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PREFACE

In fiscal year 1997, under the sponsorship of the Air Force Assistant
Deputy Chief of Staff for Air and Space Operations and the Air Force
Director of Strategic Planning, RAND’s Project AIR FORCE Strategy
and Doctrine Program began a two-year effort to explore the role of
air and space power in future conflicts. The primary objective of the
study was to explore the prospects for developing a construct for air
and space power that capitalizes on forthcoming air and space tech-
nologies and associated concepts of operation (CONOPS); that is ef-
fective against adversaries with diverse economies, cultures, political
institutions, and military capabilities; and that offers an expansive
concept of air and space power across the entire spectrum of con-
flict.

Under this broader study, the research team investigated the possi-
bility that future adversaries might be able to mount effective missile
attacks on U.S. Air Force (USAF) main operating bases in critical re-
gions. Both emerging technologies and the proliferation of existing
capabilities will give adversaries pursuing anti-access strategies a va-
riety of new options against U.S. airbases, ports, troop concentra-
tions, and ships at sea.

This report is not intended to assess the relative vulnerabilities of
these various force elements and facilities. Rather, its purpose is to
help the USAF address a potential vulnerability of its in-theater
bases. The proliferation of Global Positioning System (GPS) guidance
and submunition warhead technologies could make highly accurate
attacks possible against USAF aircraft on parking ramps at these
bases. If such attacks are feasible, the current USAF operational con-
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cept of high-tempo, parallel strikes from in-theater bases could be
put in jeopardy. It is for this reason that this operational problem
was deemed relevant—indeed central—to the purposes of the overall
study on the future of airpower. The research documented in this
report concluded that these guidance and munition technologies
could, in fact, put USAF bases at serious risk. We recommend that
others with expertise in land and naval operations conduct similar
assessments of their vulnerabilities to these and other new tech-
nologies. The report describes the threat technologies and concept of
operation in detail, then explores both short- and long-term re-
sponses to these threats.

This report should be of interest to USAF planners and operators in
the Air Staff, Major Command, and Numbered Air Force Headquar-
ters and operational units, as well as to students of air and space
power in the other services and the broader defense community.

Project AIR FORCE

Project AIR FORCE, a division of RAND, is the Air Force federally
funded research and development center (FFRDC) for studies and
analysis. It provides the Air Force with independent analyses of pol-
icy alternatives affecting the development, employment, combat
readiness, and support of current and future air and space forces.
Research is performed in four programs: Aerospace Force De-
velopment; Manpower, Personnel, and Training; Resource Man-
agement; and Strategy and Doctrine.
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SUMMARY

During the 43-day Gulf War, the U.S. Air Force (USAF) flew nearly
70,000 sorties, attacked over 28,000 targets, shot down 36 Iraqi air-
craft, disrupted Iraqi command and control and transportation sys-
tems, and directly attacked the Iraqi army in Kuwait, destroying
many of its vehicles and damaging its morale before the ground of-
fensive began. All of this damage was achieved at the cost of just 14
aircraft, which were lost to ground-based air defenses; none were lost
in air-to-air combat. The USAF plans to build on its success in
Operation Desert Storm by deploying increasing numbers of stealthy
aircraft and precision-guided munitions (PGMs), supported by a
much more capable battle-management system, to fight the next
war.

However, the USAF is not the only organization to have drawn
lessons from Operation Desert Storm. Potential adversaries are likely
to expend considerable time, energy, and resources on ensuring that
the USAF does not make such a large contribution to victory at so
low a cost in a future conflict. The research reported here confronts
this possibility and examines ways of dealing with it.

PURPOSE AND APPROACH

Other RAND research has explored how potential adversaries could
use asymmetric strategies, special operations forces, terrorists,
information attacks, and weapons of mass destruction to degrade or
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eliminate USAF combat capability during a future conflict.! This
report presents yet another strategy whereby a clever and competent
adversary could attempt to interfere with USAF combat operations if
the USAF sticks to the operational concepts that served it so well
during Operation Desert Storm. It examines the following questions:

* How could potential adversaries use readily available commer-
cial and military technology to modify conventionally armed
cruise and ballistic missiles to effectively attack USAF aircraft on
the ground, at theater operating bases?

* How technically advanced must an adversary be to successfully
suppress USAF operations from theater operating bases?

e What options (new operational concepts, material, equipment,
etc.) exist for the USAF to minimize the impact of conventional
cruise- and ballistic-missile attacks on theater operating bases,
both in the near term and long term?

EMERGING THREAT TECHNOLOGY

Ballistic and cruise missiles must be accurate to be militarily effec-
tive. Although many countries around the world deploy ballistic
missiles similar to those used by Iraq in 1991, these weapons have
limited utility against military targets. Several countries, including
Iraq and Iran, have used them in combat—but only as terror
weapons.? Technological sophistication is required for an accurate
and robust (militarily suitable) cruise missile, which means that only
a few nations currently possess inventories, and only the United
States has used cruise missiles in combat since the end of World War
II. Global Positioning System (GPS) guidance devices provide a fairly
cheap and effective way of improving both ballistic- and, especially,
cruise-missile guidance. This technology could be used to improve

1See David Shlapak and Alan Vick, “Check Six begins on the ground”: Responding to
the Evolving Ground Threat to U.S. Air Force Bases, Santa Monica, Calif.. RAND,
MR-606-AF, 1995; Maurice Eisenstein, “The Use of Weapons of Mass Destruction by
Terrorists Against Air Bases,” unpublished RAND research; Brian Chow, Air Force
Operations in a Chemical and Biological Environment, Santa Monica, Calif.: RAND,
DB-189/1-AF, 1998.

2Terror weapons are weapons designed specifically to cause damage, casualties, and
fear within the targeted civilian population.
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the accuracy of existing ballistic missiles to about 100 meters and
allow almost all nations to obtain the accurate cruise missiles that,
until now, have been reserved for technologically advanced societies.

However, improved missile accuracy is not enough to make ballistic
and cruise missiles both militarily effective and affordable weapons
against parked aircraft. Submunitions are far more efficient against
soft targets susceptible to blast or fragmentation damage than are
unitary warheads of the same weight. The lethal area of a cruise
missile with a 75-pound payload against aircraft in the open is about
three times greater when using a submunition warhead than when
using a unitary warhead. This advantage increases with increasing
payload. An 1,100-pound M-9 ballistic-missile warhead covers
almost eight times the area when using a submunition warhead than
when using a unitary warhead.?> The combination of increased
accuracy from GPS guidance and increased warhead efficiency is
what decreases the number of missiles required to attack USAF
airbases from hundreds to dozens.

A potential asymmetric strategy considered in this report is the use of
small, slow cruise missiles to “slip under” the current USAF radar
umbrella. The term “cruise missile” simply refers to an unmanned
aircraft designed to fly a one-way attack mission. The cruise missiles
considered here are significantly different from the high-perfor-
mance fighter-size targets USAF air defense systems were designed
to counter during the Cold War. Cruising at about 70 knots, these
small aircraft would be difficult for current USAF air defense systems
to detect. Surveillance and tracking radars designed during the Cold
War (e.g., those on F-15s, F-16s, and Airborne Warning and Control
System [AWACS]) took advantage of the high speed of Soviet combat
aircraft to simplify the task of sorting attacking aircraft from ground-
vehicle clutter merely by ignoring potential targets moving slower
than about 80 knots. Some of the systems have the capability to de-
tect and track slower targets, but only in narrow sectors and for short
periods of time before the number of potential targets exceeds the
system’s data-processing and display capabilities.

3These calculations assume a 20-foot lethal radius for a 1-pound submunition and
that 75 percent of warhead weight is devoted to submunitions, with the remainder de-
voted to a frame and dispensing mechanism.
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Surface radars are less affected by ground clutter than are airborne
radars but suffer from limited line of sight against low-flying targets.
Patriot and AEGIS* could acquire and track a slow-moving cruise
missile, but only above the radar horizon—less than 20 miles for a
cruise missile flying at 100 to 130 feet. Unless the United States de-
ploys huge numbers of ground-based radars to a future theater con-
flict, most cruise missiles will go undetected by current U.S. air de-
fense systems.

OPERATIONAL IMPACT

We posit a simple illustrative scenario to explore the impact GPS-
guided cruise and ballistic missiles equipped with submunition
payloads might have on current USAF theater air operations. In our
scenario, Iran uses an Iraqi succession crisis turned civil war as an
opportunity to invade southern Iraq. The United States responds in
a variety of ways, including deploying USAF combat aircraft to the
following bases on the Arabian peninsula: Dhahran, Doha, Riyadh
Military, and Al Kharj.

These bases have a total of 14 potential parking areas ranging in size
from 600 x 300 feet to 9,000 x 900 feet. The total area of the parking
ramps at these bases is over 44 million square feet—the equivalent of
almost 1,000 football fields. These bases can accommodate a huge
number of combat aircraft and an intense aerial-port operation.
However, the number of GPS-guided, submunition warhead cruise
missiles and ballistic missiles required to attack this huge area is
surprisingly small, assuming a 20-foot lethal radius for the 1-pound
submunitions employed and standard USAF aircraft-parking proce-
dures. A 0.9 Pk (probability of kill) against all aircraft on the parking
ramps of these four bases could be achieved with 30 GPS-guided M-9
and 30 M-18 ballistic missiles, and 38 small GPS-guided cruise
missiles, at an estimated cost of about $101 million.

4AEGIS is a totally integrated shipboard weapon system that combines computers,

radars, and missiles to provide a defense umbrella for surface shipping. The system is

capable of automatically detecting, tracking, and destroying airborne, seaborne, and
land-launched weapons. Joint Chiefs of Staff, Department of Defense Dictionary of
Military Terms, Washington, D.C.: Joint-Pub 1-02, March 23, 1994, pp. 6-7.
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Attacking the tent cities at all four bases and a Patriot or theater high-
altitude air defense (THAAD) radar at each requires an additional 40
ballistic missiles and 8 cruise missiles, raising the total cost to about
$163 million—about the cost of four Russian Su-27 export-version
fighters. The effect on USAF sortie generation of destroying a large
number of aircraft, living quarters, most personal equipment, and
some work centers while creating widespread foreign-object damage
would be devastating.

POSSIBLE USAF RESPONSES

To reduce the vulnerability of deployed forces, the USAF could take a
variety of actions over the next few years. These actions fall into
three basic categories: passive defenses, active defenses, and disper-
sal.

Passive defenses include constructing hardened aircraft shelters and
living facilities at likely deployment bases; acquiring deployable
shelters, for both aircraft and personnel, capable of withstanding
submunition impact; and constructing additional parking-ramp
space to allow increased dispersal. These measures would compli-
cate an adversary’s targeting problem and increase the number of
weapons required to achieve a given level of damage.

All of these measures could be effective against GPS-guided cruise-
and ballistic-missile attacks, but have potentially serious drawbacks.
Hardened shelters and additional parking ramps are expensive, time-
consuming construction projects that require the USAF to correctly
anticipate—years in advance—where it will fight the next war. De-
ployable shelters allow more-flexible operations, but significantly in-
crease the wing’s airlift requirements.

Short-term active defenses against the small, slow cruise-missile
threat could include relatively low-tech, simple measures such as
putting machine-gun teams with night-vision goggles in towers sur-
rounding USAF operating bases or deploying radar-guided guns.

Another relatively short-term alternative available to the USAF is to
disperse its operations to a large number of highway landing strips to
complicate an adversary’s targeting problem. This option has the
potential to defeat the missile threat but, again, carries significant
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potential costs, especially for sortie-generation activities. Sortie rate
would not necessarily be reduced by dispersed operations, given the
economies-of-scale considerations in maintenance and force pro-
tection, but would require more personnel to achieve the same
number of sorties (all other things being equal—range to target,
availability of munitions, etc.). In addition, an adversary with access
to effective human intelligence (HUMINT) or satellite capability
could locate and attack USAF units at these dispersed locations.

The Expeditionary Air Force (EAF) concept also must be considered
when formulating basing operations and vulnerability to missile at-
tack. This concept emphasizes the ability to rapidly deploy any-
where in the world, which raises two issues for defense planning:
First, little support will exist to build additional infrastructure
(shelters, additional ramp space, etc.) at potential deployment bases
that could reduce the impact of airbase attack. Second, since the
EAF must travel light to deploy a warfighting package quickly any-
where in the world, little flexibility will exist to transport items that
would provide protection or facilitate recovery from such attacks.

POTENTIAL LONG-TERM SOLUTIONS

If the USAF could conduct its theater air campaigns from a few se-
cure bases with assured access,®> many of the issues discussed in this
report could be avoided. Hardened facilities and advanced missile
defenses could be constructed prior to the start of hostilities. Al-
though a detailed cost analysis was beyond the scope of this work,
building a robust passive and active defense system at only a few se-
lected bases should limit the total expense.

To achieve the goal of operating anywhere in the world from a few
secure, hardened, fixed bases with guaranteed access, the USAF
would need to develop operational concepts for longer ranges.
Crew-fatigue considerations limit aircraft with 500-knot cruise
speeds to ranges of about 2,000 nautical miles (nmi) for sustained
operations. An aircraft with a 1,000-knot cruise speed could cover
virtually the entire inhabited land surface of the Earth, except for the

5Assured access means basing in the United States or on the territory of very close al-
lies, such as the United Kingdom, who typically support U.S. actions.
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southern tips of Africa and South America, by operating from four
secure hardened bases: Guam, near Anchorage, Miami, and London.

A total inventory of approximately 80 to 105 Mach 2 bombers with
the following specifications could deliver enough PGMs (about 560
tons per day) to replicate the USAF Desert Storm effort:

e aweight of 290,000 to 350,000 pounds

e anunrefueled range of 3,250 nmi

e apayload of 15,000 to 20,000 pounds.

This force could attack targets almost anywhere in the world while

operating from well-protected, permanent bases in the United States
and the United Kingdom.
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Chapter One
INTRODUCTION

The tremendous success of U.S. Air Force (USAF) operations against
the Iraqi military during the 1991 Gulf War was a stunning achieve-
ment. Videotaped images of laser-guided bombs being dropped
from USAF stealth aircraft with impunity onto targets deep inside
Iraq contain the seeds of both the popular perception of how the war
was fought and the “lessons learned” the USAF took away from the
war. During the course of the 43-day war, the USAF flew 69,406 sor-
ties, attacked 28,295 targets, shot down 36 Iraqi aircraft, disrupted
Iragi command and control and transportation systems, and directly
attacked the Iraqi army in Kuwait, destroying many of its vehicles
and severely damaging its morale before the ground offensive began.
All of this was achieved at the cost of just 14 aircraft, which were lost
to ground-based air defenses, not in air-to-air combat.!

The USAF’s success in Operation Desert Storm changed the way
military commanders and the general public view airpower in
particular and modern warfare in general. The public expectation is
now that the USAF could attack almost any target at any time and
effectively destroy it, with little risk to U.S. military personnel or to
noncombatants on the ground. As well, the war left the impression
that, while certain aspects of USAF operations such as bomb-damage
assessment could be refined to improve the efficiency of operations,
the basic concept of deploying large numbers of combat aircraft and
support personnel to vulnerable bases within a few hundred nautical

IEliot A. Cohen, ed., Gulf War Air Power Survey [GWAPS], Vol. V: A Statistical
Compendium and Chronology, Washington, D.C.: U.S. Government Printing Office,
1993, pp. 316, 418, 651-654.
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miles of enemy territory should continue to be the blueprint for fu-
ture USAF theater air campaigns. However, these operations were
conducted against an adversary who lacked the means, will, skill, and
vision to attempt to attack and disrupt USAF aircraft and operations
where they are most vulnerable—at their fixed operating bases. Next
time out, the USAF may not be so lucky.

In fact, the air campaign seems to have achieved so much at so small
a cost that potential adversaries are likely to expend substantial time,
energy, and resources to ensure that the USAF does not make such a
large contribution to victory at so low a cost in a future conflict.

PURPOSE

Other RAND research has explored how potential adversaries could
use asymmetric strategies, special operations forces, terrorists,
information attacks, and weapons of mass destruction to degrade or
eliminate USAF combat capability during a future conflict.? This
report presents yet another way in which a clever and competent
adversary could attempt to interfere with USAF combat operations if
the USAF sticks to the operational concepts that served it so well
during Operation Desert Storm: modifying cruise and ballistic
missiles to attack USAF aircraft on the ground.

The report examines the following questions:

* How could potential adversaries use readily available commer-
cial and military technology to modify conventionally armed
cruise and ballistic missiles to effectively attack USAF aircraft on
the ground, at theater operating bases?

* How technically advanced must an adversary be to successfully
suppress USAF operations from theater operating bases?

2See David Shlapak and Alan Vick, “Check Six begins on the ground”: Responding to
the Evolving Ground Threat to U.S. Air Force Bases, Santa Monica, Calif.. RAND,
MR-606-AF, 1995; Maurice Eisenstein, “The Use of Weapons of Mass Destruction by
Terrorists Against Air Bases,” unpublished RAND research; Brian Chow, Air Force
Operations in a Chemical and Biological Environment, Santa Monica, Calif.: RAND,
DB-189/1-AF, 1998.
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¢ What options (new operational concepts, material, equipment,
etc.) exist for the USAF to minimize the impact of conventional
cruise- and ballistic-missile attacks on theater operating bases,
both in the near term and long term?

The answers presented here are speculative. The analysis is based on
potentially available technologies and an understanding of USAF
operations and is intended to expose a potential vulnerability that
could be exploited by future adversaries. Since many of the weapons
discussed in this document would appear to have shorter and less
costly design and production cycles than USAF aircraft have, these
threats should be considered prior to acquiring aircraft. Throughout
this document, we use open source material and simple calculations
to develop a potentially serious threat to USAF aircraft that many
conceivable adversaries could institute.

The Expeditionary Air Force (EAF) concept also must be considered
when formulating basing operations and vulnerability to missile at-
tack. This concept emphasizes the ability to rapidly deploy any-
where in the world, which raises two issues for defense planning:
First, little support will exist to build additional infrastructure
(shelters, additional ramp space, etc.) that could reduce the impact
of airbase attack at potential deployment bases. Second, since the
EAF must travel light to deploy a warfighting package quickly any-
where in the world, little flexibility will exist to transport items that
would provide protection or facilitate recovery from such attacks.

ORGANIZATION

Chapter Two describes how existing, readily available technologies
could enable a future regional competitor to build a cheap, accurate,
and effective cruise- and ballistic-missile force to attack USAF air-
craft where and when they are most vulnerable—on the ground at
theater operating bases. Chapter Three presents a scenario to illus-
trate how an adversary might employ conventional cruise and ballis-
tic missiles to attack USAF theater operating bases, and the potential
impact these attacks might have on USAF operations. Chapter Four
describes several short- to medium-term actions the USAF could
take to counter the conventional cruise- and ballistic-missile threat.
Examples of these actions include increased efforts, both active and
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passive, to defend USAF theater operating bases from missile attack.
Chapter Five describes a new short-term operational concept that
could allow the USAF to operate effectively in the face of our postu-
lated threat. In addition, it outlines a longer-term strategy the USAF
could adopt: By dramatically increasing the speed and/or range of
its ground attack aircraft, the USAF could minimize its vulnerability
to conventional missile attacks. This improvement would allow the
USAF to conduct a sustained air campaign against targets almost
anywhere in the world from a handful of well-defended bases located
on U.S. soil or controlled by the United States’ most reliable allies.
Chapter Six presents conclusions. Appendix A presents additional
data and assumptions we used to model adversary missile require-
ments. Appendix B presents the assumptions and equations that
form the basis of our sortie-rate-generation model, which informs
the analysis of Appendix C. Appendix C gives some of the technical
details of one possible long-range-attack-aircraft-weapons
combination.



Chapter Two
EMERGING THREAT TECHNOLOGIES

“The large ground organization of a modern air force
is its Achilles’ heel.”

Basil Henry Liddell Hart, Thoughts on War, 1944

THE EAGLES IN THEIR NESTS

The notion that military aircraft are most vulnerable when they are
on the ground is nothing new. Throughout World War II, both sides
used surprise air attacks, resistance units, special operations forces,
and even nighttime naval bombardment to attack parked aircraft. In
some instances, such as the Japanese air attack on Pearl Harbor; the
initial German air assaults on the Polish, Dutch, Belgian, French, and
Russian air forces; and the British long-range desert group opera-
tions against Axis airfields in North Africa,! spectacular results were
achieved.

The Iraqis failed to launch a concerted campaign to attack USAF air-
craft at their bases during the 1991 Gulf War. The photograph in
Figure 2.1 shows just how wide open [literally] and vulnerable many

1For a detailed and fascinating account of these little-known operations, see Alan Vick,
Snakes in the Eagle’s Nest: A History of Ground Attacks on Air Bases, Santa Monica,
Calif.: RAND, MR-553-AF, 1995, Chapter Four. Obviously, the authors have borrowed
the excellent imagery evoked by the title of Alan Vick’s work in titling this section of
the chapter.
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parked U.S. aircraft were during that conflict. The Iraqi failure, most
probably, is the result of multiple factors:

* Coalition air defenses were so powerful and efficient that the
Iraqi Air Force lacked the size, training, and equipment to launch
anything more than a one-time suicidal raid on coalition air
bases in Saudi Arabia.

* Iraqi ballistic missiles were not accurate enough to have more
than a trivial probability of hitting the typical airbase aircraft
parking ramp. Even if lucky enough to land on the ramp, the
unitary warheads on the Iraqi missiles were not capable of dam-
aging more than a few parked fighter aircraft.

* Harder to explain is a third factor: Iraq was unable to organize or
hire special operations forces or terrorists to attack USAF aircraft
as the North Vietnamese did two decades earlier.

USAF photo, courtesy of DoD Still Media Records Center

Figure 2.1—Parking Ramps at Shaikh Isa, Bahrain, Early 1991
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Regardless of the reasons for the lack of Iraqi airbase attacks, there is
little doubt that an adversary who could successfully mount such at-
tacks would present a difficult challenge. The Iraqis, and other re-
gional military powers who believe they may someday confront U.S.
airpower in a crisis or conflict, are almost certainly searching for
inexpensive but effective ways to enhance their capability to attack
USAF assets where they are most vulnerable—on the ground.

In the rest of this chapter, we explain how a powerful regional com-
petitor could combine readily available ballistic-missile, unmanned
aerial vehicle (UAV), Global Positioning System (GPS), and submuni-
tion warhead technologies to produce a variety of accurate, effective,
and inexpensive missiles capable of devastating attacks on USAF
aircraft parked on open ramps. First, we discuss the cruise- and
ballistic-missile threats and enhancements that could be incor-
porated to improve accuracy and lethality. We then discuss the
potential effectiveness of these weapons against USAF aircraft.

POTENTIAL BALLISTIC- AND CRUISE-MISSILE THREATS

Ballistic and cruise missiles were first used in combat by the Ger-
mans during the last year of World War II. Since then, ballistic mis-
siles have been produced in many countries and purchased by many
more.? Ballistic missiles were used extensively by both sides in the
Iran-Iraq War during the 1980s, and most recently by Iraq in the 1991
Gulf War against targets in Israel and Saudi Arabia. For the most
part, the Scud missiles used in these recent conflicts differed little
from their German V-2 ancestors: They had about the same range,
unitary high-explosive payload, and accuracy.

This lack of refinement meant that they could attack the same type of
large-area targets—mostly cities—that the German missiles had been
used against. In the 1991 Gulf War, Scud attacks against cities could
have had important political ramifications (e.g., bringing Israel into

2The following countries have ballistic missiles that can deliver at least a 500-kilogram
(kg) payload to a target at a 500-kilometer (km) range: Brazil, People’s Republic of
China (PRC), Egypt, India, Iran, Israel, Japan, North Korea, Libya, Pakistan, Saudi
Arabia, South Africa, Spain, Syria, Taiwan, and Zaire. See The Nonproliferation
Review, Spring-Summer 1995, Vol. 2, No. 3, pp. 203-206. France, Russia, the United
Kingdom, and the United States also possess missiles with at least this capability.
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the conflict) and caused the coalition to expend significant resources
in deploying additional Patriot missile batteries and hunting mobile
Scud launchers in the desert wastes of [raq. However, these indirect
effects were far too small to alter the overall military outcome. To be
militarily effective, ballistic missiles must be far more accurate and
have much more efficient warheads than were the Scuds employed
by Iraq in 1991.

In contrast to the relatively wide proliferation of ballistic missiles
since the end of World War II, land-attack cruise missiles have been
deployed and used in combat by only one nation—the United States.
The primary reason for this exclusivity is that only the United States
had the technical capability and financial resources to solve the
problems associated with accurate cruise-missile navigation.

IMPROVING ACCURACY WITH GPS

The accuracy of a missile is typically expressed as a circular error
probable (CEP), which is defined as the radius of a circle within
which half of the missiles land for a given aimpoint. This parameter
works well for calculating the probability of kill or the number of
weapons required to destroy a target. But a different description of
missile error is needed to assess the impact of enhanced guidance
systems, because several error sources affect the accuracy of missiles.
And because the total guidance error is the square root of the sum of
the squares of the individual errors, total system inaccuracy is
determined to a great extent by the single largest error source. The
three major categories of guidance error are errors in launch position
accuracy, en route errors, and target-location errors.

The Global Positioning System is not a magic technology that solves
all accuracy problems. Rather, it has the potential to enhance flexi-
bility of operations and improve accuracy by reducing target-
location error (TLE) for both ballistic and cruise missiles. Target
coordinates obtained from GPS-equipped intelligence sources
(human agents, stand-off reconnaissance aircraft, satellites, ships,
etc.) will probably be more accurate because the acquiring platform
(or people) knows (know) more precisely where it (or they) is (are).
Launch-position errors, on the contrary, may not be significantly
reduced, since countries typically use pre-identified and surveyed
launch sites. The advantage of using GPS is that it enables more-
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flexible launch operations to be conducted. Missiles can be
accurately launched from anywhere, including offshore platforms,
making the launcher more difficult to engage. Another advantage
that GPS provides to both types of missiles is a consistent coordinate
system, which eliminates transformation errors that can accrue as
coordinates are switched from one grid to another.

Because the two missiles have different characteristics, primarily
time of flight, the addition of GPS guidance® enhances the accuracy
of ballistic and cruise missiles in different ways, discussed in the
following two subsections.

Ballistic Missiles

Errors in the boost and reentry phases of Third World ballistic mis-
siles arise primarily from factors such as variance between com-
mands and actual engine cutoff and aerodynamic forces during
reentry. These errors will be virtually unaffected by GPS assistance.
The guidance system can send precise engine-cutoff information,
but if the engines are not sufficiently advanced to shut down at pre-
cisely the right moment, the missile accuracy will not be significantly
improved.

Compensating for errors arising from aerodynamic forces during
reentry requires that reentry vehicles be equipped with control sur-
faces or thrusters to correct for wind drift; most existing short-range
ballistic missiles (SRBMs) lack these systems. As a result, adding GPS
guidance to a Scud missile improves accuracy by only about 20 per-
cent (bringing the CEP to about 600 meters). 