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I tis difficult to imagine a modern world with-
out flight and its associated technologies. The
speed possible in the air domain shrinks time:
A modern airliner travels 25 times faster than
the fastest cruise ship on the Atlantic and seven
times faster than the fastest locomotive in the
1950s. Militarily, operating in the air domain
provides vantage: the ability to see not only over
the next hill, but also over the horizon. It pro-
vides maneuverability unencumbered by moun-
tain ranges, roads, river crossings, or rocky
shoals at sea. Although navalists frequently re-
mind us that 70 percent of the world is covered
by oceans, 100 percent of the world is covered by
air. The air domain is physically linked to every
other domain, thus providing flexibility in op-
erations, while its range provides an avenue for
access anywhere in the world, anytime.

Over the past century, exploitation of the
air domain’s speed, vantage, maneuverability,
flexibility, and range changed the nature of
warfare. Specifically, it:

e Created new asymmetries that broke the
stalemate of trench warfare after World
War I, enabling combined-arms maneuver
warfare that is with us today;

» Extended the reach of fleets and shore
defenses beyond the sight of observation
towers or the range of naval surface fires,
making control of the air a requisite for
operations on the sea;

e Allowed rapid insertion and resupply of
forces at great distance from supporting
bases; and

e Allowed air forces to go “over not
through” the front lines of opposing
armies, disrupting rearward logistics, de-
nying maneuver, and taking war directly
to capitals.

Today, from a military perspective, the de-
gree to which the United States can exploit the
air domain in its favor to find and hold at risk
any target (fixed, mobile, hardened, and deep
inland) anywhere on the globe is a key differ-
entiator that makes it a military superpower.

Understanding the complexity of modern
air power begins with a basic understanding of
the air domain itself. This means understand-
ing the air domain’s unique attributes; how
one can access and use the domain while ex-
ploring the limits of height and speed for plat-
forms that operate in it; the domain’s unique
attributes of speed, range, persistence, and
payload that have allowed the United States to
dominate conflicts for the past 25 years; and
current key shifts in the domain, driven by the
evolution of technology and the return of state-
based competition, and their implications for
future military requirements.
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Attributes of the Air Domain

The Atmosphere: Home to the Air Do-
main. The Department of Defense defines the
air domain as “the atmosphere, beginning at
the Earth’s surface, extending to the altitude
where its effects upon operations become neg-
ligible.”* At its most fundamental level, the at-
mosphere is composed of air, a mixture of gases
consisting of 21 percent oxygen, 78 percent
nitrogen, and 1 percent argon, carbon dioxide,
and other gases.”

The composition of air is perhaps its most
extraordinary and important characteristic
because it determines the very nature of the
domain and dictates what can and cannot be
done in it and drives the characteristics of the
platforms that fly through it. Because these
gases have mass, the distribution of the at-
mosphere is not uniform. For example, due
to gravitational effects, nearly 50 percent of
atmospheric mass is contained below 18,000
feet at the equator, 90 percent is contained
below 52,000 feet, and 99.99 percent is con-
tained below 330,000 feet or an altitude of 100
kilometers.® While some international organi-
zations such as the Fédération Aéronautique
Internationale define 100 kilometers as the
beginning of space, the United States does not
recognize a formal boundary either by treaty
or by policy.*

The atmosphere is divided into several lay-
ers that are of varying degrees of significance
to military operations.

e Thelowest level, the troposphere, varies
in height from the surface to 60,000 feet at
the equator to 30,000 feet over the poles.
All weather occurs in the troposphere.

The top of the troposphere, called the
tropopause, is the “cap” where summer
thunderstorms flatten out to form an anvil
shape. In the troposphere, the wind blows
west to east in the Northern Hemisphere
and east to west in the Southern Hemi-
sphere. Temperature decreases by about
3.5 degrees Fahrenheit with every 1,000
feet of climb. Wind speed changes signifi-
cantly with altitude, averaging 75 miles

per hour from the west at 35,000 feet over
the central United States in winter to as
much as 200 miles per hour in the stron-
gest jet streams.

e Above the troposphere is the stratosphere,
which extends to about 180,000 feet. The
stratosphere is where the ozone layer is
located, and it is free from clouds and
weather. Wind diminishes significantly
with altitude in the stratosphere. Most of
today’s military operations occur in the
troposphere and the stratosphere.

e Above the stratosphere at an altitude of
about 34 miles is a region of the atmo-
sphere that has proven easy to transit
but difficult to operate in persistently. In
this region, there is enough air to cause
drag and surface heating but not enough
to support aerodynamic control or air-
breathing engine combustion.

» Sitting above the stratosphere, extending
t0 260,000 feet, is the mesosphere. Here,
meteors burn up due to atmospheric heat-
ing. The ionosphere, which causes high-
frequency radio waves to bounce off the
atmosphere enabling long-range amateur
radio operations, begins in this region.

e Above the mesosphere lies the final layer
of the atmosphere, the thermosphere,
which extends to as much as 600 miles
above the Earth depending on solar activ-
ity. Atmospheric drag caused by gases in
the lower portion of this layer limits the
lowest unpowered, stable satellite orbit to
roughly 120 miles.

Accessing the Air Domain for Military
Advantage. From its earliest days, competi-
tion in the air domain has been enabled by
constantly advancing technology. Warfight-
ing in the air domain, however, is fundamen-
tally a human endeavor, and as one learns
about airspace technologies, it is important to
keep technology in perspective. Technology
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enables access to and exploitation of the air
domain, but humans marshal this technol-
ogy to gain advantage over others as a tool
of statecraft and war. Competition in the air
domain therefore centers on maintaining or
denying this advantage and depends not only
on mastery of technology, but also on its artful
and creative organization and application in
strategy and tactics.

The characteristics of air and the atmo-
sphere make five modes of access to the
air domain possible: lighter-than-air flight,
heavier-than-air flight, missiles, ground-fired
or sea-fired projectiles, and the electromag-
netic spectrum.

Lighter-than-air flight is achieved by trap-
ping gases lighter than oxygen and nitrogen,
like hydrogen or helium, or heated air in a
sealed casing. Because the gas inside the cas-
ing is lighter than the surrounding air, lift is
produced. The volume of air contained in that
casing, coupled with the characteristics of the
gas inside, determines its lifting ability. This
allows exploitation of the air domain using hot-
air balloons, gas-filled balloons, or powered air-
ships (dirigibles and blimps). Lighter-than-air
aircraft can provide persistence and relatively
heavy lift, but this means of access is both slow
and heavily affected by weather.

Lighter-than-air flight was exploited in
World War I by Germany, which used dirigibles,
or powered airships, to bomb central London,
and in World War II by the United States,
which used blimps for antisubmarine warfare
patrols.® Although the speed of heavier-than-
air platforms made them dominant over their
lighter-than-air brothers, a role remains for
balloons and powered airships today. Tethered
balloons (aerostats) extending up to 14,000
feetline the U.S. border with Mexico and have
been used in Iraq to provide persistent surveil-
lance coverage.® Powered airships used by the
logging industry to extract harvested timber
from remote areas could provide a slow-speed,
heavy-lift logistics option for military purpos-
es.” High-altitude balloons also offer military
utility as a backup to space-based capabilities
like communications satellites.®

Heavier-than-air flight, on the other hand,
uses aerodynamic forces to produce and sus-
tain lift. Aerodynamic lift is produced by mov-
ing an airfoil (wing) through volume of air or
fluid. Design differences between the upper
and lower surfaces of the airfoil force the air
to move faster across the upper surface as the
wing is propelled through the air. This creates
an area of lower pressure on the top of the wing
that generates lift. There are other factors in-
volved, but if one produces enough aerody-
namic lift to overcome the force of gravity, then
a heavier-than-air machine can fly.’

There are two other forces at play in the cre-
ation of aerodynamic lift: the thrust required
to propel awing though the air to generate lift
and the drag that the wing creates through the
process of creating lift. Thus, balancing the
problems of lift, gravity, thrust, and drag makes
flight possible using vehicles that are powered
(airplanes, cruise missiles, helicopters, tilt ro-
tors, and quad copters) and unpowered (towed
gliders, lifting bodies, and air-delivered guided
munitions). Aircraft provide a reusable form of
access to the air domain and offer an incredible
degree of flexibility with regard to speed, range,
payload, and endurance for military operations.

Missiles use the brute force of expanding,
burning gases provided by liquid-fueled or sol-
id-fueled rocket engines to overcome the effects
of gravity and gain access to the air domain. As
the vehicle accelerates, it takes on aerodynamic
characteristics and can be controlled using air-
craft-like control surfaces until it reaches mid-
stratosphere. Above this altitude, small thrust-
ers or gimbaled engines controlled by guidance
systems allow the highest levels of precision in
movement and endgame placement.

Missiles deliver high-speed effects in both
the air and space domains without the risk
associated with manned flight, but there are
trade-offs. Lift is created on the sheer power
of their engines, making this form of access
markedly less efficient than winged aircraft.
Moreover, missiles used for attack or defense
are not reusable; an aircraft can return to base
and reload with ordnance, but a missile is a
one-time shot.!
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Projectiles like bullets, mortars, rockets, and
bombs use a controlled explosive charge, pro-
pellant, or the momentum gained by a parent
platform to overpower the aerodynamic effects
of weight and drag temporarily in order to en-
ter and transit the air domain. Aimed down-
ward, air-launched munitions provide an addi-
tional and incredibly potent axis of fire against
land-based and sea-based targets. Aimed up-
ward, ground-fired projectiles provide a low-
cost, effective way to deny an enemy use of
the air domain in a limited area. For example,
the vast majority of aircraft losses in Vietnam
were due to anti-aircraft artillery rather than
surface-to-air missile defenses.

Today, new technologies like electromag-
netic rail guns can fire projectiles from land-
based or sea-based platforms at hypersonic
speeds to attack other surface targets or defend
against low-flying, supersonic cruise missiles
and high-speed ballistic missile warheads." In
addition, long-range, precision-guided rocket
artillery teamed with unmanned intelligence,
surveillance, and reconnaissance (ISR) capa-
bilities like satellites or “drones” are changing
the way armies view fires.'

Finally, the electromagnetic spectrum pro-
vides a less obvious but equally powerful
method of accessing the air domain to enable,
disrupt, or deny air operations. This includes
use of voice and data communications to direct
and employ forces; optical, infrared, laser, and
radar-based sensors to detect objects in the air
domain and guide weapons; high-power lasers
to deny optical sensors or to attack incoming
aircraft, missiles, or bombs;'® high-powered
microwaves to disrupt operation of airborne
vehicles and weapons;* electromagnetic de-
coys to confuse an opponent’s systems;" and
modern jamming techniques to deny, disrupt,
or spoof radars, communication, and space-
based navigation systems like the Global Po-
sitioning System (GPS).

The electromagnetic spectrum can be ma-
nipulated through combinations of low-ob-
servable (stealth) technology and active elec-
tromagnetic countermeasures to increase the
survivability of both aircraft and munitions

against increasingly sophisticated air defenses.
This electromagnetic method of accessing the
air domain also enables cyberspace effects to
shape every aspect of offensive and defensive
air operations.

Leveraging these five methods of access,
nations develop offensive and defensive capa-
bilities to gain or deny advantage across the
spectrum of warfighting domains, but the air
domain is more complex than simply pitting
system against system. Sanctuary or advantage
can lie in operating at high or low altitude, op-
erating at speed, operating from range versus
operating forward, hiding in the noise of the
electromagnetic spectrum, or increasing weap-
ons accuracy to reduce repeated exposure to
the threat.

The U.S. has taken several different invest-
ment strategies within the air domain since
the 1950s. From the opening days of the jet age
through the 1970s, it pursued a “higher, farther,
faster” strategy. As the Soviet Union mastered
its integrated air defense system (IADS), U.S.
efforts moved to a low-altitude strategy that
stayed in place through the opening days of
Operation Desert Storm, when precision and
stealth capabilities became dominant. A closer
look at the limits of altitude and speed in the
air domain therefore helps one to understand
the constraints of the operating environment.

Defining the Air Domain’s Upper Limit.
Defining the upper limit of the air domain,

“where its effects on operations becomes lim-
ited,” is difficult. As noted, most military op-
erations occur in the troposphere and lower
stratosphere. Commercial aircraft operate up
to about 40,000 feet, while military aircraft
routinely operate as high as 60,000 feet. “Con-
trolled airspace” over the United States ends at
65,000 feet. Operations above this altitude are
sometimes called “near space.”

The glider-like wings of the U-2 aircraft
enable it to operate at the very edge of con-
trolled flight while flying at subsonic speeds in
the 70,000-foot regime.'® Due to the thinning
atmosphere, however, operations above this
altitude require either increasing supersonic
speeds with altitude to produce adequate lift
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or, paradoxically, no speed at all. For example,
the Mach 3.0 SR-71 operated near 85,000 feet,"”

while the Mach 3.0 Mig-25 holds the absolute

manned takeoff to altitude record of 123,523

feet.’® On the other hand, the highest manned

balloon reached 135,890 feet,'* and unmanned

balloons have reached the top of the strato-
sphere at over 176,000 feet.*°

Going higher still requires different forms
of propulsion and materials. Rocket planes car-
ried aloft by a mother ship, like the 1960s-era
X-15 (transported to high altitude by a B-52
bomber) or Virgin Galactic’s Spaceship One
flights, operate in the mesosphere and beyond
in what are known as “suborbital” operations.
Spaceship One holds the altitude record for an
air-launched rocket plane at 367,487 feet or 70
miles, but it does not have the ability to per-
sist in this regime for any meaningful length
of time.”

Achieving persistence in the flight regime
above the stratosphere is technically difficult,
but it can be realized through atmospheric

“skipping” where platforms use their speed to
“skip” off denser layers of atmosphere at hyper-
sonic speeds like a rock skipping across water.
Such a capability offers a range of military
benefits between the air and space domains
(roughly 34 miles to 120 miles above the Earth),
making it possible to maneuver and maintain
altitude without the limitations of orbital
mechanics that are imposed by operations in
space.?

A hypersonic glide vehicle (HGV), a capabil-
ity being pursued by the United States, Russia,
and China, can be deployed from an interme-
diate-range ballistic missile to enable such at-
mospheric skipping.?® An alternative approach
might be found in new propulsion techniques
such as air-breathing, plasma-fueled engines,
which are in early research and development.?*

Defining the Speed Limit in the Air Do-
main. Mach numbers play a crucial role in un-
derstanding the difficulty of going higher and
faster in the atmosphere. A Mach number is a
speed expressed as the percentage of the speed
of sound. For example, Mach .82, a typical air-
liner speed, is 82 percent of the speed of sound.

Mach 1.0 occurs at 667 knots (nautical miles
per hour) at sea level.? Above Mach 1.0 in the
atmosphere, shock waves form on the nose and
tail of an aircraft. If these shock waves reach
the ground, sonic “booms” are heard and felt
along the flight path as the shock waves pass by
in close succession.

The basic formulation of aerodynamics that
balances lift, draft, gravity, and thrust works
well up to speeds of about .80 Mach or the
beginning of the “trans-sonic” speed regime.
Here, compressibility of air becomes a factor.
Unlike water, air compresses as its velocity
over a surface increases. As one goes faster, this
changes the drag profile of traditional airfoils,
requiring substantially more energy to sustain
speed or go faster. In addition, shock waves be-
gin to form in this flight regime that disrupt
normal airflow over the airfoil.

For traditional, straight-wing airfoils, these
pressures shift suddenly as one approaches the
speed of sound, resulting in buffeting and loss
of control. This phenomenon sets the speed
limit of propeller-driven aircraft, even in a
steep dive, due to drag increases and shock
wave formation on the propeller blades.?® Thus,

“the sound barrier” was a significant obstacle in
military aviation until it was broken in October
1947 thanks to propellerless propulsion, thin
wing designs, and new control surfaces.*”

Today, aircraft designed to go faster than
.80 Mach have swept wings and other de-
sign features to reduce the effects of tran-
sonic drag. Since airliners cruise at speeds
of .8 to .87 Mach, research into the transonic
drag reduction, transonic airfoil optimiza-
tion, and engine efficiency in the transonic
regime remains important for airplane and
engine companies.

Two speed regimes are relevant militarily
in the air domain above Mach 1.0: supersonic
(Mach 1.2-Mach 5.0) and hypersonic (Mach
5.0-Mach 10.0). Each regime poses different
problems for designers.

Supersonic speed increases the range of air-
to-air missiles, improves responsiveness for in-
tercepts, expands the flight envelope for opera-
tions, and allows sustained high-altitude flight.
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In the supersonic regime, designers must
solve the problem of creating a subsonic air-
stream in the engine to support combustion
despite air entering the engine at supersonic
speed. To accomplish this, most military fighter
aircraft utilize afterburning turbofans, which
use a combination of inlet design and a spin-
ning compressor to squeeze and slow the airflow
coming into the engine to subsonic speed be-
fore injecting fuel and burning it.?® Afterburning
turbofans are far less efficient than the subsonic

“high bypass” turbofans used by the airlines, al-
though research is underway to improve their
efficiency during subsonic flight.*

As one goes faster than about Mach 3.0,
however, turbofan engines reach material
limits to handle high heat and pressures. To
go faster with an air-breathing engine, a ram-
jetis required. A ramjet uses a movable fixed
inlet to achieve compression without rotating
parts. Combustion still occurs in subsonic air,
however. Ramjets can operate to Mach 6.0 but
work best in the Mach 2.0-Mach 4.0 range.
For example, a combined-cycle turbojet/ram-
jet engine enabled the SR-71 to reach speeds
above Mach 3.0. While Mach 3.0 speed provid-
ed survivability against air defenses through
the 1980s, this speed regime would become
well within the capability of air defense sys-
tems like the Russian SA-20 and U.S. Patriot
and Aegis by the 1990s.°

To improve survivability and reduce reac-
tion time for today’s most contested airspace,
one must maneuver at hypersonic speeds. The
cost to operate above Mach 5.0 within the at-
mosphere has risen at exponential rates with
increasing speed due to shifts in structural ma-
terial requirements to mitigate extreme heat
and special requirements for air-breathing en-
gines to handle extreme speeds.* Both China
and the United States are actively pursuing
research to reduce cost in these areas.*?

To reduce the cost of hypersonic speed, air-
breathing engines are more desirable than rock-
et engines because they produce more thrust for
agiven amount of weight. Moreover, the combi-
nation of speed and better fuel efficiency enables
a hypersonic vehicle to travel longer distances

on a small amount of fuel, in turn allowing for
vehicles that are more compact.* For example,
apowered hypersonic vehicle travels 560 miles
on only eight minutes of fuel at Mach 7.0.

To achieve this, a scramjet engine that can
sustain combustion in supersonic airflows is
needed. Because these engines do not operate
below Mach 4.5, a scramjet-powered hyper-
sonic vehicle requires a rocket-motor “kick
start” to accelerate to its engine start speed.
Research into these engines is ongoing. In
2004, NASA’s X-43 achieved 10 seconds of pow-
ered flight at Mach 9.6, the fastest jet-powered
flight on record.?* In 2013, the Air Force X-51A
testbed achieved 240 seconds of hypersonic
flight with a scramjet at Mach 5.1, the longest
powered flight of a scramjet on record. Given
the capability of improving modern air defens-
es and the growing importance of striking mo-
bile targets, air-breathing hypersonic vehicles
and weapons are likely to become an area of
intense competition.®

Denominators for Exploitation
of the Air Domain

Having discussed the speed and altitude at-
tributes of the air domain, one must consider
the denominators that are needed to exploit it.
These break down into two major areas: being
able to project power through range, persis-
tence, and payload and being able to see and
act using the electromagnetic spectrum.

Range, Persistence, and Payload. The
ability of aircraft in the air domain to operate
and survive at range and persist over time with
intelligence, surveillance, and reconnaissance
sensors and flexible weapons is key to exploit-
ing the domain. This capability connects the
air domain with other domains through mis-
sions like counterair, strike, close air support,
ISR overwatch, airborne anti-submarine war-
fare, assault aviation, or airborne cyberspace
operations. Twenty-five years after Desert
Storm, the success of U.S. operations in large-
ly permissive air environments has solidified
the perception that American air power is an
omnipresent force with an unblinking eye that
wields a rapid, precision hammer.
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TABLE 2

Effect of Distance on Sortie Production

Distance Total Sorties Pilot
from Base Sortie Duration per Manning
(nautical miles) (hours)* Aircraft/Day** (per aircraft)***
650 4.7 ~2.90 1.5
1,300 7.4 ~2.00 2.0
1,950 10.1 ~1.55 2.5
2,600 12.8 ~1.25 3.5

* Assumes 2.0 hour on-station time.

** Assumes 1.5 hour regeneration time and 6.0 hours maintenance non-availability per day per aircraft. Times vary by aircraft,

maintenance manning, and carrier deck cycles.

***12.0 hour sustained pilot duty day, 125 hours maximum per 30 days.

SOURCE: Author’s calculations.
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Unlike the land and sea domains, where
persistence consists of holding ground or pa-
trolling in a geographically limited area, per-
sistence in the air is about radius of action
that leverages the speed and vantage that the
air domain provides. For example, an aircraft
loitering at 20,000 feet that is 80 miles away
from a U.S. ground patrol in Syria is within easy
radio contact of the ground patrol, can imme-
diately bring sensors to bear, and can arrive
overhead at Mach 1.0 in eight minutes. Should
tensions escalate, other airborne forces can
mass quickly. Should fuel run low, air refuel-
ing tankers arrive to provide inflight refueling.
Thus, the operation can quickly scale and pro-
tract, especially in permissive environments
(areas where there is little or no threat to U.S.
air operations). Range and persistence make
this possible.

Range and persistence are related concepts
that revolve around fuel. For example, a pilot
can travel point to point at speed, translating
fuel into range, or orbit around a point at speed,
translating fuel into persistence. Thus, fuel on
board, expressed as combat radius or the unre-
fueled mission radius of action, is critical to ex-
ploitation of the air domain as well as to force

posture and basing. For example, the United

States developed air refueling in the 1950s to

allow basing of jet bombers in depth from all

sides of the Soviet Union. Without air refuel-
ing, aircraft could be based only within the

range of the aircraft, which was strategically

disadvantageous. As air refueling capability
was incorporated into fighters, the idea of as-
sured air refueling allowed designers to trade

fuel capacity (which translates to weight) for
airframe maneuverability (which also trans-
lates to weight) that was needed for air-to-air

combat. Thus, the combat radius of most of to-
day’s U.S. fighters is 550-650 nautical miles. As

aresult, operations beyond this range require

refueling about every two hours.

These basic time, combat radius, and dis-
tance economics incentivized a 60-year U.S.
reliance on forward basing and forward carrier
stations to project power in the air domain.*
(See Figure 2.) There were good reasons for
this approach. Operating from range taxes hu-
man endurance. In 2001, for example, fighters
operating from the Arab Peninsula to Afghani-
stan had to transit 1,200 miles each way to fly
around Iran. Thus, a six-hour mission time
over Afghanistan required an 11-hour sortie
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that consisted of four to five air refuelings
from four to five different air refueling aircraft.
These air refueling aircraft transited similar
distances with similar sortie durations. Thus,
sustained operations from range require more
pilots, more aircraft, and more fuel.

Forward basing, on the other hand, allows
commanders to use aircraft and pilots multiple
times per day.*” This enables a high tempo of
operations and allows persistence through
multiple revisits or cycling of aircraft across
the battlespace. Forward-based air refueling
tankers enhance this capability for fighter/
attack-sized aircraft, allowing aircraft to oper-
ate well beyond their organic combat radii and
ensuring that enough fuel is always airborne
and available. (See Figure 2.)

The ability to base forward also allowed the
United States to divest aircraft with large pay-
loads like the Navy’s A-6 and the Air Force’s
fleet of bombers, since a higher number of
sorties from fighter-sized aircraft at forward
bases could make up the difference in payload.
Recognizing this fact, China has invested in a
new generation of ballistic and cruise missiles
designed to hold forward bases and aircraft
carriers at risk through massed, raid-style at-
tacks designed to overwhelm active defenses.?®
In addition, China is taking other measures to
increase U.S. force requirements by expanding
the range of contested airspace. (See Figure 2.)

As forward bases come under increasing
threat, which in turn drives increased basing
distances, pressure on the air refueling force
becomes extreme unless the organic combat
radius of combat aircraft is increased. Protect-
ing large air refueling tankers is difficult. Shel-
tering of forward-based air refueling tankers
has proven unaffordable at scale thus far and
was not attempted during the Cold War.** Left
unsheltered, these aircraft are particularly
susceptible to attacks using a variety of weap-
ons, ranging from ballistic and cruise missiles
to rockets and mortars to sniper rifles. In ad-
dition, the short combat radii of today’s force
increase the vulnerabilities of tankers in flight,
since they must operate closer to the expanded
threat envelopes of modern threat systems to

provide adequate fuel for operations as illus-
trated in Figure 2.

Improved combat radius may therefore
become increasingly important to exploita-
tion of the air domain for power projection.
Fortunately, the capabilities of modern mis-
siles are rendering fighter maneuverability
less important, allowing airframe weight to be
traded for fuel. However, a greater emphasis is
needed on larger payloads to make up for the
potential loss of high-sortie production from
forward bases and on unmanned operations to
improve human abilities to sustain protracted
operations from range.

The Electromagnetic Spectrum. In ad-
dition to projecting range, persistence, and
payload, exploiting the air domain requires
the capability to see, decide, and act. It is
therefore difficult to separate operations
in the air domain from the electromagnetic
spectrum or the electromagnetic spectrum
from weather. The relevant portions of the
electromagnetic spectrum within the context
of the air domain include visible light; infra-
red light, which is used for sensing tempera-
ture; and all radio frequencies, which enables
communications and various forms of radar.
From eyeballs to radar, if it is detected in the
air domain, it is by and through the electro-
magnetic spectrum.

Weather, on the other hand, presents haz-
ards like thunderstorms and severe icing, as
well as wind and temperature, that affect op-
erations. Most important, however, it shapes
the degree to which the electromagnetic
spectrum can be exploited. The line of sight
distance to the horizon from an aircraft oper-
ating at 35,000 feet is 229 miles, but how much
of this distance is usable? Looking up into the
stratosphere, a great deal may be: The weather
is generally clear, and the background is cold
and free from clutter, perfect conditions for
visible, infrared, and radar sensors.

Looking down toward the thicker atmo-
sphere and the ground is another matter. In
the visible spectrum, dust and clouds may
obscure the view. For example, clouds cover
most of North Korea more than 50 percent
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FIGURE 2

How the U.S. Projects Air Power

Historically, the U.S. has been able to project air power by using airfields, carriers,
and air refueling systems to minimize the size of contested space — the area in which

aircraft would engage in conflict.
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China is investing in missile systems that would significantly hinder the U.S.'s forward
operating launch points, which would as a result make the contested space much larger.
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of the time from May to September. In the in-
frared spectrum, water vapor may attenuate
temperature signatures, and clouds may block
them completely. In the radar spectrum, syn-
thetic aperture radar provides a means to see
through clouds, but power dissipates rapidly
with range (i.e., 1/range?), and rain attenuates
signals at higher frequencies. In addition, air-
borne radars must contend with the “ground

clutter” moving below them, complicating
their operation.

Moreover, aircraft are limited in the amount
of power they can produce and the sizes of
radar antenna they can carry. Thus, antenna
size tends to herd aircraft radars into a narrow
range of operating frequencies and power. This
means that a true all weather, day/night ISR
capability requires a combination of sensors to
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be effective and that aircraft may be required
tofly close to an area of interest for its sensors
to “see” it, especially if the target is mobile.

Meanwhile, actors accessing the electro-
magnetic spectrum on the ground or at sea are
not limited by power or radar size as aircraft
are. They can develop powerful radars to de-
tect and target air vehicles and employ severe
jamming to disrupt airborne radar and pre-
cision navigation like the Global Positioning
System. In addition, ground-based radars have
the advantage of looking up away from clutter.
This dynamic of air-based and ground-based
competition in the air domain through the
electromagnetic spectrum is what eventually
forced the development of stealth.

As competition between nation-states in-
tensifies, the competition to place sensors
close enough to “find” targets, especially mo-
bile ones, versus defensive efforts to prevent
these actions will continue. Stealth, enhanced
by active electronic countermeasures, remains
relevant and essential for survivability in this
environment in order to hold mobile and deep
targets at risk. Other approaches, such as hy-
personic speed or employing large numbers of
vehicles to saturate defenses, also enhance sur-
vivability and may become key contributors to
this competition. The question then becomes:
How may the character of the domain change
as technology advances?

Key Shifts Likely to Affect the Air Domain

Because exploitation of the air domain de-
pends on technology that is constantly advanc-
ing, competition in the domain has never stood
still. As technology accelerates and renewed
nation-state competition drives new moves to
counter U.S. capabilities, at least four key shifts
are underway that are likely to alter the char-
acter of the air domain.

First, exploitation of the air domain is no
longer just about aircraft. The proliferation of
mobile advanced air defenses, mobile ballis-
tic missiles, land-launched and sea-launched
hypersonic boost glide systems, and air-
launched powered hypersonic vehicles pro-
vides new means to deny air refueling, attack

forward bases, and deny forward carrier sta-
tions through the air domain. This undercuts

the force posture assumptions on which the

present force is built. Given this development,
increased combat radius of aircraft, larger

payloads, and expanded use of long-range un-
manned systems improve the ability of the U.S.
to operate from range.

Second, the most important targets are mo-
bile. The increasing importance of countering
the above-described mobile targets increases
the importance of ISR and the ability to direct
forces in contested environments. Fully le-
veraging the leading edge of technology in the
electromagnetic spectrum improves the abil-
ity of the U.S. to hold these targets at risk. This
includes technologies for advanced sensors,
penetrating stealth, survivability to “stand in,”
and alternatives to GPS navigation.

Third, weapons in flight are under increased
risk. The maturation of directed energy and
improved capability of ground-based point de-
fenses may cause traditional weapons to come
under increased threat. Increasing weapon
speed or employing saturation tactics with
large “flocks” of weapons improves the prob-
ability of weapon arrival. Either approach re-
quires survivability to “stand in” or penetrate,
increased payloads, and greater depths of
weapons magazines.

Fourth, the threat from “low end” uses of
the air domain is growing. The rise of machine
learning, object recognition, and improved
battery technology may enable small drones
or quad copters to contest the air domain at
the tree level. This capability may be used to
disrupt airfields and to project power locally
even in permissive environments. Research
into countering machine learning and new
capabilities to counter emerging small, swift,
and robotic capabilities improves the ability
of the U.S. to adjust to this threat.

Conclusion

The ability of military forces to exploit the
air domain has revolutionized warfare over the
past century. Exploiting the domain to find and
hold targets as risk at global ranges remains a
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differentiator of U.S. power. Shifting technolo-
gy, however, threatens to erode this advantage
and presents challenges to the U.S. model of
power projection. Sustaining that advantage
will require more stealth platforms with C4ISR

(command, control, communications, comput-
ers, intelligence, surveillance, and reconnais-
sance) capabilities and the ability to adapt to

unforeseen changes in the air domain, as well

as those it supports.
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