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The performance of the Patriot PAC-2 theater missile defense system in the Gulf War
spark~ a prolong~ public debate of unprecedented proportions. We review the tech-
nical dimensions of the debate over Patriot, concentrating on the two official Army
studies of Patriot performance and the analysis of Patriot performance carried out by
two MIT scientists using video tapes taken by the commercial news media during the
Gulf War. We find there is an absolute contradiction between the Army scores for
Patriot performance during Gulf War for all engagements and the scores based on the
video data. We analyze in detail all of the technical challenges raised against the video
analysis and find these challenges largely wanting. We conclude that the video tapes
contain important information about Patriot performance in the Gulf War, and that the
Army should have made use of the video information in its studies of Patriot perfor-
mance. We identify three lessons from the Patriot debate that are likely to be applica-
ble in the future conflicts where high technology weapon systems are being introduced
into combat for the first time. Our study does not cover other U.S. theater missile
defense systems, such as Patriot PAC-3/ERINT and THAAD.
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INTRODUCTION

The employment of the Patriot system in the 1991 Gulf War-the first use of a
ballistic missile defense system in actual combat-drew extraordinary atten-
tion. Television news broadcast dramatic nighttime videos of Patriot-Scud
engagements to an interna~ional audience. Media interpretations of the imag-
ery appeared to confirm official statements of near-perfect performance.
Renewed interest in ballistic missile defenses and increased public concern
about the proliferation of ballistic missiles resulted.

Approximately 80 of all the Scud (AI-Hussein) missiles launched by Iraq
during the Gulf War performed well enough to land in or near Israel or Saudi
Arabia. The Patriot system "engaged" about 44 of these.! In Department of
Defense parlance, the term "engaged" means the launch of one or more Patriot
missiles against an incoming missile independent of success, that is, an
engagement consists of one or more intercept attempts. Information in the
public domain indicates that about 16 of the engagements occurred over Israel
and about 28 over Saudi Arabia. Precise figures remain classified.

In the aftermath of the war, official Army performance statistics for the
Patriot were revised downward in a series of stages: in March 1991 the overall
success rate was reported as 96%; in May 1991 as 69%; and in April 1992 as
59%, the latter figure continuing as the official Department of Defense posi-
tion on overall Patriot performance.2

In addition, serious questions began to be raised from outside of the Pen-
tagon after the war about the actual success of the Patriot system. By the
winter of 1991-92, a substantial public debate had emerged. In an attempt to
resolve a growing controversy, the House Government Operations Committee
(HGOC) then chaired by John Conyers (D-MI), held hearings on April 7,
1992.3 Th~ outcome of the hearings produced an even greater level of confu-
sion, disagreement, and public acrimony over what seemed to many to be a
relatively straightforward question of technical fact.

In response to the unsettled public debate, the Panel on Public Affairs
(POPA) of the American Physical Society appointed an ad hoc panel in the
spring of 1993 to look into the technical questions at the core of the debate
over the Patriot. This article describes what the members of the ad hoc panel
learned about the Patriot debate in the course of their investigations together
with the results of follow-up studies of certain technical issues. Appendix A
provides a brief chronology of the panel's work.

The ad hoc panel conducted all of its work at the unclassified level. This
was made possible by several factors: (1) the HGOC hearings were public; (2)
General Accounting Office (GAO) and Congressional Research Service (CRS)
reviews of the Army studies are unclassified, although the reviews were car-
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ried out with full access to the classified database and study methodologies;
(3) general information about the Army methodology is public; (4) all chal-
lenges to official Army reports of Patriot performance are based on unclassi-
fied data; and (5) none of the officials or organizations involved in the Patriot
debate-including the Army-have ever claimed that they needed to go into
closed (classified) session to explain their findings.

Because the Army studies remain classified, there was an asymmetry in
the panel's work and this article reflects that fact. The panel reviewed all of
the technical aspects of the Army studies that are in the public sector as well
as all of the technical aspects of the most comprehensive challenge to the
Army's findings. The panel, however, did not perform an independent analysis
of the performance of the Patriot in the Gulf War. When and if further details
of the Army's analyses are declassified, e.g., the Army scores for individual
Scud engagements, useful further work and more detailed comparisons can be
made.

Patriot ground control units employed in the Gulf War were not routinely
operated with data-recording devices apparently out of concern that such
devices might cause system malfunctions. Consequently, continuous records
of radar and system information during engagements and the trajectory and
operational data needed to make highly detailed analysis of Patriot-Scud
engagements do not exist. (Many air defense radars have built-in recording
systems as standard equipment, but this was not the case for the Patriot.) In
a few cases, the Israelis attached recording devices to Patriot ground-control
units during actual operations. However, this occurred only late in the war
and the amount of data collected was meager. No analogous recordings were
collected in Saudi Arabia. In spite of the lack of good technical data, a great
deal of effort has been expended to determine Patriot performance in the Gulf
War because that experience is more realistic and greatly exceeds in volume
anything that could ever be created at a missile test range.

THE PATRIOT SYSTEM

The Patriot is an Army surface-to-air missile system that began development
as an antiaircraft weapon in the late 1970s; it was first deployed in 1982.4 In
the late-1980s, the system was modified to give it the capability to intercept
short-range ballistic missiles. This first modification, called PAC-1 (Patriot
Anti-tactical-missile Capability), consisted of software changes to the guid-
ance radar, which gave the system the capability to track and intercept sev-
eral short-range ballistic missiles simultaneously. A later, second modification
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(PAC-2) gave the missile warhead a new fuse and heavier fragments to
improve its kill capability against ballistic missiles. At the time of the Iraqi
invasion of Kuwait in August 1990, only a handful ofPAC-2 missiles existed in
the U.S. inventory. In response, production of the PAC-2 interceptor was dra-
matically surged (three around-the-clock shifts, seven days a week) to meet
the anticipated requirements of the impending war.

The Patriot interceptor missile used in the Gulf War is powered by a sin-
gle-stage solid-propellant rocket motor and achieves a burnout velocity of
Mach 5 (1.5 km/s) about 12 seconds after launch. The interceptor is 5.33 m
long, weighs 1,000 kg, and has a range of approximately 60 km. The missile is
armed with a warhead consisting of 45 kg worth of 50-g pellets driven by 40 kg
ofhigh-expl6sive and detonated by a self-contained radar proximity fuse.
A Patriot Battery, the basic unit of the system, consists of a C-band phased-
array ground-based radar used for both surveillance and tracking, a ground
control station for command and control of the interceptor missiles, and eight
launchers. Each launcher contains four PAC-2 interceptor missiles.

The brain of the system is its weapons-control computer,5 which performs
the system's core functions of acquiring and tracking incoming targets, guid-
ing interceptors to targets, and other battle-management functions. The
Patriot system employs a track-via-missile guidance scheme in which the tar-
get and interceptor are jointly tracked by the Patriot radar. In addition, radar
signals reflected from the target and received by the interceptor are relayed
back to the ground control station via a data link for processing; commands
are then sent back to the interceptor to guide it to its target. The basic system
strategy is to put the Patriot interceptor on the reverse trajectory (anti-trajec-
tory) of the incoming target missile. If all goes well, the Patriot interceptor
ultimately acquires its target by means of a self-contained fusing radar and,
at the optimal moment determined by electronics in the interceptor, the
Patriot warhead is "fused" (detonated). As a safety feature, a Patriot intercep-
tor that fails to acquire a target via its fusing radar in the designated time
window for intercept, sacrificially fuses after a prescribed delay.
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Figure 1: Schematic of the Patriot PAC-2 ballistic missile defense system used in the Gulf
War. Each Patriot Battery consists of a C-band phased array radar for tracking both the
incoming missiles (Scuds) and outgoing Patriot interceptors; a ground control station that
processes the return signals from the Scuds and Patriot interceptors and computes trajectory
corrections. which are uplinked to the interceptor; and eight Patriot launchers (only one
shown). each of which carries four interceptor missiles. Note that the interceptor trajectory is
incorrectly shown; the interceptor actually files out a certain point and then turns and flies
up the anti-trajectory of the Scud making the intercept attempt nearly head-on. (Figure cour-
tesy of Hildreth and Zinsmeister.)
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AL-HUSSEIN MISSILE

The AI-Hussein missile employed by Iraq during the Gulf War against Israel
and Saudi Arabia was a modification of the Soviet Scud B, a single-stage liq-
uid-fueled short-range tactical missile (there is no separable reentry vehicle).
The standard Scud B has a launch weight of about 6,000 kg, a length of
approximately 11 m, and is capable of delivering a 1,000-kg warhead to a
range of about 300 km. To increase the range of the missile to approximately
600 km, the warhead was reduced to about 300 kg and the lengths of the fuel
tanks increased, resulting in a missile with an overall length of 12.2 m and a
launch weight of 7,000 kg.6 Appendix B gives a summary of the parameters of
the AI-Hussein. For simplicity, we will hereafter refer to the AI-Hussein as a :

"Scud."
The Iraqi modifications of the Scud B resulted in a missile that typically

broke up during reentry, with the warhead section (warhead and possibly
attached portions of the missile body) followed by a stream of debris.7 One or
more of a number of factors could have contributed to this breakup: (i) the AI-
Hussein's reentry velocity is considerably higher than that of the normal Scud
B, and so the aerodynamic forces experienced by the modified missile are
much greater; (ii) the increased length and lighter payload causes the center
of gravity of the missile to shift backward, making it less aerodynamically sta-
ble; and (iii) the AI Hussein may have reentered the atmosphere with a large
angle of attack (angle between the body symmetry axis and velocity vector), a
configuration that leads to high lateral stresses on the missile body as aerody-
namic forces build up.

i
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by the Israeli Defense Forces (there may have been additional studies); and
the fourth is a study done by two MIT researchers using videotapes taken by
the TV news media of Scud engagements over Israel and Saudi Arabia during
the war. The two other technical studies each looked at ground damage and
casualties in Israel before and after the introduction of the Patriot. All other
commentary on the overall Gulf War performance of the Patriot-and it is
extensive indeed-consists of reviews of these studies, summaries or criti-
cisms of one or more of the six analyses, or discussions of issues distinct from
the Patriot performance.

The two Qfficial Army analyses of Patriot Gulf War performance were car-
ried out post war by the Patriot Program Office with technical support pro-
vided by Raytheon Company, the prime contractor for the Patriot system.8,9
Official scoring of Patriot-Scud engagements in these studies was done by
teams of Army officials. The studies were based on available technical data
from ground control units together with data from inspections of Scud impact
craters. Results from the first Army study were reported publicly in December
in 1991.10 The results of the second Army study were first reported at the
April 1992 HGOC hearings. The data and the reports associated with both
studies remain classified.

During the Gulf War, the Israelis conducted quick-response studies in an
attempt to understand Patriot performance and to reduce wastage of intercep-
tors on nonlethal debris resulting from Scud breakup. No information has yet
been officially released by the Israeli government about its studies of Patriot
performance during the Gulf War. However, over time some information about
the conclusions of these studies has become publicly available.

An Israeli reporter of defense and military affairs (and retired Israeli Air
Force pilot) Reuven Pedatzur testified at the 1992 HGOC hearing concerning
what he learned in interviews with Israeli officials about data collection and
analysis done in Israel during the war concerning the performance of the
Patriot. 11 In this testimony and in a later journal article,12 Pedatzur reported

that the Israeli studies find little or no evidence of Patriot success-at most
one or two warhead kills. A year and a half later in 1993, Moshe Arens, former
Israeli Minister of Defense, and General Dan Shomron, Chief of Staff of the
Israeli Defense Force during the war, stated in interviews conducted by Pedat-
zur on Israeli television 13 that the Patriot successfully intercepted at most one

Scud over Israel. Later, on a PBS "Frontline" program in January 1996 Arens
repeated similar statements about the findings of the Israeli studies.14 It is
now clear there were intense disagreements between Israeli military and gov-
ernment officials and their U.S. counterparts over Patriot performance during
the war. 15
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used by the Army in both of its studies. Before procEjeding further, it is useful
to recall the distinction between intercept attempt and engagement. The
former refers to the interplay between a single Patriot interceptor and Scud
whereas engagement refers to the set of all intercept attempts against a given

Scud.

Ground Impact/Patriot Unit Database
As mentioned earlier, the lack of recording devices on Patriot ground control
units means that records of radar "track files," system status, and other
related information were not routinely collected during the Gulf War. The
only manner in which operators in standard Patriot control units in Israel or
Saudi Arabia could preserve technical engagement information was to manu-
ally request printouts of certain kinds of track and system functionality data
by pushing a control panel button. This was not routinely done and, even
when it happened, the result was far from a continuous record. In a few cases
in Saudi Arabia and Israel, video cameras were placed inside Patriot ground
control units to record what was displayed on control panels and screens. The
totality of the technical data collected from Patriot ground control units dur-
ing the war along with operator and unit status reports constitutes the first
part of the database used by the Army.

The second part of the Army database consists of ground impact data,
coming primarily from inspection of impact craters and Scud missile debris
found in or near these craters. Collection of ground impact data in Saudi Ara-
bia during the war was the responsibility of local Army units under the direc-
tion of and in coordination with the Saudis. These collections were not done
on a systematic basis. Limited investigations of about one-third of the Saudi
engagements were made in Saudi Arabia by a single engineer from the Army
Ballistic Research Laboratory, days and weeks after the impacts occurred,
when craters had often been filled in and any missile debris removed.20 The Iground damage database available to officials in Israel is reported to be con-
siderably more complete than is the case for Saudi Arabia because the Israelis
did rapid follow-up and systematic collections after each Scud attack-a task
no doubt aided by the predominantly urban environment of the Tel Aviv area.
(We do not know whether the Israeli data were used in the Army studies.)
Reviews done by analysts at GAO21 and CRS22 report that the ground impact
data used by the Army are far from comprehensive and are difficult to inter-
pret in many cases. In what follows, we refer to the totality of ground impact
damage data and technical engagement data of all types collected from Patriot
units during the war as the ground impact/Patriot unit database.

81
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are not publicly reported, nor is it known how the Army determined these
deflections from available data. Because the collision of one or a few 50-g
Patriot warhead fragments with a rapidly moving Scud warhead ,!ould give
an insignificant deflection from momentum conservation considerations alone,
a meaningful deflection could result only if the collision altered the aerody-
namic characteristics of the Scud warhead section or the blast effects of a
Patriot explosion caused the deflection. Finally, it seems certain that the com-
plex trajectories followed by the Scud warhead sections following breakup
must have degraded the impact point prediction accuracy of the P~triot sys-
tem.

It is also not known publicly what is the nature and quality of the data
supporting the Army's finding that the Patriot was the cause of the reduction
to low yield of the two other engagements scored as the mission kills.

To give a measure of the quality of the data used to score each event, Army
analysts partitioned their data into three categories: high-, medium-, and low-
confidence. In scoring engagements, the Army analysts used certain norma-
tive rules when combining data with differing confidence levels. The perfor-
mance of the Patriot system against every engagable Scud was scored in the
second Army study, whatever the quality of the available data. Two engage-
ment outcomes were scored "unknown."

Subsequent to the HGOC hearings, GAO published in September 1992 a
review of the Army's second study;26 no counterpart CRS report exists. This
latter GAO review concentrates on those engagements for which the Army
reported high confidence of destruction or disablement of Scud warheads;
these cases represent 25% (about 11) of all engagable Scuds. The GAO review
makes a number of salient points. It quotes the Deputy Project Manager for
Patriot as stating that "the assignment of a high-confidence level to an
engagement's outcome did not mean that the Army was absolutely confident
that the assessed outcome was correct. Rather, given the limited data avail-
able for assessment purposes, the Army scorers have higher confidence in the
assessed outcome of those engagements than in others." The partition of war-
head kill scores in the second Army study between the medium- and low-confi-
dence categories is not publicly available.

The GAO report states that only about 4 of the 11 Scuds rated by the
Army as high confidence warhead kills are supported by "strong" evidence.27
Examples cited by GAO of what the Army considered strong evidence of a war-
head kill include: recovery of a Scud warhead section containing Patriot frag-
ments; or holes in a recovered warhead or in the guidance or fusing
components; or radar data showing evidence of Scud debris in the air follow-
ing a Patriot detonation. It is not clear from the public record if actual Patriot






