
and 806 Squadrons that also took off were lost, and three of the pilots were killed.39

The 27 fighters taking off from Ratmalana got caught up in defending their own airfield. In 
this they were successful. Aided by heavy cloud cover, the first few Hurricanes to get airborne 
managed to bounce the 14 Vals before their bombs were dropped, shooting down 5 of them 
and damaging up to 6, as well as destroying one Zero. Distracted by the defending fighters and 
hampered by the cloud cover, the remaining Vals did little damage to Ratmalana.40

The 14 Hurricane pilots scrambled by 258 Squadron did not have to take off while being 
attacked because the existence of the racecourse airfield was unknown to the Japanese until 
Hiryu’s Zeros spotted it and no bombers were assigned to attack it. Squadron Leader Fletcher’s 
report records that:

Having received no warning and finding the A/C overhead, we took off and climbed for 
the HARBOUR as being the most likely point of enemy attack. When we arrived, we 
found that the Bombers had commenced their attack, and there was a strong force of 
enemy fighters as top cover, and considerably above our formation. I decided to attack 
the Bombers in the hope that it would impair the efficiency of the enemy attack. I realized 
that this would put the enemy fighters in a strong position. We continued to attack the 
bombers for as long a period as possible, though this resulted in rather heavy losses 
inflicted by enemy fighters.41
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The bombers attacked by 258 Squadron were the 19 Vals from Shokaku. The carrier’s 
kodochosho, or air group operations log, notes that its Vals attacked from 0750 to 0753 and 
that the Hurricanes attacked from 0752 to 0800.42 One Val was hit over the harbour and later 
plunged into the sea, and another was damaged, but it is unclear if 258 Squadron or flak from 
the ground was responsible.43 258 Squadron did not prevent Shokaku’s Vals from sinking the 
armed merchant cruiser Hector and damaging the submarine depot ship Lucia, and it suffered 
proportionately higher losses than 30 Squadron—eight Hurricanes shot down and two badly 
damaged, with five pilots killed and two wounded.44 It is evident that 258 Squadron’s losses 
and its inability to attack Shokaku’s Vals before they bombed their targets were due to the 
lack of early warning.

258 Squadron pretty much shot its bolt attacking Shokaku’s Vals. The 5 Vals from 
Zuikaku which attacked the harbour and were probably responsible for damage inflicted on 
the British tanker San Cirilo escaped fighter attack, as did the 53 “Kate” torpedo bombers 
which attacked after the Vals. Each of the Kates, acting as level bombers, carried one 
800-kilogram bomb, and all of them attacked the harbour area. They sank the old destroyer 
Tenedos, damaged the merchant ship Benledi, and battered various workshops as well as 
other facilities.45

It has been noted that the racecourse airfield escaped attack because the Japanese were 
not aware of its existence. They were equally ignorant of the fact that Ceylon’s Catalina force 
was based on Koggala Lake, on the south coast about 70 miles [113 km] from Colombo, and 
it too escaped attack. In this case their ignorance was due in part to disinformation from 
the survivors from QL-A. Birchall and his crew lied to their rescuers, telling them that they 
had taken off from Colombo, and the Japanese believed them.46 The Japanese could easily 
have added Koggala to their target list, but this particular bodyguard of lies protected this 
particular truth.

Conclusion
Before the event, the British fully expected that Colombo would be raided, à la Pearl Harbor. 

This is just what the Japanese set out to do, and they managed to catch the defending fighters 
on the ground as they had at Pearl Harbor. That they sank just three ships and damaged only 
another three was due primarily to the weather, the anti-aircraft fire, and the partial evacuation 
of shipping from the harbour on the previous day. The British fighters successfully defended 
Ratmalana, their major base, but did little to blunt the assault on the harbour.

It is impossible to say with any degree of confidence what difference it may have made if 
the Hurricanes and Fulmars had been scrambled in good time, but it seems fair to suppose that 
they would likely have accomplished more at less cost than they actually did. All four means 
by which early warning might have been given failed. First, the Catalina that spotted some of 
the Japanese aircraft failed to recognize or report them. Then the Japanese avoided both the 
ground warning system and the Fulmar patrol by flying well off the coast during their approach 
flight. The fourth trip wire, radar, also failed, due to there being only one operational station 
and to it being sited too far north and suffering from a number of technical and operational 
problems. The radar failure was undoubtedly crucial. The difference that early warning 
could make was demonstrated just four days later, when the Japanese attacked Trincomalee. 
That day, the local radar station detected the Japanese at a range of 91 miles [146 km]. The 
early warning got the defending fighters airborne in good time and allowed them to draw 
first blood, when one section of Hurricanes bounced three Zeros and shot down two of them, 



THE ROYAL CANADIAN AIR FORCE JOURNAL   VOL. 3  |  NO. 4 FALL 2014

44Air Raid Colombo, 5 April 1942: The Fully Expected Surprise Attack

and no serviceable fighters were caught on the ground. Something of the sort might have 
happened at Colombo, but 5 April 1942 was one of those days when, on the early-warning front,  
nothing went right. 

Robert M. Stuart has Bachelor of Arts and Bachelor of Education degrees from the University 
of New Brunswick. He served in the Regular and Reserve components of the Canadian Forces 
from 1975 to 1991 in the Communications and Electronics Branch, (twice) attaining the rank 
of captain. He has been employed by the Communications Security Establishment since 1989. 
Rob has been studying the Imperial Japanese Navy’s 1942 Indian Ocean raid since 2004, and 
this is his second published article about it.

Abbreviations
AA anti-aircraft
A/C aircraft
AMES Air Ministry Experimental Station
CAB Cabinet
CO commanding officer
C.W. Coastal Watching
FECB Far East Combined Bureau
GMT Greenwich Mean Time
HMS His Majesty’s Ship
KdB Kido Butai
km kilometre
km/h kilometres per hour
NA National Archives
ORB operations record book
RAF Royal Air Force
RCAF Royal Canadian Air Force
SIGINT signals intelligence

Notes
1. United Kingdom National Archives (NA), Cabinet (CAB) 79/18.

2. Ibid.

3. NA, CAB 79/19.

4. NA, Commander in Chief Eastern Fleet, 0315Z/7, in “Admiralty War Diary”.

5. Commander in Chief India, 4231/G 27/2.

6. The seven Catalinas were the RAF’s FVR, BNL, BNM and BNK, the RCAF’s QLY and 
QLA, and the Dutch Y56. An additional two RAF and three Dutch Catalinas were unserviceable, 
most or all of them were being overhauled at Bangalore. Two more RCAF Catalinas were en 
route, arriving on 6 and 7 April.

7. Eight Hurricanes were flown in from Karachi on 23 February, having been assembled 
there after being delivered in crates on Cefn-Y-Bryn. A further 60 were ferried to Ceylon by 
Indomitable, arriving on 6 and 7 March, bringing the total delivered by 4 April up to 68. However, 
a 30 Squadron Hurricane crashed into the sea on 3 April and was lost. Other Hurricanes were 
damaged in accidents on 12 March, 15 March, and 2 April. The number of serviceable Hurricanes 
in the Colombo area on 5 April appears to have been 37 or 38.



THE ROYAL CANADIAN AIR FORCE JOURNAL   VOL. 3  |  NO. 4 FALL 2014

45 Air Raid Colombo, 5 April 1942: The Fully Expected Surprise Attack

8. This is an estimate derived from multiple primary sources, notably the war diaries of the relevant 
AA headquarters and units. On 5 April, Ratmalana was defended by 12 x 40-mm and 4 x 3.7-inch 
guns, and Colombo by 3 x 12-pounders, 23 x 40-mm, 4 x 3-inch, and probably 19 x 3.7-inch guns.

9. Michael Smith, The Emperor’s Codes (New York: Arcade Publishing, 2000), 128; and 
John Prados, Combined Fleet Decoded (New York: Random House, 1995), 273.

10. Prados, Combined Fleet Decoded, 274; Commander-in-Chief Pacific operations log, 
accessed September 23, 2014, http://www.ibiblio.org/anrs/docs/D/D7/nimitz_graybook1.pdf; 
and Op-16-F-2 summaries of Japanese Naval Activities, accessed September 23, 2014, 
http://www.fdrlibrary.marist.edu.

11. NA, HW 4/25, Captain H. L. Shaw, The History of HMS Anderson, 24 May 1946, 6. 
His Majesty’s Ship (HMS) Anderson, a shore-based installation, was the intercept and direction 
finding station at Colombo.  “HW” is the file designation for signals intelligence.

12. Commander in Chief Eastern Fleet, 0626Z/29, in “Admiralty” 223/867.

13. Osamu Tagaya, Aichi 99 Kanbaku ‘Val” Units 1937–42 (Oxford: Osprey, 2011), 56, 
explains that Shokaku and Zuikaku were delayed primarily due to a wild goose chase in response 
to false reports of United States’ activity northeast of Wake. For an overview of the Japanese 
operation, see the author’s “Leonard Birchall and the Japanese Raid on Colombo,” in Canadian 
Military Journal 7, no. 4 (Winter 2006–2007, accessed September 23, 2014, http://www.journal.
forces.gc.ca/vo7/no4/stuart-eng.asp.

14. Birchall was awarded the Distinguished Flying Cross for warning of KdB’s approach 
and the Order of the British Empire for his conduct as a prisoner of war. See “Leonard Birchall,” 
Wikipedia, accessed September 23, 2014, http://en.wikipedia.org/wiki/Leonard_Birchall, for a 
generally accurate biographical sketch.

15. NA, AIR 28/431, Koggala ORB; and 222 Group Operation Order No. 43. FV-R was the 
last surviving aircraft of 205 Squadron, which had been based at Singapore.

16. Battle Summary No. 15, Naval Operations off Ceylon, 29th March to 10th April, 1942, 
Admiralty Training and Staff Duties Division, London, 1943, 6, accessed August 14, 2014 at 
http://www.navy.gov.au/sites/media-rrom/publications/naval-staff-histories  (content no longer 
available). Commander-in-Chief East Indies War Diary, April 1942 (mislabelled as the Eastern Fleet 
War Diary), accessed September 23, 2014, http://www.naval-history.net/xDKWD-EF1942a.htm; 
“Report of Proceedings of Eastern Fleet from 29th March to 13th April 1942,” para 31, accessed 
September 23, 2014, http://www.naval-history.net/xDKWD-EF1942-Introduction.htm; and 
Colombo W/T 1229z/4 and Deputy Commander in Chief Eastern Force 0209z/4, both in 
“Admiralty” 223/259.

17. The quote is from the 30 Squadron ORB. The 258 Squadron ORB says that its CO 
attended the meeting, or left to attend it, at 1700. Presumably the COs of 803 Squadron and 
806 Squadron also attended.

18. NA, AIR 25/930.

19. NA, AIR 27/1530, 30 Squadron ORB; Michael Tomlinson, The Most Dangerous Moment 
(Kimber, 1976), 99; and Wing Commander John Barrass, “The Most Dangerous Moment: 
30 Squadron and the Air Battle over Colombo 5th April 1942,” accessed September 23, 2014, 
http://www.30squadronassociation.com/history/ceylon.html.

20. Koggala ORB; and Tomlinson, The Most Dangerous Moment, 100–1.



THE ROYAL CANADIAN AIR FORCE JOURNAL   VOL. 3  |  NO. 4 FALL 2014

46Air Raid Colombo, 5 April 1942: The Fully Expected Surprise Attack

21. From Japanese primary sources, via January 30, 2013 email from Mr. Yu, an avid 
historian, to the author. The author is indebted to Mr. Yu for his assistance.

22.  17 Australian Infantry Brigade Group Operations Order No. 3, 11 April 1942, 113, accessed 
September 23, 2014, http://static.awm.gov.au/images/collection/bundled/RCDIG1025987.pdf.

23.  Hiryu Detailed Action Report (Japan Centre for Asian Historical Records, C08030581700), 
46–47, accessed September 23, 2014, http://www.jacar.go.jp/english/. See also the thread “5 April 
‘42: KdB’s Launch Point and the Strike Aircraft’s Flight Path,” accessed September 23, 2014, 
http://www.j-aircraft.org/smf/index.php?topic=14557.0.

24. Christopher Shores and Brian Cull, with Yasuho Izawa, Bloody Shambles, Volume 2: 
The Defence of Sumatra to the Fall of Burma (London: Grub Street, 1993), 402–3; Gordon 
Wallace, Carrier Observer: A Back Seat Aviator’s Story (Shrewsbury, United Kingdom: Airlife, 
1992), 81; and Tomlinson, The Most Dangerous Moment, 92.

25. The AMES 254 ORB is in AIR 29/174. “AMES” stands for Air Ministry Experimental 
Station, a name originally chosen to conceal the nature of such units.

26. NA, AIR 29/31.

27. NA, AIR 23/4801.

28. NA, AIR 29/174.

29. NA, Layton to Churchill, 2 May 1942, IZ 155, 1353Z/2, in AIR 20/4693.

30. Signals Volume 5, footnote on page 63, quoted in Ross McNeill post of 5 March 2014, 
“Question on MRU Radar Stations,” Royal Air Force Commands, accessed September 23, 2014, 
http://www.rafcommands.com/forum/showthread.php?14236-Question-on-MRU-radar-stations.

31. Image taken from the Imperial War Museum’s website, accessed September 23, 2014, 
http://www.iwm.org.uk/collections/item/object/205210707.

32. Signals Volume 5. The CO of the submarine Trusty, alongside Lucia during the raid, 
comments in his memoirs that “On the previous night our staff had anticipated an attack and 
the radar warning set was kept manned by the best available rating. Unfortunately, he was 
left on duty too long. The human faculties slow down after twelve hours’ strained watching 
and the vital warning sounded only a few minutes before the first bomb fell.” William King, 
Dive and Attack A Submariner’s Story (London: William Kimber 1983), 139–42. RCAF radar 
mechanic Gordon MacPhail has recorded that he was on radar duty at Ridgeway from 2300 
on 4 April to 0800 the next morning. It appears from these sources that the night shift was at 
least nine hours long, and we know that the Japanese aircraft came into range only during the 
last 50 minutes, approximately. MacPhail was one of 723 RCAF radar mechanics who served 
in what became the South East Asia Command (SEAC) in 1943. Angus Hamilton, Canadians 
on Radar in South East Asia, 1941–1945 (Douglas, New Brunswick: Self-published, 2000), 
ISBN 0-9681353-1-5.

33. For an explanation of radar display types, see Air Publication 1093C, Vol. I, Chapter 3, 
accessed September 23, 2014, http://www.vmarsmanuals.co.uk/archive/634_AP1093C_Vol_1.pdf .

34. The process is described in a passage from Signals Volume 5 quoted by Ross McNeil, 
historian/researcher, in his second post of 5 March 2014. The author is indebted to Mr. McNeill 
for his insights.

35. NA, AIR 27/1530/19, 258 Squadron ORB.

36. Shores and Cull, Bloody Shambles, 395–97.



THE ROYAL CANADIAN AIR FORCE JOURNAL   VOL. 3  |  NO. 4 FALL 2014

47 Air Raid Colombo, 5 April 1942: The Fully Expected Surprise Attack

37. Flight Lieutenant Robert T. P. Davidson, RAF, and Pilot Officers Donald Alexander 
McDonald and James Henry “Jimmy” Whalen; Flight Sergeant Grant Roswell Bishop; and 
Sergeants Gerald George Bate, John Bernard “Jack” Hurley, and Creighton Ivan Nutbrown, all 
members of the RCAF. Between them they claimed nine Japanese aircraft destroyed and one 
probably destroyed, but in fact, the 21 pilots of 30 Squadron shot down only six enemy aircraft. 
None of the seven Canadians were killed or wounded.

38. NA, AIR 27/1530, 30 Squadron ORB.

39. Shores and Cull, Bloody Shambles, 398; and Casualty Lists of the Royal Navy and 
Dominion Navies, World War 2, 1st – 30th April 1942, accessed September 23, 2014, http://www.
naval-history.net/xDKCas1942-04APR.htm. 803 and 806 Squadrons had 12 Fulmars each. As 
noted, 6 Fulmars from 803 Squadron were patrolling between Bentota and Pottuvri, so there 
were probably 18 Fulmars at Ratmalana when the raid arrived. It is not known why only 6 took 
off, but presumably the lack of warning had a great deal to do with it.

40. Tagaya, Aichi 99 Kanbaku, 56; and Shores and Cull, Bloody Shambles, 402–3. The 
latter source indicates that six Zuikaku Vals were damaged on 5 April but does not say if any 
of the six were from the group of five which attacked the harbour.

41. 258 Squadron ORB.

42. Translated excerpts from the relevant kodochoshos were kindly provided to the author 
by Osamu Tagaya.

43. Tagaya, Aichi 99 Kanbaku, 56; and Shores and Cull, Bloody Shambles, 399–401.

44. Some sources say 258 Squadron lost nine aircraft. The author has put its probable 
losses at eight Hurricanes shot down and two badly damaged after examining multiple sources, 
including the unit’s ORB and various volumes by James J. Halley listing the serial numbers 
and ultimate fate of RAF aircraft.

45. Tagaya, Aichi 99 Kanbaku, 56; and translated excerpts from the carriers’ kodochoshos 
and other information provided to the author by Osamu Tagaya, May–June 2014. It has not been 
determined which Japanese aircraft sank the Norwegian tanker Soli and damaged the British 
freighter Clan Murdoch. It is possible that one or both of them were attacked by Shokaku’s Vals 
or by the Kates. The author is greatly indebted to Mr. Tagaya for his insights.

46. The crew of QL-A was taken aboard the destroyer Isokaze. Birchall recounted in a 
speech in Canada in October 1945 that they told the Japanese that they “had just arrived in 
Colombo and had taken off immediately.” See “the Japanese Ceylon Attack,” The Empire 
Club of Canada, accessed September 23, 2014, http://speeches.empireclub.org/details.
asp?r=vs&ID=60830&number=2. After they were interrogated, Isokaze reported to Akagi, 
the flagship, late on 4 April that QL-A “had taken off from Bombay on 28 March, arrived 
at Colombo after an overland transfer flight on 3 April, and was immediately employed to 
conduct recce flights from that location.”



THE ROYAL CANADIAN AIR FORCE JOURNAL   VOL. 3  |  NO. 4 FALL 2014

47Professional Mastery and  Air Power Education

Reprint of Royal Australian Air Force Air Power Development Centre, Working Paper 33

Professional Mastery and  
Air Power Education

By Sanu Kainikara, PhD
Disclaimer
This working paper was originally published as an A5 booklet (ISBN 9781920800574) in October 
2011 and is presented here as a re-formatted printer friendly version. This work is copyright. 
Apart from any use as permitted under the Copyright Act 1968, no part may be reproduced by 
any process without permission from the publisher. The views expressed in this work are those 
of the author and do not necessarily reflect the official policy or position of the Department 
of Defence, the Royal Australian Air Force or the Government of Australia. This document is 
approved for public release; distribution unlimited. Portions of this document may be quoted 
or reproduced without permission, provided a standard source credit is included.
© Copyright Commonwealth of Australia 2011
Editor’s note: The author’s Australian spelling and punctuation conventions have been maintained.

INTRODUCTION

In recent times the employment of air power, as part of the broader projection of power in 
securing the nation, has come under intense scrutiny from a number of different perspectives. 
Primarily there has been debate regarding its application, the effects that it creates and the 

best manner in which it can be employed within the three fundamental principles of the Laws 
of Armed Conflict (LOAC) and precepts of military power projection—necessity, humanity and 
proportionality. The blurring of the distinction between combatants and non-combatants and 
the complexity of the contemporary battlespace further complicate the effective employment 
of air power. Under these circumstances airmen must have a clear understanding of all aspects 
of air operations and adequate professional mastery at the required level in order to ensure that 
the application of air power is optimised to meet national security requirements.

An overarching and critical factor in the generation and application of air power is the 
professional mastery of its practitioners, which will determine the success or otherwise of all 
air operations.1 Air operations must be carefully tailored and integrated into the joint campaign, 
which in turn should be guided by national security strategy. This can only be achieved by 
an air force with sufficient professionalism and resident skills that enable it to adapt rapidly 
to emerging and dynamic situations. Air power is always in demand and very often sufficient 
quantum may not be available across the complete theatre of operations. This situation demands 
that available air power is employed effectively and efficiently. Professional mastery—individual 
and collective—is an essential ingredient to ensure this, to achieve the desired effects while at 
the same time avoiding unnecessary wastage and dissipation.

Professional mastery within the military forces is broadly similar to the mastery required 
to be proficient in most other professions. This paper deals with professional mastery in the 
context of an air force and explores the role of education in furthering it. It also examines 
the different levels of collective professional mastery that an air force has to evolve through 
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before it can achieve the status of an ‘air force of strategic influence’—functioning at the grand 
strategic level of national security. This has been done to emphasise the critical importance of 
professional mastery within the force to contribute effectively to national security and through 
that process become an element of national power. This paper attempts to clarify and underline 
the relationship between professional mastery and air power education.

WHAT IS PROFESSIONAL MASTERY?

Profession and Occupation
The concept of professional mastery flows from the idea of professionalism and the distinction 

that is drawn between a profession and an occupation. So what is a profession? The Macquarie 
Concise Dictionary defines profession as ‘a vocation requiring knowledge of some department 
of learning or science, especially one of the three vocations of theology, law and medicine.’2 
However, the contemporary trend is to call any trade a profession, and to label anyone in a paid 
occupation a professional.3 This tendency somewhat blurs the distinction between a profession 
and an occupation and needs clarification.

There is tacit agreement amongst scholars that the main basis for defining a given human 
activity as a profession is its theoretical underpinning. In a profession the activity or undertaking 
cannot depend purely on practical or psychomotor skills, but instead these skills—essentially 
the vehicle through which the profession serves its clients—must be underpinned and founded 
on an agreed body of theory. Further, a profession is characterised by three independent but 
mutually supportive features. First, that there is a distinct and unique set of competencies 
necessary to perform special tasks and services that have been specified by an autonomous body 
of practitioners within the profession. Second, that there is an agreed and laid down acceptable 
minimum level of those competencies—some of which may be community-related—that an 
individual must attain in order to be included within the ranks of that profession. Often this 
service to the community far outweighs any potential for economic gain. It is noteworthy that 
the practitioners provide the service and perform their functions predominantly for altruistic 
reasons and in fact may not be well paid in comparison to the rest of the society. The third feature 
of a profession is that there is a deep and abiding relationship between the practitioners of the 
profession and their clients. The service provided to the client is based on ethical principles, 
special trust, mutual confidence and a clear understanding of the profession.

On the other hand an occupation can be defined as habitual employment that is categorised 
in both economic terms and the values of the market place. The term occupation emphasises 
the balance between the organisational requirements of the employer and the economic needs 
of the employee. Implicit in this arrangement is an underlying implication that in an occupation 
the primary motivation is self-interest with the employee providing specific labour for an agreed 
financial reward in return.

A major characteristic of professions is their tendency to evolve and become institutionalised. 
Therefore, the real difference will not be visible in the blurred area between a profession and 
an occupation but in a rather nuanced understanding of the distinction between an institution 
that has subsumed the concept of a profession, and an occupation. The fundamental nature of 
institutionalisation is that it has ‘a purpose transcending individual self-interest in favour of a 
presumed higher good.’4 A military force is the embodiment of this evolution and is an institution 
that fully encompasses the values inherent in a profession. Accordingly, the military has long 
been known as the profession of arms.
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An effective military force requires bonds and trust, mutual respect and confidence between 
members, ethical behaviour patterns and a clearly understood relationship with the nation that 
it represents.5 Without doubt a military force represents all the factors that are necessary to 
recognise it as an institutionalised profession.

The primary role of military forces is to ensure national security and defend the nation’s 
interests through the application of lethal force if necessary. This entails participating in activities 
across the entire spectrum of conflict—from humanitarian assistance to wars of national 
survival—all of which are inherently human activities. It is therefore only natural that the core 
of all military forces is its people. Air Force considers its members to be its primary asset. This 
assertion needs explaining mainly because there is a widely held belief that air forces are heavily 
dependent on technology almost to the exclusion of the human element. The fact is that while 
air forces are technology-dependent, their employment—in terms of strategy, concepts and 
tactics as well as the conduct of actual operations—is always decided and directed by human 
beings. People are central to air forces.

Technical Mastery
Air force personnel, or, for that matter, people in any organisation, need to be competent 

at what they do as individuals. This is essential to making the organisation function efficiently 
at the basic level. From an individual perspective, the necessary competence that ensures a 
person’s ability to carry out specified functions within the system that produces air power is 
called technical mastery. From an organisational or air force perspective, it is essentially the 
proficiency of individuals in carrying out activities at the unit level, that when combined with 
the technical mastery of other individuals, directly produces or contributes to the development 
of a certain quantum of air power. The combined technical mastery of all personnel in a unit, 
cohesively brought together, will determine the unit’s efficacy in performing its dedicated role 
as part of the broader force.

Technical mastery is the first building block, and an essential ingredient, that is critical 
to the development of professional mastery in an individual. In fact at the beginning of an 
individual’s career in an air force, the focus—both personal and organisational—will always 
be the development of personal technical mastery to an extent wherein the foundation for 
further growth into the realm of professional mastery is firmly laid. Technical mastery is largely 
achieved through training, ie. preparing people for the known elements of the organisation’s 
functions such as knowledge of a logistical support system or the maintenance and repair of an 
aircraft engine. Without having achieved adequate technical mastery, developing professional 
mastery is an impossible task.

Professional Mastery
Professional mastery requires an excellent and comprehensive understanding of a profession’s 

vast body of knowledge that is complemented by the recognised ability to apply that knowledge 
unerringly to achieve the desired objective. From an air force perspective it is the discipline 
of striving continually to achieve the most appropriate, effective and efficient way to generate 
and employ air power.6

Professional mastery is fundamentally personal and is a combination of two interrelated 
elements. First, it is the sum of an individual’s knowledge and understanding of air power and 
second, it is the ability to apply it confidently through the lens of personal experience and intellect. 
Possessing either one of these elements will not lead to professional mastery and neither will an 
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unbalanced combination of the two. In order to achieve professional mastery at the appropriate 
level, it is critical to understand the correct balance between knowledge and experience as well 
as cultivate the ability to employ air power based on past experience. This experience itself is 
a complex element combining both personal and institutional experience brought together in a 
holistic manner through a comprehensive awareness of organisational history.

When the professional mastery of individual members of an air force is combined in a collective 
manner it has the potential to create a substantial—and extremely valuable—body of professional 
mastery within the force. It is the level of this collective professional mastery that marks an air 
force as one of calibre, whether in operations or as a strategic instrument of national power. There 
are two disparate issues that stem from this organisational level of professional mastery.

Issue 1 – Leadership. It is the collective professional mastery of an air force as a whole that 
permits it to realise the full potential of air power in operations irrespective of the intensity or 
duration. Therefore, it is necessary to translate individual professional mastery of the constituent 
personnel into a collective whole that is not only viable but will be greater than the sum of 
the individual parts. This requires adroit leadership at all levels of command. The mastery of 
individual personnel is brought together and translated into organisational professional mastery 
through leadership that is skilful and effective. In a cyclical manner, effective leadership 
is critically dependent on the individual and personal professional mastery of the leader. In 
other words, leadership credibility is built on a combination of professional competence and 
personal trustworthiness. Leaders have to apply their professional mastery to shape the force 
to enable effective operations. As importantly, it also provides the vision and guidance while 
laying down the processes necessary for the positive evolution of the force. There is no doubt 
that a number of other character traits are equally important to ensuring that an individual is an 
effective leader. However it is also certain that the foundation to good leadership is professional 
mastery, especially at the operational and strategic levels of command. Only leaders who are 
professional masters will have the ability to anticipate and adapt to oncoming events, combined 
with the confidence to create and exploit opportunities.

Issue 2 – Status of an Air Force. The collective professional mastery of an air force is the 
underlying strength and the fundamental basis of its functioning. It becomes apparent, even 
through a cursory evaluation, that competent air forces must be able to provide a selection of 
appropriate options to the government when the nation is faced with a crisis. The inability of an 
air force to consistently offer alternative solutions, even to vexed issues, will gradually diminish 
its relevance in the broader national security calculus. This situation has the potential to rapidly 
become a downward spiral into irrelevance with all the associated consequences. In a more 
altruistic manner, discounting the descent into irrelevance, it is incumbent on air forces to be 
able to contribute effectively to national security if only to reciprocate the trust reposed on it by 
the nation and to return, in kind, the resource investment that has been made. The status of an 
air force with respect to its effective functioning is dependent on collective professional mastery.

Irrespective of the quantity and quality of the systems that it operates, an air force will 
remain mired at the tactical level if the leadership is content with maintaining an acceptable 
level of technical mastery. Individual technical mastery is essentially the ability of a person 
to carry out a dedicated role within the air power generation system in a competent manner. 
Collectively this would mean that the air force is able to operate air power systems in a competent 
manner. In other words, it will be able to carry out missions at the tactical level but may or 
may not have the ability to mount an operational level campaign. Unless individuals are able to 
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transform technical mastery into professional mastery the organisation will have no opportunity 
to become a professional institution. In the long term, and considering the prevailing economic 
and socio-political environment and security imperatives of democratic nations, a purely tactical 
air force does not equate to full return on the investment made on it. The alternative to this 
situation is for an air force, however limited numerically, to strive to become one with strategic 
influence within the broader national security equation. Becoming influential at the strategic 
level involves a number of factors. An air force needs to repeatedly demonstrate tactical and 
operational proficiency in order to be considered capable of consistent performance whenever 
required. Operational proficiency will in all likelihood permit an air force to assume a position 
within the national security debate at the strategic level. However, gaining a position at the table 
is very different to being able to influence the conversation. In order to become influential at the 
strategic level of national security discussions the force needs to have acknowledged, holistic 
professional mastery of the highest order.

Considering the ingredients to produce high levels of professional mastery, it is easy to 
observe that in order for an air force to evolve, its personnel must possess adequate individual 
professional mastery. Thereafter, it must also be led by commanders who function at a high level of 
professional mastery with the ability to cohesively bring together the force’s inherent professional 
mastery. They must instinctively possess the other requisites that make them efficient and skilled 
leaders. Of necessity these leaders will have to create the culture and the environment that will 
automatically steer the organisation towards becoming committed to learning and growth, both 
individually and collectively. In essence, the strategic influence an air force can bring to bear is 
a product of the collective professional mastery and competent leadership.

PROGRESSION OF PROFESSIONAL MASTERY:  
A STAIRWAY TO HEAVEN

The Evolutionary Sequence of a Mature Air Force
Air forces are fundamentally fighting forces charged with maintaining the ability to 

apply lethal force from the air in the pursuit of national security imperatives and to promote 
national interests when directed by the government. This is an onerous responsibility and 
entails a myriad of activities that must be cohesively and logically brought together to ensure 
effectiveness. Collective professional mastery is the binding force and the thread of continuity 
that transforms disparate groups and units into an air force capable of projecting force and 
providing the government with viable options to ensure national security. Military forces are 
hierarchical organisations and are perhaps more rigid in their make up than most commercial 
groups. Along with an accepted hierarchy it is the professional mastery of each individual that 
makes up the collective proficiency of the force. In other words, a personal understanding of 
air power—which is the responsibility of every member of an air force—is the starting point 
from which the discipline of professional mastery, individual and collective, is built. Further, 
through this process each individual must aspire to maximise [the] Air Force’s contribution to 
the ADF’s [Australian Defence Force’s] ability to fight and win at all times.

The collective professional mastery of an air force will determine its proficiency, efficiency 
and effectiveness. In a very generic manner the level of professional mastery resident in an air 
force can be superimposed on the broader military and national security campaigns. This will 
provide a visible scale that indicates the status of evolution of an air force in terms of its progression 
to full maturity. Further it will also illustrate the relationship of professional mastery to the 
development of an air force to one of strategic influence in the national stage.
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Individual Technical Mastery
At the personal level, professional mastery begins from the apex of an individual’s technical 

mastery in his/her core responsibilities. In an air force technical mastery could be in flying, 
engineering or maintenance, logistics, administration, etc. In all cases this individual technical 
mastery should be oriented towards contributing effectively to the generation of air power. An air 
force that has only a bare minimum number of individuals who possess a high level of technical 
mastery will be able to launch and recover aircraft in a competent manner. However, such an air 
force will always lack the cohesion required to generate air power as an entity. In other words, 
individual technical mastery that is not efficiently combined will not provide the necessary 
impetus for an air force to apply air power effectively. This is the lowest level of capability of 
an air force wherein it cannot apply force in a united manner. This sort of air force will exhibit 
visible indications of being an armed force only through extraneous and inconsequential inputs 
like uniforms and other accoutrements.

Technical Mastery within a Unit
When the technical mastery of all personnel in a particular unit is brought together to 

complement each other, the unit can be presumed to be operational. Such a unit will be able to 
contribute positively to the generation and application of air power in a limited manner. An air 
force that is comprised of disparate units that in themselves are operationally sound but are not 
knit into a connected whole will only be efficient at the lower end of the spectrum of conflict 
in activities like humanitarian aid and peace monitoring. In these activities the requirement for 
the application of lethal force to ensure success would be minimal.

Professional Mastery – Single Service Domain
The binding together of individual units that have reached an acceptable level of internal 

cohesion requires an air force to transcend technical mastery and move up to the lower levels 
of professional mastery. There are two factors that influence this progression. First, individual 
members should have achieved a certain level of professional mastery that when combined will 
make the unit one that excels in the operational application of air power. In this instance it is 
implicit that the unit has an inherent ability to generate air power and the progression is towards 
improving the efficacy of its actual application.

Second, efficient application across the full spread of air power capabilities requires the 
force to function as a whole in a unified manner. This requires the force to attain collective 
professional mastery of the single service domain. Essentially such professional mastery will be 
the combination of the internal professional mastery of all the constituent units of an air force 
which in themselves would have reached acceptable standards. An air force that has achieved 
this level of professional mastery will be able to function and contribute effectively in peace 
keeping and enforcement roles. These roles may require the application of lethal force—even 
in a pre-emptive manner at times. An air force capable of conducting these roles will have 
reached the lower levels of collective professional mastery necessary to function within the 
spectrum of armed conflict.

Professional Mastery – Joint Level
The next step in the evolution of an air force is the progression towards attaining professional 

mastery at the joint operational and campaign level. This is a major step forward and can only be 
achieved after three basic requirements have been met. First, only a force that has consistently 
demonstrated its ability to function as a professional entity in the single service domain can 
aspire to move into this level of maturity. Second, the force must have a minimum number of 
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individuals who have attained a very high level of professional mastery. While actual numbers 
and percentages in relation to the total force cannot be accurately laid down, it is possible to 
state that the requirement would be for around fifty per cent of the force to have individually 
achieved professional mastery. Third, the force must have competent leaders at all levels of 
command. As mentioned before, leadership in a military force is predicated on the professional 
mastery of the individuals concerned.

Professional mastery at the joint level entails an air force being able to influence a joint 
campaign—from the initial planning, through its conduct and the final draw-down phase. 
Further, it will also be able to influence the achievement of the end-state in an armed conflict 
from a military perspective. An air force that has achieved this level of competency will be 
able to operate across the entire spectrum of armed conflict. It should be noted that air forces 
must be balanced forces with all core air power capabilities resident in them to be considered 
to have achieved this level in the evolutionary sequence. In contrast, a niche air force—a force 
with only selected core capabilities resident in it—will, at best, be able to achieve full technical 
mastery and in some instances also be able to function at the level of having professional mastery 
of the single service domain.

Only an air force functioning routinely with professional mastery at the joint level will be 
able to provide the nation with an adequate degree of air power with assurance as and when 
required. This is perhaps the minimum level of proficiency expected of an air force of this 
calibre. Air forces primarily exist to contribute directly to the nation’s security, especially in 
times of potential or actual conflict. This responsibility can only be discharged effectively by 
an air force functioning at least at the joint level of professional mastery. The ability of an air 
force to operate competently in the joint military environment is critical to ensure the success 
of all military campaigns. Effective functioning at the joint level can be equated to an air force 
reaching a ‘half-way mark’ in its development and maturation. The effectiveness of air forces 
operating at this level and below will be normally limited to joint military operations. However, 
the more capable ones may be able to sporadically rise to the next level of competence in certain 
contexts and prevailing environments.

Professional Mastery of Military Strategy
Once an air force is confident of its ability to function in the joint environment and perform 

at the desired level of competence at all times without fail, it can then aspire to move further up 
the chain of professional mastery. This progression is underpinned by the collective professional 
mastery of individuals within the air force who understand and can influence the overall military 
strategy of the nation.

From the perspective of an individual’s own professional progression this is a definitive 
step for two reasons. First, it involves functioning almost completely at the conceptual level, 
to the exclusion of operational activities. This transition from ‘doing’ to ‘thinking’ is normally 
difficult for all military personnel, but particularly so for airmen whose comfort zone is normally 
at the tactical and operational levels. Second, this transition takes the individual away from 
experience and competence in specific jobs, as well as an orderly and controlled training and 
career progression, to the realm of self education and development. These two reasons combine 
to restrict the number of people who successfully adapt to the changed conditions and fulfil 
a higher calling in their development. Further, it is also essential that those who make this 
transition are proven leaders of calibre because it is from the ranks of these individuals that 
strategic commanders are—or should be—chosen.
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An air force with the professional mastery necessary to function at the highest levels of 
military strategy will automatically find itself being consulted and listened to in all matters 
that relate to military operations. Therefore, it will be able to influence the development of the 
concepts of operations that will be employed by the military to achieve the desired end-state. 
Such an air force will effectively facilitate a functioning joint force becoming a seamless entity. 
Much like the case of individuals, wherein this is a defining point in their personal development, 
this is also a defining point in the evolution of an air force. Even though this progression is not 
normally rapid or revolutionary, it is perhaps the most important step towards the maturation 
of an air force into a truly viable force.

Professional Mastery of National Security
An air force that can contribute to the creation and sustainment of the necessary impetus 

for the military to become a seamless force will find that it is set on a path that can, if carefully 
followed, lead the force to the next level of professional mastery. At this level an air force 
becomes one that is able to influence the national security calculus. While this might seem a 
simple and straight forward progression, the actual process is complex for two reasons. First, 
the military force of a nation is only one of the elements of national power that constitute the 
broader structure of the national security organisation. Further, within a seamless force, an air 
force is only one contributing part and therefore will have to carefully tailor its capabilities to 
be influential within the military and also within the national security organisation. Second, 
the collective professional mastery required of an air force increases exponentially when the 
force has to be a binding factor in a seamless military force while simultaneously being an 
independent influence in national security debates and considerations.

In order to be effective at the national level of security discussions, an air force needs to 
have a very high order of collective professional mastery. The complexity of progressing to 
this level is accentuated by the increased level of professional mastery required of the senior 
leadership for the force to perform adequately at this level. National security imperatives are 
developed over a period of time through robust debate. Most nations have an informal national 
security community—consisting of academics, practitioners, decision-makers, politicians and 
policy makers—who form the core group in influencing the government on national security 
issues. An air force of calibre should have sufficient number of personnel who are able to 
function well within this group. It is important that these people are capable of providing an 
unbiased assessment of air forces and air power within the context of national security for them 
to be influential.

For an air force to attain professional mastery at the strategic level of national security, 
the senior leadership must possess two outstanding qualities. First, they must have an astute 
understanding of contemporary national security requirements. Second, they should have the 
ability to foresee, with sufficient clarity, the future needs that could arise within the evolving 
security environment. Both these qualities require careful study, a well developed ability for 
introspection, a high level of relevant experience and, most importantly, the capability to 
transform knowledge into practicality in the employment of air power. Only leaders with these 
capabilities and sufficient confidence in their ability to contain even dramatic changes in the 
politico-strategic environment will be able to elevate an air force to the level of professional 
mastery in national security. Air forces which are fortunate to possess this level of professional 
mastery will be able to function effectively in a multi-agency campaign both as independent 
elements as well as part of a seamless military task force. This places them on the first of two 
steps to achieve an appreciable level of influence within the nation.
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Professional Mastery at the Grand Strategic Level
The ultimate position of excellence is for an air force to achieve professional mastery at 

the grand strategic level of national security. Moving into this space is neither easy nor within 
the grasp of many air forces. In fact, a majority of air forces fail to stay within this level of 
effectiveness on a long-term basis even after operating at this level under certain circumstances. 
For a number of reasons they remain content to function at the periphery of the grand strategic 
security considerations. However, an air force needs to be able to function at this level of 
national security for it to be an influential element of national power. Even air forces functioning 
at the immediately lower level of professional mastery in national security will not be able to 
consistently influence the strategic posture of the nation.

There are four inherent capacities that are critical to an air force achieving professional 
mastery at the grand strategic level of national security. First, it must have demonstrated very 
high operational excellence for a long period of time. A few operational successes in the recent 
past does not equate to the capability to consistently produce operational excellence and will 
not be sufficient to enable the force to be influential. Second, an air force must have functioned 
confidently within the national security community without having been moved to the periphery for 
any reason. Third, the force must have robust doctrine and concepts of operations at the strategic 
level that support the achievement of national security. Further, these have to be transparent at 
the unclassified level so that the nation can have a clear idea of the capabilities and functions of 
the force. Fourth, and perhaps the most important, is the capability of the leadership to function 
effectively at this highest level of national security. This is built on a civil-military relationship 
that must be based on mutual trust and respect of each others’ professional competence.

An air force that can function at this level will become an element of national power. Being 
an element of national power entails being effective and influential in:

• defining the bounds of national security,

• providing the government with alternatives and options in the case of a threat materialising,

• determining the desired end-state in any confrontation to meet national security imperatives,

• deciding the best course of action in achieving the desired end-state,

• planning and conducting multi-agency and joint campaigns, and

• tailoring responses to achieve the end-state with minimal expenditure of resources.

Air forces have to continually strive to achieve this level of professional mastery if they 
are to remain relevant to national security. Air power is a critical element in ensuring national 
security and in most nations this capability is resident in air forces. It therefore becomes important 
for the air force of a nation to be able to influence the national security policy so that a realistic 
understanding of air power is factored into the development of the policy. An air force has to 
be strategically influential if it is to be able to contribute optimally to the nation’s security. Not 
many air forces achieve this status, but it is not a purely utopian goal either. Every air force 
of calibre, irrespective of its size, should at all times be on a pathway to achieving this status.

To Sum Up
Air forces can only be said to be effective entities—even if they are functioning at the 

lowest level of operational competence—when they have achieved a level of professional mastery 
that permits them to operate as a cohesive whole. This is the starting point for an air force to 
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commence a journey of becoming an indelible part of the national security equation and an 
element of national power. Unless this constant progression is achieved, an air force is most 
likely to stagnate in terms of capability and the capacity to provide the government with viable 
options to national security issues. Professional mastery of the personnel, leadership qualities 
of the commanders and the ability of the force to adapt and transform continually in its search 
for excellence are vital to an air force acquiring strategic influence.

AIR POWER EDUCATION

A number of air forces have the ability to perform at the operational level with very high 
proficiency. However, it is noticeable that a majority of them lack the necessary robustness in 
strategic thinking, leading to a diminished awareness of air power issues in the wider strategic 
and security community as well as a less than optimum awareness of the challenges in the 
employment of air power within the force. The combination of these two factors manifests in 
the formulation of the national security policy and the overarching military strategy without 
fully taking into account the contribution of air forces. This is detrimental to ensuring national 
security and promoting national interests. The recurring tussle in many armed forces for the 
control of air assets is perhaps a clear indication that at the military strategic level there still exists 
a lack of understanding about the nature and theory of air power and its effective application.

There are two fundamental reasons for the obvious deficit in strategic thinking and knowledge 
within air forces. First is that airmen, and pilots in particular, are oriented towards the doing 
of things—the practical aspect of operations—as opposed to conceptualising philosophically 
about the reasons for, and consequences of, initiating a particular action. Historically the top 
leadership of air forces have been predominantly pilots and while there have been some extremely 
articulate strategic thinkers amongst them, the general pool from which strategic thought is 
derived tends to have a narrow base. This has been a limiting factor in the development and 
dissemination of strategic air power thought.

The second reason flows from the first. It can be traced to the reluctance of airmen to indulge 
in the intellectual exercise of writing down and formalising even the basics of air power theory 
and strategy. This aversion to acquiring and propagating knowledge at the broad and open level 
is still apparent within air forces, especially in the middle level leadership. A contributing factor 
to this situation could also be related to the inordinately long time and effort required to master 
the sophisticated systems that are operated and commanded by middle level leadership. Since 
strategic thinking also requires long periods of study and introspection, it comes into direct 
competition with operational requirements and is almost always given second priority. The 
outcome is once again a lack of vigorous thought process necessary to facilitate the development 
of strategic concepts that align with national security imperatives.

Development of strategic thinking and increasing the knowledge level of an air force as 
a whole is a direct function of its collective professional mastery. Thus professional mastery 
is the introductory step towards an air force becoming one of accepted calibre not only at the 
operational level, but also at the strategic decision-making level in a nation.

Education, Training and Learning
Education is a primary tool in developing the professional mastery of an individual and can 

only be ignored at the peril of the force stagnating at a low level of proficiency. Understanding the 
difference between education, training and learning is essential and fundamental to understanding 
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the role of education in transforming a force from operational to strategic proficiency. In 
other words the differentiation between the three would also indicate the connection between 
professional mastery and military education.

Training is the repetition of defined knowledge, improvement of skills through instructions 
and practice, and the moulding of attitudes through formalised drills to achieve competency 
at a task. Examples of training include becoming proficient in standard operating procedures 
like emergency drills, or in actions to be initiated in a quick response situation. Education 
on the other hand is the development of an understanding of the guiding principles, theory 
and concept of a particular subject. The subject could be very broad or extremely narrow and 
focused. Unlike training, education provides individuals with the basic wherewithal to apply 
their knowledge to investigate new and even unique situations and to develop new and better 
methodologies for the completion of tasks. Essentially training is instruction on what to think 
while education teaches how to think.7

Military training is normally built around a competency based systematic approach. This 
approach is complimentary to a military force’s definitive nature in the way it conducts itself at 
the operational and tactical levels. It is efficient at the lower levels of a hierarchically formalised 
organisation. However, it is inappropriate and inadequate at the higher levels where education, 
in the true sense of the term, is the paramount requirement.

In the education process there are two ways in which knowledge is assimilated. On the one 
hand, knowledge can be received from what is transmitted by the teacher and stored for further use. 
On the other, knowledge can be constructed from what is being taught. The difference is between 
what is taught and what is learned. Learning results from both training and education, but can also 
occur from everyday informal activities like casual social interaction or watching television. The 
critical point is that learning shifts the emphasis of the individual from a recipient of knowledge 
to one that is constructing an understanding of the subject with the knowledge being provided.

Organisational Intellect and Education
Although not articulated as such for a long period in the past, there has been an underlying 

acceptance within military forces that individual study and knowledge resident in its personnel 
are essential criteria for the well being of the force. This is so for air forces as well. Study and 
acquisition of knowledge are heavily dependent on the intellect of an individual. In a similar 
manner to arriving at collective professional mastery, it can be surmised that the combined 
intellect of the individuals in an organisation will form the ‘organisational intellect.’

The Macquarie Dictionary defines intellect as ‘the power or faculty of the mind by which 
one knows, understands, or reasons, as distinguished from that by which one feels and that 
by which one wills; the understanding.’8 Knowledge and understanding, which come from the 
process of study, are abstract concepts. Intellect provides the tangible capacity to understand the 
purpose of the organisation as well as the fundamental theory that underpins it. Organisational 
intellect therefore provides a holistic and across-the-board knowledge of organisational purpose 
and theory. While there are a large number of factors—like leadership, values, vision, goals, 
communication, cohesion etc—that are essential to the success of an organisation, organisational 
intellect is a critical contributing factor.

So what does organisational intellect do? There are three aspects to the answer. First is that 
this is the repository of the knowledge of an organisation ie. what it knows. Second, it provides an 
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insight into the processes that go into the employment of this knowledge, ie. how the organisation 
utilises this knowledge. Third, it gives an indication of the capacity of an organisation to learn 
and the speed at which it can adapt new knowledge to its particular environment, ie. how fast an 
organisation can learn and then make the most of the new knowledge. If all the three aspects are 
seen to be positive in an organisation, then it is more than likely that it will be able to achieve 
and maintain a competitive advantage in its chosen sphere of functioning.

Organisational intellect—collective knowledge—has enormous inherent value. It has 
been seen that when an individual, who has been in an organisation for an appreciable period 
of time, leaves it, he/she takes with them a part of that collective knowledge. Further, it takes 
considerable time, resources and concerted effort to replace the tacit knowledge that was lost 
with an individual’s departure.9 An organisation must therefore carefully nurture individual 
intellect and establish a culture of sharing knowledge to minimise the impact of the loss of 
knowledge associated with the departure of an individual. As far as possible the organisational 
intellect must be maintained as a larger quantum than the sum of individual intellects.

Knowledge and understanding are by-products of a vigorous education and learning 
process. However, it is very difficult to quantify the contribution of education to organisational 
intellect. Similarly, it is also hard to clearly identify the impact of improved knowledge on the 
performance of the organisation. However, if an organisation has a value that is greater than 
the sum of its tangible assets, it can be safely surmised that the difference is an indicator of its 
organisational intellect. Modern military forces have identified knowledge as a performance 
enhancing capability in their organisational development process and, as a result they focus on 
developing and retaining organisational intellect. The creation of separate training and education 
commands or groups within a Service, which consume large amounts of resources, is an open 
acceptance of this undisputed tenet.

Air Power Education and Air Force Culture
Within an air force, air power education is the primary tool used to improve individual 

knowledge levels and through that process establish and enhance organisational intellect. 
This education must be aligned with, and directly contribute to, the three aspects of what 
organisational intellect delivers—increase the capacity of the organisation to be a repository 
of knowledge, improve the efficacy of its application and enhance the organisation’s capability 
to learn. If these are unequivocally achieved, then air power education will be an essential part 
of ensuring the success of the force.

If an air force is expending extensive resources on air power education of its personnel, it is 
only natural that there must be a tangibly evident improvement in the organisational outcomes. 
In the case of military forces, including air forces, improvements that result from education 
may become apparent and be exhibited openly only in times of conflict. Superimposing this 
concept—that improvements in a military force, brought about through professional education, 
can only be realised in times of conflict—on to the Royal Australian Air Force (RAAF) raises 
two relevant and interesting questions.

For a considerable time the RAAF has relied on technological superiority to offset its 
numerical limitations, especially in the context of possible regional operations. This was always 
predicated on the superiority of equipment and the individual and collective technical mastery 
resident in the force as a whole. However, in the recent past potential adversaries have been 
able to bridge this technology gap and superiority in technical mastery to an extent wherein 
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the edge that was enjoyed by the RAAF has greatly diminished. The first question therefore is 
whether or not organisational intellect built carefully on air power education will provide the 
decisive edge for the RAAF into the future.

The second question is a corollary to the first. Currently the outlook for Australia’s regional 
security environment is reasonably stable. The question that arises is whether this is a product 
of the visible and accepted superiority and effectiveness of the Australian Defence Force’s 
organisational intellect. Furthermore, it raises the question of whether the comparative stability 
of the region is the product of the ADF being seen as an efficient and successful organisation. 
Of the three, the first question is perhaps more relevant to our discussion here—the role of 
organisational intellect in maintaining a qualitative edge over potential adversaries.

All organisations have their own distinctive cultures. However, there is an aspect of culture 
that is peculiar to air forces that must be considered in analysing the organisational intellect of 
the force. This is the fact that knowledge of the underlying principles that guide the employment 
of air power is a vital and essential part of the air force culture. The influence of such knowledge, 
in the culture of other military environments, is relatively lesser in degree. For an air force, 
the employment of air power is its primary responsibility and it can only be effective if the 
organisation has the requisite knowledge resident within it to enable its effective application. 
Air power education is the process by which the adequacy of this knowledge is ensured. In a 
lasting manner, air power education reinforces the air force culture, which forms one of the 
core elements that ensures the operational competence of the force.

What Does Air Power Education Entail?
Air power education is an ongoing process throughout the service term of an individual. 

Further, it cannot always be formalised into courses and other activities that are essentially 
‘push’ mechanisms. There is also the issue of institutionalised courses gradually becoming 
more training-based than education. The need, therefore, is to establish a culture that promotes 
education with specific emphasis on the broader aspects of the employment of air power. While 
a hierarchical system of courses can be made the basis on which education is developed, it will 
not cover the complete spectrum of knowledge necessary to be inculcated for an individual 
to become an air-minded professional. The answer is to encourage individual study to be 
undertaken to fill the gaps.

Individual study is a ‘pull’ mechanism and has to flow from the intellectual need that is felt 
by an individual. A certain amount of such ‘pull’ is instinctive in a number of people. However, 
the majority will require a catalyst to start them on this journey of self-education. It is in this 
sphere that the institution, through the instructors of formal courses and informal mentors, 
can become effective in spreading the desire to learn and imbibe more air power knowledge. 
Instructors and directing staff across the entire training continuum are critical to furthering air 
power understanding, which in itself is a direct contributing factor to organisational intellect. 
From an individual perspective, a judicious combination of formal courses and independent 
individual study is the beginning of a long journey to attain professional mastery—after one 
has achieved technical mastery of a high order as the first prerequisite.

There are two prevalent myths regarding air power education that must also be addressed 
if this process of education is to succeed in providing the necessary impetus for the individual, 
and the air force, to attain professional mastery. The first is the perception across the Service 
that air power education is only applicable to officers, especially at the more senior levels. This is 
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detrimental to the larger good of the force since collective professional mastery of the force is 
dependent on each individual having an appropriate level of professional mastery—depending on 
rank and position—that when combined makes a force into one that excels through professional 
mastery. Second is the common belief that air power education at the philosophical level is only 
necessary for commanders at the higher levels. Further it is the belief that such knowledge is 
of visible importance only during times of conflict. Perhaps nothing could be further from 
the truth. Strategic understanding of air power is necessary for each individual of the force; 
the difference in knowledge levels between individuals being only the breadth and depth of 
the knowledge necessary to attain an appropriate level of professional mastery. Only with a 
strategic understanding of the employment of air power resident within each member can the 
Force function effectively across all levels of conflict.

These two fallacies are emphasised by a trait peculiar to airmen. Air force personnel as 
a group are inclined to be more practical and pragmatic than intellectually oriented. This is 
evident in the outstanding tactical and operational performance of almost all well established 
air forces. This is technical mastery at its best. This culture of excelling at doing things readily 
translates to an organisational culture embedded in task focus. While fully endorsing the need 
for a Force to excel in the operational tasks that it has to perform, it is also equally important for 
each person to understand how their individual technical mastery—and further development of 
professional mastery—contributes to the efficacy of air power. This can be achieved only through 
air power education, which will propel the individual—and the air force collectively—towards 
professional mastery. Education cannot be considered a series of courses to be undergone, a 
nuisance that has to be suffered and something that interferes with the performance of one’s 
primary role. Air force culture must transform to ensure that every individual looks at his/
her primary job through the prism of professional mastery imbibed through holistic air power 
education. A positive understanding of all aspects of the employment of air power among 
personnel, brought about by knowledge and constantly improving professional mastery, is a 
foundational requirement for the success of an air force.

THE CONFLUENCE—AIR POWER EDUCATION AND 
PROFESSIONAL MASTERY

There is general consensus and acceptance that the ‘profession of arms’ is a profession like any 
other that meets the definitional requirements. People from any of the three environmental Services—
army, navy and air force—whose primary occupation in life is military service form the core 
of this profession. In order to qualify as professionals, they have an obligation to be experts in 
their chosen field. Therefore airmen, who specialise in generating and delivering air power for 
the security of the nation, have a duty to be professional experts of air power.10

An air force’s primary function is to generate, apply and sustain air power to meet the political 
objectives laid out by the government of the day. The focus should always be the employment 
of air power in the context of national security. Professional mastery of air power, therefore, 
should be the ability to employ air power optimally so that its effectiveness in meeting grand 
strategic and military strategic objectives is enhanced. While technical mastery is a critical 
component in achieving this, the primary requirement to function effectively at the grand 
strategic level of national security is the ability of a force to master conceptual thinking—to 
have adequate collective professional mastery.11 Professional mastery encompasses technical 
mastery in operations and conceptual thinking and the ability to implement the necessary 
concepts at the highest levels.
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The development of professional mastery involves having a clear understanding of the 
basics of military theory and strategy and then being able to translate this knowledge into the 
contemporary air power context. The ability to employ technologically sophisticated systems 
is but the start point in the long journey to become a professional master of air power.

Even a few decades ago military forces were primarily focused on defeating an adversary 
through the use of armed force. This entailed destruction of infrastructure and resources to 
make the adversary capitulate. However, the requirement today is for military forces to be able 
[to] fight and win against irregular forces whose modus operandi is almost always unclear 
and unpredictable. The need in these cases is more to avoid destruction and, at the same time, 
facilitate security and build up stability. These are diametrically opposed end-states in conflict. 
The first step in professional development is therefore to understand the characteristics and 
conduct of war, with special reference to the one in which the force is involved. It is necessary 
to view the conflict as it is in actuality without the perception being coloured by preconceived 
ideas. This means that the characteristics of the war being fought, and those of the conflicts that 
are likely to be fought into the near future, should have a direct influence on military education 
to ensure professional mastery.12

Appropriate education is the cornerstone on which professional mastery of air power is 
built. Lack of education and knowledge in the necessary areas will inhibit an individual from 
progressing beyond a certain level of technical mastery in the application of air power. When 
this permeates an entire air force, it becomes very clear that without adequate emphasis being 
laid on education the force will remain at the fringes of technical and professional mastery. 
The implications of such a state of affairs are dire—both in terms of national security and the 
well being of the air force itself.

CONCLUSION

The profession of arms has to contend with the uncertainties and lethality of war. Further, 
the price of failure can be catastrophic to the security of the nation. Therefore, achieving 
professional mastery of air power is a more complex process than achieving mastery in some 
other profession. It entails gaining knowledge through dedicated study, more inclined towards 
a ‘pull’ rather than ‘push’ mechanism. Self-improvement—inherent or imbibed—is the key to 
achieving sufficient levels of professional mastery through study, education and learning. This 
is particularly applicable to air forces that prize operational excellence based almost entirely 
on technical mastery. Being a proficient airman at the operational level is only the first step in 
developing professional mastery. However, to think strategically about air power and develop 
professional mastery does not mean that an air force has to start its own processes and programs 
from scratch. There is already a sufficiently large body of work on the theory and application of 
air power available that can be used as foundations to build upon. So it will not be necessary to 
‘reinvent the wheel’. However, the available wheel has to be assessed for its size and aptness for 
the role it is meant to perform, and modified if necessary. The requirement is for an air force to 
possess sufficient organisational intellect to be able to analyse the prevalent theories and then 
adapt them to suit its peculiar requirements.

Superficially this might seem fairly simple to achieve and incorporate across the force. 
However, such adaptations are complicated, and the processes to be established complex, because 
of three major reasons. First, they require knowledge and understanding of a number of disparate 
factors ranging from the nuances of security at the grand strategic level to the capability that 
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air power can deliver at any given time and place in actual operations. The fine distinctions 
between what could be done in generic terms, what should be done in specific terms, and what 
is actually possible, is difficult to judge at the best of times. In conflict this becomes even more 
prone to errors of judgement. Second, contemporary air power theories and strategies cannot in 
any way be considered complete. They are works in progress. Just as the character and conduct 
of conflict is a constantly changing grid, the application of air power has also got to maintain 
the same dynamism for it to be effective. Third, the context of the application of air power is 
indelibly linked to national security imperatives. Even though national security imperatives 
do not change overnight, they are also continually undergoing evolutionary changes. Even 
minor changes in the national security equation manifest in a more significant manner at the 
operational level of the application of air power as well as other military elements. It can be 
seen that adapting existing theories to suit an independent air force will be an involved exercise.

There are some fundamental truths within which air forces operate. First, they are, and 
will always remain, an element of national power to be employed by the government to ensure 
national security and to promote national interest. Second, they are the primary agency authorised 
by the government to apply lethal force from the air when necessary to ensure the safety and 
security of the nation. Third, air forces are critically dependent on technology for their efficacy. 
However, sophisticated technology is resource-intensive to acquire, maintain and operate. This 
makes the status of air forces directly linked to the economic well-being, or otherwise, of the 
nation and susceptible to change with the vagaries of the national economy.

Obviously, the nation expects—and it is incumbent on an air force—to perform at its best 
at all times, delivering air power of calibre whenever and wherever required. This can only 
be achieved through the force being professional—having collective professional mastery—
delivered through its organisational intellect [sic]. Acquiring professional mastery is not easy, 
nor is it a one-time effort. It remains a continuous process of education, learning, introspection 
and practical application of knowledge in equal measure. The shape and characteristics of future 
conflicts is difficult, if not impossible, to predict with any assurance. However, that does not in 
any way diminish the responsibility of the air force to contribute directly to national security. 
The primary asset that any air force has to ensure its agility to counter any threat to the nation 
will be the intellect and knowledge of its personnel—individually and collectively. Professional 
mastery of air power has never been more important. 
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Editor’s note: Part 1 of this article examined the development of the nuclear programme in 
Canada and appeared in the Summer 2014 issue of The Royal Canadian Air Force Journal. 
Part 2 delves into the technical aspects of the weapon.

Testing the strength of nuclear weapons

A lthough extremely technical, the characteristics of the W-40 warhead become germane 
to our discussion because they provide us with clues as to the mechanism of the warhead 
and, thus, its potential capabilities as they relate to the issues discussed previously. All 

BOMARC1 launch facilities in the United States (US) and Canada possessed a separate and 
protected warhead-maintenance building adjacent to the 28 “coffin” launchers.2 This building 
consists of a heavily reinforced room with armoured doors and glass, plus eight compartments, 
each with a garage door. As with any facility that handles nuclear weapons, there are personnel and 
explosive limits for each structure. These are clearly stenciled on the walls of the compartments. 
The North Bay BOMARC site weapons maintenance buildings markings include, variously: 
“Warhead, 1 EA” [each]; “Boost Case, 1 EA”; and “Boost Case Initiators, 4 EA.”3

In the case of the Canadian BOMARC sites at North Bay and La Macaza, Quebec, the 
division of labour between the Royal Canadian Air Force (RCAF) crews and the United States 
Air Force (USAF) nuclear custodian and maintenance detachments was clearly spelled out. No 
Canadian could enter the warhead maintenance compound or building. The warhead load crews 
included both Americans and Canadians. The warheads were usually kept in the BOMARC 
airframe. The access door to the coffin launcher was locked, and the key was held by the USAF 
custodians. Inside was a “no lone zone,” subject to the two-man rule. RCAF personnel handled 
loading and unloading the W-40 from the airframe, while the American custodians took over at 
the maintenance building. According to those who were involved in the process, no Canadian 
ever saw what was inside the “package.” Indeed, to this day, even the external photographic 
image of the W-40 warhead is not available.4

What we do know is that the W-40 had a primary device based on the Mark-28 bomb primary 
and that it was a boosted weapon. A boosted weapon injects a particular type of gas into the 
centre of the bomb sphere, which then increases the yield of the weapon significantly. In the case 
of the W-40, that gas was tritium.5 We also know, like all nuclear weapons, that the W-40 had 
a neutron generator.6 In one application, neutrons are used as part of an initiator for the nuclear 
reaction, and in the past, they were situated in the core’s centre. However, with boosting, the 
initiator was displaced from the core in the design and had to be externally mounted. Another 
application for neutrons involves a type of kill mechanism, but we will return to this later.

The existence of the boost case is intriguing. There is the plutonium core, then the explosive 
lens, and finally the beryllium tamper encasing the assembly. Then there is the tritium gas 
supply and the initiator, which lie outside of the core. Was the boost case simply a container for 
the boosting system? Perhaps. As discussed earlier, the whole assembly gained an additional 
100 pounds [45.3 kilograms (kg)] from the original design specifications. This additional weight 
was added in 1956. However, the size and, more particularly, the weight of the assembly suggest 
that the boost case also involved what we now refer to as “tailored outputs.”

The more familiar aspects of nuclear weapons use against Japan and the tests in the 1950s 
tend to reinforce the predominant view of what nuclear weapons do, or how they behave: lots of 
blast and heat, extensive damage and fallout. However, at some point in the late 1940s and into 
the 1950s, there was interest in exploiting several other energies released by nuclear explosions 
and then channeling those energies in creative ways.
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Take the W-25 warhead for the Genie, for example. The predominant view of RCAF 
personnel who were prepared to employ the weapon in the form of the MB-1 Genie from their 
CF101B Voodoo interceptors viewed it as a “bigger bang”; that is, the nuclear explosive made 
the blast radius greater and, thus, the explosion more effective against its target. They certainly 
understood there were other radiological effects. However, the kill mechanism of the W-25 is 
much more sophisticated than a simple explosively generated blast. The W-25 warhead generates 
an instantaneous pulse of X-rays that immediately superheat the air around the centre of the 
blast and rapidly expand it out to 1.16 kilometres (km). There are two types of X-rays: hot and 
cold. Hot X-rays cause “thermally generated shock waves in the vehicle structural material and 
internal components, … melting and vaporizing of the substructure, … internal deposition of 
energy in electronic components producing transient or permanent damage, … or [they] produce 
internal electromagnetic pulse.” Cold X-rays are “absorbed in a thin surface layer … . A short 
pulse of X-rays can heat the surface rapidly and may cause it to vaporize and blow off.”7

These effects were measureable at least by 1957 during Shot JOHN, during Operation 
PLUMBBOB and were incorporated into the engagement sequence used by an interceptor 
aircraft employing a Genie against an intruding Soviet bomber. Furthermore, the use of a W-25 
warhead at high altitude during Shot YUCCA during Operation HARDTACK suggests that 
the weapon had additional properties that were of value in countering an incoming missile, and 
those were measurable and available by 1958.

Yet the US decided not to use a W-25 in the BOMARC but to develop a whole new warhead 
for it; hence the W-40, a heavier weapon that had a supposedly high yield and, thus, greater 
immediate effects on its target. This is mysterious. Let us compare the estimated, publicly 
available performance information for the W-25 and W-40. The W-25’s visible fireball extends 
to 1.6 km across. We know that the fusing system on the BOMARC detonated the W-40 at 
900 metres from the target which when doubled gives us a 1.8 km radius. The W-25 yields 1.7 
to 2 kilotons (kt), while the W-40 yields 7 to 10 kt.8 Why would a warhead of what appears 
to be of equivalent value in an engagement but heavier and more intricate be mounted in an 
incredibly advanced missile airframe that is itself part of a sophisticated air defence tracking 
network, instead of relying on a relatively simple unguided rocket?

It may be simply a matter of altitude. The BOMARC could be directed by its ground 
controllers to intercept targets up to 25 km,9 though the aerodynamic possibilities of the airframe 
before failure were estimated to be 29 km.10 The combat operating altitudes for the F-89J or 
the CF101B interceptors with two Genies on board were around 13.4 km, though there were 
manoeuvers that existed to loft the Genie to higher altitudes.11

As well, there remains the intriguing issue of the additional hundred pounds [45.3 kg]. Why 
drag a heavier, larger warhead up to 25 km with a ramjet-powered pilotless aircraft when, in 
theory, the lighter but lower-yield W-25 would permit intercept at even higher altitudes? This 
leads us to the matter of what the boost case was, what material it consisted of, and what effects 
it was supposed to generate.

The boost case could have been just that: a container for the tritium gas boosting mechanism. 
Boost reservoirs are, however, small: 4 or 5 inches [10.1 or 12.7 centimetres (cm)] long.12 The 
presence of a boost case initiator suggests that something initiates a reaction, perhaps using 
the case itself. In thermonuclear weapons, X-rays generated by the implosion core of a fission 
weapon are not permitted to expand freely; their energy is channeled into a casing that contains 
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thermonuclear fuel and special polystyrene foam that compresses it when subjected to the effects 
of the primary device.13 That casing is made of materials, in this case probably Uranium-238, 
that reflect the X-ray energy symmetrically so it interacts with the polystyrene foam, which 
in turn interacts with the thermonuclear fuel which consists of a rod of uranium or plutonium 
surrounded with Lithium-6 deuteride. This is the “secondary” effect in a thermonuclear process.14

In essence, the W-40 appears to be a boosted fission weapon with a secondary component that 
somehow amplifies products of the primary detonation, be it Gamma rays, X-rays, or neutrons. 
Yet it only yields 7 to 10 kt. Fusion weapons usually yield somewhere in the megaton range. 
Indeed, regular thermonuclear weapons, when detonated, generate neutrons in an “un-tailored” 
effect at ranges out to 800 metres.15

Logic suggests that there was no thermonuclear fuel in the W-40 secondary. So what did it 
do and what did it consist of? Is it possible that the boost case was boosting the X-rays, neutrons, 
or some other output of the weapon beyond 800 metres? If so, then the primary device is of 
secondary importance in this process, so to speak. The weapon may cause damage like a W-25, 
but then the whole system put out some other effect to greater distances.

There are notable discrepancies over the period when the W-40 was tested. One source 
suggests that Shot BOLTZMANN was a 295-pound [133.8-kg] XW-40 warhead tested during 
Operation PLUMBBOB in 1957. This tower shot yielded 12 kt,16 while an internal Atomic Energy 
Commission (AEC) document pegs BOLTZMANN at 11.5 kt with a variable that is redacted.17 
Analysis of available data demonstrates that Shot BOLTZMANN focused on nuclear radiation 
effects, effects on aircraft structures, and electromagnetic effects on service equipment and 
material, specifically fireball studies and neutron sources. The US Defense Nuclear Agency 
report does not identify the warhead type, just the fact that its yield was 12 kt. Foreign observers 
were present for Shot BOLTZMANN, but not Canadian personnel.18 Canadian radiation-
monitoring teams, however, moved in to the BOLTZMANN detonation site for training in the 
days afterwards but were disappointed to discover that advice on high “contamination values 
for BOLTZMANN field were found to be vastly exaggerated,” so the team moved to another site 
that was “hotter.”19 The implication here is that there was not enough radiation on the ground to 
measure from whatever device was detonated during BOLTZMANN, even though it was fired 
from a 500-foot [152.4-metre] tower. BOLTZMANN is consistent with a XW-40 warhead test.

The other possible test of a W-40 may have occurred in 1962 at the height of the Cuban 
Missile Crisis.20 That test, Operation FISHBOWL, was a high-altitude sub-series of Operation 
DOMINIC and is shrouded in secrecy. Operation FISHBOWL’s initial objectives were:

To obtain data regarding the interference to radar and communications systems produced 
by a high-altitude nuclear burst. The data available at present [1961] coupled with theory are 
sufficient to show that blackout has serious implications for critical defence systems such 
as BMEWS [Ballistic Missile Early Warning System], Nike Zeus, ICBM [intercontinental 
ballistic missile] penetration and many communications systems and conversely that its 
employment may be an effective ICBM offensive tactic.21

Specifically, one of the tests involved examinations of X-ray and neutron behaviour in which 
a detonated weapon was expected to generate “debris” from the blast point out to 1 or 2 km. 
The event planners expected that “ionizing patches” would form 2 to 4 km wide at 60 to 70 km 
altitude.22 In effect, a detonation of a kiloton-yield weapon was estimated to interfere with the 
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environment between 2 and 4 km away from its detonation at that altitude. The hypothesis 
was that “These effects produce intense and persistent upper atmosphere ionized layers, both 
in the burst region and at the magnetic conjugate point which cause radio and radar blackout 
over large areas.”23

Several of the planned shots required the detonation of devices of 2-kt and 10-kt yields. 
One test was to “determine X-ray effects on re-entry vehicles and space systems.” Two more 
weapons of unspecified yield were to examine “directed energy effects.”24

The deterioration of relations between the superpowers brought about by the Cuban Missile 
Crisis meant that the larger umbrella test series, DOMINIC, received new objectives, including 
“Evaluation of missile kill mechanisms produced by these events.”25 And, more critically if we 
are dealing with testing a W-40 warhead:

The addition of the low-yield, high altitude effects tests were necessary to permit, 
within limits, evaluation of the utility of such explosions as penetration aids, that is as 
a precursor burst to permit penetration of ABM [antiballistic missile] defences by an 
ICBM [4 lines redacted]. In addition to the investigation of the potential of low yield 
explosions per se, the comparison of observations on such shots with larger yield events 
would provide better understanding or the variations of high altitude effects with yield.26

There is a substantial amount of redacted material. However, of the 35 shots in the test 
series between April and November 1962, the five shots of the FISHBOWL sub-series stand out. 
STARFISH, BLUEGILL, and KINGFISH were all high-yield shots using large boosted-fission 
fusion weapons in the megaton-yield range. Two others are of interest to us: TIGHTROPE and 
CHECKMATE; both were conducted at the height of the Cuban Missile Crisis in October-
November 1962.27 At these, however, there were no Canadian observers.

TIGHTROPE is believed to have been a test of a W-31 warhead aboard a Nike Zeus missile, 
but there is some debate over CHECKMATE. Several sources suggest it was a test of a “XW-50I 
warhead.”28 That is possible, though information on this warhead is difficult to acquire, including 
its planned purpose. Yet another source described CHECKMATE as “designed for a Thor 
missile to carry a 125-kt device to an altitude of 483,000 feet [147,218 metres] … utilizing an 
LASL XW-50X1 warhead launched by [an] … XM-33 Strypi rocket.”29 Another account has 
CHECKMATE detonating at 147.3 miles [237 km] with less than 20 kt.30

However, the fact that CHECKMATE did not use a Nike booster and used an XM-33 Strypi 
rocket suggests that it was not part of the Nike Zeus testing regime.31 Examination of photographs 
of the XM-33 vehicle prior to launch reveals that it had a nose cone and casing remarkably 
similar in dimensions and shape to the BOMARC’s nose cone, and it used a pair of Recruit 
boosters almost as surrogates for the pair of Marqardt ramjets that were part of the BOMARC 
airframe. In fact, the XM-33 is uncannily similar to a lash-up BOMARC on its launch stand.32

One reported yield of the CHECKMATE event was “under 10 kt,” which is consistent with 
a W-40;33 though to be fair, there was a 2-kt version of the W-31, and another source asserts the 
CHECKMATE weapon yielded 60 kt. Other arguments in favour of a W-40 test include the fact 
that the W-40 had not yet been proof tested as a system, that is, with a launcher, because of the 
1959 test moratorium and because other deployed weapons like ASROC [antisubmarine rocket] 
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and Nike Zeus were proof tested with their carriers during DOMINIC. The CHECKMATE 
detonation occurred “tens of kilometres” over the target area, which would also be consistent 
with W-40 usage in a BOMARC at 25 km and much less than the suggested 91.3 miles [147 km].34 
On the other hand, a case could be made that the presumably experimental XW-50X1 warhead 
could have been tested for compatibility with the dimensions of the BOMARC airframe. If so, 
that suggests that such a warhead, if it yielded 60 kt, could have replaced the 7- to 10-kt W-40 
in the BOMARC.35

The only other shots in the DOMINIC series that could have been a W-40 test appear to 
be the TANANA and PETIT events. TANANA yielded 2.8 kt at 2.75 km, while PETIT yielded 
3 kt at 14,995 feet [4570 metres] and was “an advanced and novel design” dealing with “highly 
experimental [deleted]” involving the penetration of air defences.36

The results of Operation DOMINIC suggest that:

Warhead kill radius: AICBM [anti-intercontinental ballistic missile] warhead kill radius 
is independent of altitudes above 80 to 90 km (and perhaps much lower). It appears 
that AICBM burst at this altitude and at low dip angles would not seriously degrade 
the performance of acquisition and tracking radars at UHF [ultra-high frequencies] 
frequencies and above.37

Moreover:

Valuable data was obtained on the nuclear detonation effects in a possible Nike Zeus 
tactical situation. The use of a nuclear detonation as an aid to penetration for incoming 
missiles by disrupting enemy anti-missile missile radars was explored by the STARFISH 
event [line redacted] … . Effects of a nuclear detonation on incoming re-entry vehicles 
from X-ray and neutron fluxes, thermal radiation, blast and shock and the vulnerability 
of our ICBM’s.38

And, most importantly, by comparing the different types of weapons during the tests, 
FISHBOWL demonstrated a fascinating phenomenon. According to one analyst, smaller-yield 
fission weapons produced greater overall “tailored” effects in terms of gamma-ray energy than 
larger, megaton-yield thermonuclear weapons did.39 One did not necessarily need a thermonuclear 
weapon to disrupt incoming ICBMs.

The W‑40: Choice of kill mechanism?
By the early 2000s, the US Department of Energy developed a declassification manual in 

which it updates lists of what can and what cannot be discussed when it comes to nuclear-weapon 
design and effects. The 2001 edition of the manual notes:

The fact of existence of weapons with tailored outputs, e.g., enhanced X-ray, neutron, or 
gamma-ray output; that we are hardening our weapons to enhanced weapon outputs and 
that high-Z materials are used in hardening nuclear weapons against high-energy X-rays.40

And, without directly referencing the W-40, the manual notes: “The size and shape of 
some thermonuclear weapons: Any information which reveals the existence of thermonuclear 
weapons with diameter less than 24 inches [60.9 cm] or weight less than 2000 pounds [907 kg] 
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is classified.” This was later changed to 18 inches [45.7 cm] and 690 pounds [313 kg].41 We have 
a conundrum: the W-40 fits these dimensional criteria and we do not have pictures or even 
sketches available because these are classified, but does that mean W-40 is a thermonuclear 
weapon? We have established W-40 is a tritium-boosted fission weapon with a suspicious 
component that looks like a secondary device of some kind. We also have a number of types 
of known tailored output kill mechanisms to test against what we have already established. Is 
it possible to link any of them to the W-40 and BOMARC?

There is an oblique reference in a 1961 RCAF document discussing the 1958 testing 
moratorium: “The US has apparently developed a new concept of weapon which has to be 
proven. This has been publicized as the ‘neutron bomb’ and appears to be a ‘clean’ weapon. This 
could revolutionize nuclear weapons and [redacted].”42 Further discussion was also redacted 
heavily: “Continuation of the situation is dangerous from the viewpoint of Western security 
[redacted] of a nature which minimizes fall-out hazard in order to improve its own weapons 
… .”43 And: “Anti-Ballistic Missile Development—The balance of power will shift decisively 
in favour of the first nation to achieve this capability. Nuclear testing is necessary to provide 
a better understanding of the process of ‘killing’ an enemy nuclear warhead and to develop a 
new defensive anti-ICBM warhead.”44

So was the W-40 an early “neutron bomb”? We are familiar with the controversy over 
enhanced radiation warheads in a ground role in the North Atlantic Treaty Organization during 
the 1970s and 1980s. There was a similar controversy in the 1950s over what were called 
“clean” thermonuclear weapons. A clean bomb design as opposed to a “dirty” bomb (in this 
case, not a radiological weapon in today’s sense) sought to reduce the amount of fallout while 
still retaining the other effects of a nuclear detonation. The PLUMBBOB and HARDTACK 
test series in 1957 and 1958 respectively had elements geared towards clean designs, and thus, 
this coincided with W-40 development.

The clean bomb was a low-fission warhead. The plutonium rod in the secondary device 
was replaced with another metal which significantly reduced but did not eliminate the fission 
products of the fusion-fission reaction.45 Clean weapons were heavier and used more nuclear 
material.46 Testing in 1957 and 1958 indicated that “Of prime importance are the biological 
effects resulting from exposure to the 15 mega-electron-volt energy neutrons that are formed in 
large numbers by fusion. With the use of ‘clean’ weapons the biological aspects of the radiation 
emanating from the fusion process becomes paramount.”47 Later on, a “clean, enhanced neutron 
output” weapons type was formally identified by the AEC, primarily for use in “antimissile 
defensive warheads.”48

What application would it have had in an anti-air role besides irradiating a bomber crew so 
they could die hours or days after they dropped their bombs? “Neutron flux” from the fusion 
process was a phenomenon noted during FISHBOWL tests. We have a clue from a retired F-102 
pilot who notes that the Falcon missile or

GAR-11/AIM-26 was primarily a weapon-killer. The bomber(s, if any) was collateral 
damage. The weapon was proximity-fused to ensure detonation close enough so an 
intense flood of neutrons would result in an instantaneous nuclear reaction (NOT full-
scale) in the enemy weapon’s pit; rendering it incapable of functioning as designed. 
Our strategists assumed enemy weapons, like our own, would be salvage-fused - ie, 
once over enemy territory armed to function during a crash and thus prevent anyone 
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from salvaging the critical material. Back then the weaponeers [sic] also assumed the 
bigger a bomb the better, thus shooting down the bomber only to have a 20 [megaton] 
bomb go off at ground level was not really one for our side. Fallout anywhere would 
be disastrous. Hence the neutron flux. … [O]ur first “neutron bombs” were the GAR-11 
and MB-1 Genie.49

The GAR-11 used a W-54 warhead designed in 1958 and deployed in 1961 on American 
interceptors. That made the W-54 contemporaneous with the W-40 but with a much smaller 
yield: about 1 kt. This suggests that, when effects are compared, the MB-1 Genie’s W-25 appears 
to have generated X-rays as well as neutrons, though this latter effect was inadvertent and 
supplemental. Nike Zeus, on the other hand, was optimized for X-rays.50 Later on in the 1960s 
American ABMs employed both: Spartan used X-rays while Sprint used neutrons.51 In a general 
sense, X-rays were optimal as a kill mechanism outside of the atmosphere, while neutrons were 
optimal inside the atmosphere. BOMARC was an air breather and designed for atmospheric use. 
Consequently, it is highly likely that BOMARC employed a W-40 warhead that was optimized 
to generate a burst of neutrons far beyond the range of the 3000-foot [914.4-metre] blast radius 
of the 7-kt warhead, possibly out to several kilometres.

Those neutrons had very important properties against unshielded systems but particularly 
against nuclear bombs, be they in the bomb bay of a bomber or in a re-entry vehicle of an ICBM. 
Both X-rays and neutrons could generate various forms of transient radiation electrical effects 
and electromagnetic pulse (EMP) inside the target vehicle’s systems and fry them so as to render 
them useless. But neutrons could go to work on the nuclear components of the target bomb itself 
and generate a condition called “pre-detonation” to generate a “fizzle” or otherwise interfere 
with the operation of the bomb at some nuclear level. The available information suggests that 
the W-40’s kill mechanism was based on neutron generation, as opposed to X-ray generation, 
and involved X-rays.

As far as Canada was concerned, the prospect of the Americans detonating W-40 armed 
BOMARC missiles over Canadian territory during an engagement was worrying. It was one 
reason why the La Macaza and North Bay sites were positioned where they were, that is, north 
of the Niagara Triangle. Having a clean warhead on board was preferable to having a standard 
warhead on board, as there would be fewer fissile products to deal with over and on Canadian 
territory from the weapon’s detonation. Thus, there may have been environmental and social 
aspects of the W-40 design.

An expedient BOMARC ABM system?
Could the neutron-generating W-40 in a BOMARC airframe have been used to deal with 

incoming ICBM re-entry vehicles in the 1960s? To do so would have required a number of 
capabilities. The first component is the means to detect a ballistic track directed against North 
America. The BMEWS was in place in 1959. It did have teething troubles. However, and 
this is important, it fed ballistic trajectory data to North American Air Defence (NORAD) 
headquarters so that the battle staff could rapidly project likely “footprints” where enemy 
warheads might land. Indeed, as early as 1959, the MITRE Corporation was feeding data to the 
RCAF on likely ballistic approach routes over Canada. The RCAF, as the Nike Zeus systems 
were under development, used the information provided by MITRE especially with respect to 
radar coverage regarding ICBM interception.52 BMEWS was supplemented by the Shepherd 
Project, which used the US Navy SPASUR [space surveillance] system to keep an eye on the 
air-space picture over North America.53
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Second, the system would have to have some means of tracking the objects once the detection 
systems saw them. This is where the hypothesis that BOMARC may have had ABM properties 
starts to become problematic. It is unclear whether the semi-automatic ground environment 
(SAGE) radars across North America would have had the ability or power to observe objects 
re-entering the atmosphere at high speeds. Lacking such a capability, the only method of 
conducting an engagement would have been to predict in which areas re-entry vehicles were 
likely to arrive and then time a barrage of BOMARC missiles to generate some form of disruptive 
energy as the warheads arrived. Whether NORAD battle staffs at the regional level had any 
training to conduct such an engagement and whether there was any doctrine for it is unknown; 
both issues would seem to be major weaknesses in the hypothesis that BOMARC had some 
sort of intentional ICBM engagement capability. That said, RCAF work on anti-ICBM projects 
indicates that there was substantial effort put into connecting early warning with prediction 
and with engagement, no matter how notional it would have been between 1959 and 1962.54 
And it is clear that a variety of ICBM surveillance and detection systems were already feeding 
NORAD headquarters by 1961 as evidenced by detailed briefings conducted by Air Marshal 
Roy Slemon, Deputy Commander-in-Chief of NORAD.55

As an example of how much forward thinking there was in RCAF headquarters in 1959 
regarding ABM systems, the RCAF kept a close eye on Project MIDAS, a US project designed 
to use satellites to detect a ballistic missile launch. In addition to MIDAS was Project SPAD, a 
proposal by the Convair aircraft company, where “it is proposed to place sufficient satellites in 
orbit to detect ICBM launch and fire one of fifty missiles on each satellite to destroy the ICBM 
before burnout.”56

Canada was engaged in several ICBM detection projects from at least 1958 if not earlier. 
After Sputnik, the Canadian Army Research and Development Establishment (CARDE) set 
up “five infrared observation stations located across the country for observation of satellite 
passes” by late 1958.57

There was Project LOOKOUT, a “joint RCAF/DRB [Defence Research Board] programme 
to measure the infrared radiation characteristics of ballistic missiles.”58 For the tests, RCAF 
CF-100 fighters were modified with wing pods that could detect and record “ultraviolet, visible, 
and infra-red radiations generated by [missile] nose cones” as they re-entered the atmosphere. 
These tests took place at Ascension Island and recorded data from American missiles launched 
from Florida.59 Another was Project BLIND TWINKLER, which was “undertaken to establish 
the feasibility of detecting ballistic missiles using reflected sunlight.” In this project, CF100s 
flying from Thule, Greenland, and Churchill, Manitoba, used infrared detection equipment to 
“determine the magnitude of background signals against which the ICBM’s would be detected.”60 
Another aspect of BLIND TWINKLER was “to measure scattered sunlight backgrounds in the 
Arctic sky with a view to determining the feasibility of detecting ICBMs in mid-course using 
reflected sunlight.” Both LOOKOUT and BLIND TWINKLER were considered successful 
by the DRB.61 In 1962, CARDE was involved with their American counterpart, the Advanced 
Research Project Agency, in Project DEFENDER. The Canadian components of DEFENDER 
included “re-entry physics” and “kill mechanisms.”62

One must not forget the existence of the Prince Albert Research Laboratory (PARL) in 
Saskatchewan. PARL was heavily involved with BMEWS research and by the early 1960s 
appears to have been working on mitigating the effects of high-altitude “communications 
disruptions” on BMEWS and other detection systems.63 Established in 1959, PARL was described 
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to President Eisenhower as a “new facility to be used for investigations of the factors influencing 
the radar detection of aircraft and missiles entering the auroral zone.”64 Canada had a variety 
of means and expertise in detecting inbound ICBMs.

In terms of terminal target destruction, the make-up of the BOMARC missile presents 
some positive possibilities. The concept for BOMARC use against aircraft calls for the SAGE 
computer to direct the missile to a three-dimensional box in airspace. Once the missile arrives, 
its target-seeker radar is activated and it starts “looking.” Once identified, the missile moves to 
an intercept point where another system determines the distance to the target and then detonates 
when it is in range. Whether by disrupting the environment or interfering with the internal 
nuclear make-up of its target, the size and capability of the W-40 warhead makes it a good 
candidate for killing or disrupting an incoming re-entry vehicle. This is dependent, however, 
on the sensitivity of a target seeker designed to engage a supersonic aircraft; a re-entry vehicle 
(RV) would be moving a lot faster. Still, the Soviet RVs of the day (the R-36, UR-100 and RT-2P 
missiles) would have had large radar cross sections, would have probably lacked penetration 
aids throughout the 1960s, and may not have been hardened against neutrons and X-rays.

How about the BOMARC’s potential engagement zone? The northern tier BOMARC 
sites were located at Duluth, Kinchloe, North Bay, La Macaza, Niagara Falls and Dow, with 
the southern chain from Long Island and New Jersey to Langley and Eglin. The slant range of 
the BOMARC B was 778-km maximum, while intercept altitude is 25–29 km. The potential 
targets protected by BOMARC in its anti-bomber role would have been the same in any other 
role: Strategic Air Command bomber bases, command facilities and nuclear storage depots 
at K. I. Sawyer, Kincheloe, Wurtsmith, Romulus, Griffiss, Westover, Dow, and Loring, plus 
NORAD command centres and SAGE facilities at Duluth, Sawyer, North Bay, and Syracuse. 
The Hamilton–Toronto–Ottawa–Montreal corridor and its populated areas would have been 
covered as well.

The main issue with BOMARC and SAGE in the air-defence role is the same difficulty that 
confronted the Safeguard ABM programme in the late 1960s and 1970s. What were the short-term 
or long-term effects of large numbers of nuclear detonations in the upper atmosphere? At what 
point were specific weapons systems, communications systems, and facilities hardened against 
those effects? The NORAD command centre at North Bay was hardened by 1963, but were 
other facilities and systems? The debate over the effects of EMP continues even to this day, and 
efforts to protect information collected from nuclear tests in the 1950s and 1960s remain active.

What can be said is that a lot of the pieces for an ABM system appear to have been in 
place in Canada, but there is nothing that connects them from an organizational, policy, or 
even a doctrinal standpoint. Lacking any further substantiating data, one could only tentatively 
conclude that BOMARC’s ABM properties were employable at the time, but probably not by 
Canadians. Indeed, it may have been thought of in some quarters as a last resort or a “back-
pocket” expedient capability system as opposed to any form of dedicated ABM. But, given 
the cancellation of Nike Zeus and the anti-ABM policies of the Eisenhower administration, it 
may have been the only system that had some form of rudimentary capability in this regard.

As for some form of expanded capability for the BOMARC airframe, like the addition of 
a larger warhead, there is material available that suggests that such a path was contemplated. 
After the PLUMBBOB test series in 1957 and into the HARDTACK test series in 1958, the 
Department of Defense requested a feasibility study for a “Warhead in the megaton range for 
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the Air Force surface-to-surface missile, BOMARC.”65 It is unclear where this feasibility study 
went, but it would have been possible to modify the W-40 to increase its yield into the megaton 
range. This could have been done with the replacement of elements of the secondary stage. The 
only issue would have been testing it to make sure the modification worked. The single hint 
may be Shot CHECKMATE in 1962.

There were also concerns in the 1960s that Soviet anti-aircraft missiles could be readily 
modified for ABM duty. Indeed, the first Soviet ABM tests were conducted with modified anti-
aircraft systems. The primary deployed example was the SA-5 GAMMON, which could loft a 
25-kt nuclear warhead to an altitude of 40 km.66

Additionally, the removal of the BOMARCs in April 1972 and the signing of the ABM 
Treaty in May 1972 may not be a coincidence. The ABM Treaty’s wording is pertinent:

The Treaty permits each side to have one limited ABM system to protect its capital and another 
to protect an ICBM launch area. The two sites defended must be at least 1,300 kilometers 
apart, to prevent the creation of any effective regional defense zone or the beginnings of 
a nationwide system … .

There had been some concern over the possibility that surface-to-air missiles (SAMs) 
intended for defense against aircraft might be improved, along with their supporting radars, 
to the point where they could effectively be used against ICBMs and SLBMs [submarine-
launched ballistic missiles], and the Treaty prohibits this. While further deployment of 
radars intended to give early warning of strategic ballistic missile attack is not prohibited, 
such radars must be located along the territorial boundaries of each country and oriented 
outward, so that they do not contribute to an effective ABM defense of points in the interior.67

Perhaps BOMARC’s properties were appreciated by and of concern to somebody. 

Dr. Sean Maloney is a historian and an Associate Professor of History at Royal Military College of 
Canada. He is the author of Learning to Love the Bomb: Canada’s Nuclear Weapons and the Cold War.
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AEC Atomic Energy Commission
AICBM anti-intercontinental ballistic missile
ATI Access to Information
BMEWS Ballistic Missile Early Warning System
CARDE Canadian Army Research and Development Establishment
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DHH Directorate of History and Heritage
DOE Department of Energy
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EMP electromagnetic pulse
FOIA Freedom of Information Act
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km kilometre
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RCAF Royal Canadian Air Force
RG Record Group
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SPASUR space surveillance
US United States
USAF United States Air Force
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Memoirs are a two-edged sword for historians. While they provide a plethora of 
information relating to the “hows and whys” of decision making for the subject 
of a book, they also tend toward being selective in recollection and can be very 

self-serving as well as a source of justification by the author. A diary, on the other hand, is 
a source with great potential and use. Written in real time and with the prejudices, attitudes, 
frustrations, and honesty of the moment; it provides unprecedented insight into the mind of 
its author and is an invaluable tool to use in the development of a book.

Clive Semple’s father, Leslie, joined the Royal Navy Air Service (RNAS) in 1917 at the 
age of 18 and served as a night bomber pilot flying Handley Page bombers until he resigned 
his commission in 1919, after a period of occupation duty in Germany. He rarely spoke about 
his service following the war, and it was not until his death in 1971 that the author discovered 
a time capsule of photos, documents, and a diary in a box in Leslie’s attic. Drawing upon all of 
these resources—especially the diary—Clive Semple drafted an outstanding picture of life for 
a young man making his way through training and wartime operations.
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Semple has done a great deal of research in order to provide the reader with context and 
explanation of his father’s diary entries. Thus, the diary serves as the thread that connects 
the narrative together. What makes this book unique is the fact that it serves not merely as a 
recollection of Leslie’s operational wartime service but also portrays the social environment 
within which he lived. It is fascinating to read about him dealing with the stresses and 
expectations of being an officer/trainee in wartime (and the responsibilities and expectations 
demanded of him) while concurrently being exposed, for the first time, to the challenges of the 
real world of women as well as combat as a naive young man.

Some of the more notable aspects of Leslie Semple’s narrative include: ongoing animosity 
and lack of cooperation between members of the Royal Navy and Army (reinforced by Leslie’s 
observations) that led ultimately to the formation of the Royal Air Force (combining the Royal 
Flying Corps and Royal Navy Air Service —vigorously contested by the Army and Navy) by 
government decree; the vision shown by the Admiralty in its support (as early as 1914) of the 
creation of a bomber force; the dysfunction/inefficiency in aircraft design, production, training, 
and allocation of resources as the Navy and Army sparred for aircraft and personnel; and the 
sangfroid with which Leslie relates the losses among his peers during training and operations. 
While they were undoubtedly painful, it is clear that these losses were also readily accepted 
as the price of war, and he does not spend a lot of time dwelling upon them; interesting, when 
one remembers that he is only 18 at this time. Also remarkable are the detailed accounts of 
the specific training associated with night operations and the rudimentary techniques used for 
bombing accuracy. Additionally, it is interesting to follow in the narrative the development of 
the use of bombing as a separate arm of air operations.

Leslie’s diary also provides very interesting insights into the immediate post-war 
environment that the servicemen were faced with. He notes, for example, the difference 
between occupation experiences/relations involving French and English with the Germans. 
He writes very favourably about the Germans and his interaction with them. Also, he is very 
moved and affected by what he sees as he visits the battlefields that, up to this point, he had 
only seen from above. Finally, his thoughts and observations regarding military life in the 
immediate aftermath of the war are fascinating, as they bring into focus issues of employment, 
discipline, and morale, as soldiers who had been involved in vicious fighting for upwards of 
four years suddenly find themselves with time on their hands.

Leslie left four volumes of photographs with his diary, and Clive has included hundreds of these 
to enhance to the narrative. His descriptions of and expansions on his father’s diary installments 
are well researched and complementary. They add depth without assuming control of the narrative. 
There a few comments that are off the mark, such as his ruminations about why parachutes were 
never adopted in the Royal Air Force, but—for the most part—he is accurate and succinct.

This book is a rare find, as it fills a gap that has not been written about in great detail: the 
Allied night-bombing efforts in World War I. The insights, photographs, and commentary by 
Leslie Semple provide the reader with a window into this world viewed through the lens of an 
18-year-old pilot officer in wartime. His son, the author of Diary of a Night Bomber Pilot in 
World War 1, has provided noteworthy background and is to be commended for producing a 
book of such personal and educational value. 

Major Chris Buckham is an air logistics officer presently employed in A5 Plans, 1 Canadian Air 
Division. He maintains a professional reading blog at www.themilitaryreviewer.blogspot.com.
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The mental health of active-duty members and war veterans has become a growing 
concern in Canadian society, with new data finding that eight per cent of personnel 
who deployed in support of the mission in Afghanistan were diagnosed with mission-

related post-traumatic stress disorder (PTSD).1 The Canadian government has recently gone 
to great lengths in advertising the resources and services available to the Canadian Forces 
and their families. While this campaign is spreading much-needed awareness to the public 
and the affected members, there still remains a shroud of stigma and a fear of speaking up. 
Lieutenant-Colonel Chris Linford (Retired) pries the lid off the unmentionable in his memoir 
Warrior Rising.

Linford served 24 years in the Canadian Forces Health Services branch and has been 
medically released since the book was published. He served in the Gulf War in 1991 and 
Rwanda in 1994, after which he developed PTSD that took almost 10 years to be identified. 
After treatment, he was deemed well enough to deploy to Afghanistan in 2010. The witnessing 
of grotesque death and disfigurement caused by improvised explosive devices (IEDs) led 
him back to severe PTSD. After another year and a half of intense therapy using Canadian 
Forces resources, Linford was able to face the horrific details of his experiences and document 
them. The book is meant to bring to light what a military member can experience during 
deployments as well as the potential impact this has on the health and wellness of the member 
and their family. It is aimed primarily at veterans with operational stress injuries (OSIs) as 
encouragement to seek help early, so that they can return to health and happiness. Secondly, 
it is for the families to better understand and help their loved ones. And finally, it is for the 
Canadian public, as it unveils the mystery surrounding this invisible illness.

The book is autobiographical in nature and, as such, is written in the first person. The 
informal prose is well suited for the primary audience, as it exudes the feeling of a trusted friend 
sharing their story. The book is divided into five chronological parts and includes a section of 
photos as well as a glossary of military and medical terms. Much of the focus is on his tours in 
Rwanda and Afghanistan, since these are the experiences that affected him the most.

Parts One and Two are preliminary, describing his pre-military background and time in 
the First Gulf War. He considers these experiences mere “blips” on the radar, written to portray 
that his upbringing and early life were trouble-free. Part Three marks the commencement of 
Linford’s traumatic experiences, as he recounts his time in Rwanda, Africa, during Operation 
PASSAGE. Linford was a member of a reconnaissance group that was tasked to find a suitable 
location for providing medical care to the local population. He remained at this hospital well 
after the expected maximum tour length of 90 days. Linford discusses the understandable 
logistical problems and culture shock inherent in the start of an operation. I am shocked by 
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the scenes depicted of the desperate, emaciated population; the multitude of dead bodies; and 
the little children that the unit tried to help but often couldn’t. Years after Linford’s return, the 
emotional damage caught up to him. He sought the help of the still-developing mental-health 
services and was given medication and weekly psychologist appointments. He asserts that, 
although this allowed him to manage his symptoms, he did not truly recover from the disorder. 
Following a year of therapy, he was re-assessed as deployable.

He describes in Part Four his experience in Kandahar, Afghanistan, as executive officer 
for a Role 3 combat surgical hospital, what he calls “the icing on the cake.” In addition to 
the usual stresses of deployment, he spends his seven-month tour witnessing numerous IED 
casualties. These included American and Canadian soldiers as well as innocent civilians. 
Linford’s defining moment was seeing a young soldier brought in with a fatal IED injury; this 
soldier bore a striking resemblance to Linford’s son, who at that time was preparing to deploy 
to Afghanistan. Despite incorporating a resilience routine including physical training and yoga, 
his mental health deteriorated past the point of return. He continued the tour until the end, 
knowing that it would be a personal sacrifice for the greater good of the mission.

The author advocates that reading Part Five is the top priority for veterans. This section is 
a detailed account of Linford’s therapy and recovery from his returning PTSD. He describes his 
experiences with scientifically proven therapy methods and resources offered by the Canadian 
Forces. Linford’s realistic example of non-linear progress offers the truth that it might get worse 
before it gets better. With the aid of his mental-health team and persistent hard work, Linford is 
now enjoying a healthy, peaceful, fulfilled life, despite his struggle with PTSD.

This book contains many inspiring anecdotes of support from family, friends, peers, 
subordinates and supervisors. It is written with honesty, humour and hope. Be forewarned, 
however, that the author paints a high-definition picture of the horrors of war, and certain 
passages may be emotionally difficult to read.

Linford insists that although the Canadian Forces now has a strong support system, stigma 
delays and discourages injured members from reaching out for the help they so desperately 
need. Like many injuries and illnesses, the earlier it is recognized and treated, the easier it is to 
treat, and the better the chance of full recovery. I highly recommend Warrior Rising to anyone 
struggling with their mental health and well-being, as this book can inspire you to have the 
courage to come forward. 

Captain Karen Falck is an aerospace control officer currently working at Canadian Forces Base 
Trenton. She holds a Bachelor of Science in Space Science from the Royal Military College of 
Canada and served in Operations PODIUM, CADENCE and ENDURING FREEDOM.

Abbreviations
IED improvised explosive device
PTSD post-traumatic stress disorder

Note
1. “Executive Summary for the Report on Cumulative Incidence of Post-Traumatic Stress 

Disorder and Other Mental Disorders,” Canada, Department of National Defence, accessed 
August 19, 2014, http://www.forces.gc.ca/en/about-reports-pubs-health/cumulative-incidents-
exec-summary.page.
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