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Depressed Trajectory SLBMs:
A Technical Evaluation and
Arms Control Possibilities

Lisbeth Gronlunda and David C. Wrighfb

SLBMs flown on depressed trajectories would have short flight times, comparable to
escape times of bombers and launch times of ICBMs, thus raising the possibility of
short time-of-flight (STOF) nuclear attacks. We assess the depressed trajectory (DT)
capability of existing SLBMs by calculating the flight times, atmospheric loading on
the booster, reentry heating on the reentry vehicle (RV), and degradation of accuracy
for a DT SLBM. We find that current US and CIS SLBMs flown on depressed trajecto-
ries would have the capability to attack bomber bases at ranges of up to about 2,000
kilometers, and possibly at ranges up to 3,000 kilometers. To target bombers based fur-
thest inland, a new high-velocity booster might be required, and attacking hardened
targets would require a maneuvering RV (MaRY). We conclude that DT capabilities
could be effectively controlled by the combination of an apogee restriction on the flight
testing of existing SLBMs and bans on the development of high-velocity boosters and
MaRVs, and that, in view of their inherent STOF capabilities, deep cuts in the number
of SLBMs or their elimination might be desirable for an optimal minimum-deterrent
force structure.
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INTRODUCTION

The most energy-efficient trajectory for flying a ballistic missile over a given
range carries it high above the atmosphere; the maximum range for a given
missile is achieved by traveling on such a trajectory. If a missile is flown over
shorter ranges, the excess energy can be used to fly less energy-efficient trajec-
tories, such as low-apogee or "depressed" trajectories. Missiles flown on a
depressed trajectory (DT) can have significantly shorter flight paths, and
therefore significantly shorter flight times, than those flown on a standard tra-

jectory of the same range.
This is especially relevant for sea-launched ballistic missiles (SLBMs)

which could, in principle, be brought close to the territories of the US or of the
Commonwealth of Independent States (CIS). In the past, the prospect of short
time-of-flight (STOF) nuclear attacks on strategic bomber bases and command
and control centers raised concern about DT SLBMs and led to a number of
unsuccessful attempts to limit their development. While the current relation-
ship between the US and the CIS may render discussions of controlling
nuclear weapons systems less urgent, it also provides an important window of
opportunity for instituting agreements and practices that will increase stabil-
ity and help establish a regime of common security for the future, especially if
relations should cool again. At this time, the US and the CIS should be moving
toward much smaller nuclear arsenals that would minimize crisis instability

in the future.
In this paper we analyze the key technical issues related to flying SLBMs

on depressed trajectories.! We determine how difficult it would be to fly an
SLBM on a depressed trajectory, whether redesign of the booster or reentry
vehicle (RV) would be necessary, what flight times and apogees would be possi-
ble with existing or redesigned missiles, and how accuracy would be reduced
on these trajectories. Using these results, we then outline possible arms con-

trol measures to restrict the development of STOF systems.

Short Time-of-flight Attacks
The vulnerability of key components of the strategic arsenal to nuclear attack
would depend sensitively on the amount of warning received.. The standard
surprise attack scenario assumes an attack against bomber bases, interconti-
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nental ballistic missile (ICBM) fields, command and control centers, and com-
munication nodes, with the goals of destroying bombers before they can
escape, destroying ICBMs before they are launched, and severely crippling the
political and military command structure and communication network.2

In reality, given current force structures, a disarming first strike against
the US or the CIS is impossible with or without STOF systems. Such an attack
would be enormously complex and demanding, even if an adversary's entire
arsenal could be attacked; it would be futile given the invulnerability of cur-
rent US and CIS ballistic missile submarines (SSBNs). Presumably, any
future force structure would also be configured to make a disarming first
strike impossible. A rational decision maker would recognize that a STOF
attack could not eliminate the victim's ability to launch a devastating retalia-
tory strike.

However, any system that decreases the amount of warning time also
decreases the amount of time available for attack assessment and decision
making. Such a situation is clearly dangerous for both countries. Perhaps the
greatest concern about STOF capabilities is that the country facing a STOF
threat might react by making policy changes that would be destabilizing, such
as explicitly adopting a launch-on-warning policy (if it had not already done
so) and instituting shortened timelines for decision making during crises.

The nuclear powers should use the current period of reduced tensions to
eliminate weapons that are more suitable for a first strike or surprise attack
than a retaliatory attack, and to prohibit the future development of such
weapons. Agreeing to limit nuclear weapon systems with short flight times
and/or very high accuracies would be an important step in that direction.

Attacks on Bomber Bases
The scenario that typically sets the time scale for STOF systems is an attack
on strategic bomber bases.3 Bombers are soft targets that would rely on quick
escape to survive. In the fall of 1991 the US and the Soviet Union announced
that their strategic bombers had been removed from alert status and their

* There are two types of warning: tactical warning indicates that an attack is under
way, while strategic warning refers to general indications of preparations for an attack.
A "bolt from the blue" attack with no strategic warning has always been implausible
and is becoming more obviously so.
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sion making and possibly no confirmation of attack from early-warni
radars. 12 The development of maneuvering RVs (MaRVs) for DT SLBMs COt

lead to a combination of short flight times and sufficient accuracy to atta

hardened targets, thereby threatening even hardened command posts ve

early in a conflict and silo-based ICBMs. Mobile ICBMs are relatively soft tl

gets that rely on dispersal for their survival; if deployed in garrison th

would be vulnerable to attack by DT SLBMs.

TECHNICAL ASPECTS OF DT SLBMs

In order to ascertain what arms control measures would be most useful in C1J

tailing the development of DT SLBMs, it is necessary to determine what ste]

either the US or the CIS would have to take to develop such a capabilit

There are four main questions to be addressed in considering trajectories wi1

low apogees. First, because a DT SLBM would spend a longer time in tl

denser parts of the atmosphere than an SLBM on a standard trajectory, wou:

this lead to increased aerodynamic stress or heating on the booster, and woul

a new booster be required? Second, would the additional time spent in tt.

atmosphere lead to increased heating of the RV, thereby requiring a new R

design? Third, what flight times are achievable? Finally, to what extent wou]

the accuracy of an SLBM on a depressed trajectory be degraded, and wou]

the development of a precision-guided RV (PGRV) be required? If the develoJ

ment of a new booster or RV is required, constraining DT capabilities via arm

control would be relatively straightforward. If no new development is needec

acquiring DT capabilities would probably entail only flight testing of existin

boosters and RVs on the new trajectory.

In the remainder of this section, we address the four questions outline,

above, as well as some additional technical issues that may present difficultie

for SLBMs on DTs, such as MIRVing. We first assess the DT capabilities a

existing SLBMs, and then consider what further development would hi

required to increase the DT capability of SLBMs.

Model and Calculations
Our assessment of existing DT SLBM capabilities is based on computation!

made using our computer model of the US Trident II D-5 missile, the mos!
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advanced SLBM currently deployed. Using data obtained from a variety of
unclassified sources, we were able to construct a consistent set of parameters
for our model, which is given in appendix A.

Our calculations assume a round, nonrotating earth,. and use a standard
model of the earth's atmosphere (see figure 1). We also assume that the missile
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Figure 1: Atmospheric density as a function of altitude. The atmosphere model used in our
calculations is taken from Regan. Reentry Vehicle Dynamics, p.18.

.Taking into account the rotation of the earth would make the equations of motion
much more complicated, and would lead to only small changes in our results.
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trajectory lies in a plane, and that the body axes of the missile and RV remain

aligned with the direction of motion (i.e., the net lift force is zero). The latter is

equivalent to modeling the missile by a point mass. (We will consider the effect

of lift forces during boost in the following section on aerodynamic loading and

estimate the effect of lift forces during reentry when we calculate missile accu-

racy.) Thus, the forces acting on the missile are gravity, the drag force due to

the atmosphere, and, before burnout, the thrust of the booster. The missile

trajectory is determined by specifying the direction of thrust with respect to

the body axis as a function of time. The two-dimensional equations of motion

are given in appendix B.

For each flight range and altitude at burnout, there is a unique ballistic

missile trajectory that is most energy efficient. This is known as the mini-

mum-energy trajectory (MET). If flown over less than maximum range, an

SLBM can use its excess fuel to fly on a less energy-efficient, lower- or higher-

apogee trajectory. In routine operations, SLBM trajectories may be lofted or

depressed slightly with respect to the minimum-energy trajectory for a variety

of reasons. However, "depressed trajectory" refers to trajectories that are

depressed substantially below the MET: these trajectories have reentry

angles. of roughly 5-100 for a 1,850 kilometer range, compared to roughly 400

for a MET of comparable range, or roughly 300 for a 7,400 kilometer MET. Fig-

ure 2 shows a minimum-energy and two depressed trajectories with ranges of

1,850 kilometers.

Depressed trajectories with the same range can have different shapes and

apogees, and these various trajectories will result in different values for the

flight time, loading on the booster, heating of the Rv, and accuracy. No single

trajectory will simultaneously yield the optimal values for all four quantities;

we consider several depressed trajectories to understand the sensitivity of

these parameters to trajectory shape.

We consider depressed trajectories of two ranges: 1,850 kilometers (1,000

nautical miles, which we will see is the range over which existing SLBMs can

fly in roughly 7 minutes); and 3,000 kilometers (1,600 nautical miles, which is

the range needed to target the bomber bases furthest inland in the US or the

.We define the reentry angle as the value of y (the angle between the RV velocity
and the local horizon, see figure B-1) at 15 kilometers altitude because this is conve-
nient for the accuracy calculations in subsequent sections of this paper.
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Figure 2: Three trajectories with ranges of 1,850 kilometers: the dashed line is the MET with an
apogee of 450 kilometers, the solid line (DT-120) is an example of a low-stress .shaped. DT, as
discussed in the text, and the dotted line (DT-60-SYM) is a .symmetric. DT that encounters
considerably higher atmospheric loading and heating. The flight times are 7.1 minutes for DT-
6O-SYM, 7.2 minutes for DT-120, and 12.5 minutes for the MET.

CIS, assuming the submarine is several hundred kilometers offshore). We also

consider depressed trajectories with various apogees, both to determine the

effect of apogee on accuracy, and because low-apogee trajectories could be used

to counter antimissile systems, In addition to these trajectories flown with a

fully loaded Trident II missile, we consider several trajectories flown with a

missile with a considerably higher burnout velocity to determine the feasibil-

ity of further decreasing the flight times. Increased burnout velocities can be

obtained either by off-loading warheads from the Trident II, or by using a

hypothetical high-velocity missile. These trajectories are denoted by "OL" for

"off-loaded" and "HV" for "high velocity" (see table 1). Throughout this paper

we label the depressed trajectories by their apogees (for example, DT-120 has

an apogee of 120 kilometers).

The Trident II is designed to carry either eight heavy RVs (the 475 kiloton

Mk-5), for which it has a maximum range of roughly 7,400 kilometers, or up to

14 lighter RVs (the 100 kiloton Mk-4), With eight Mk-4 or four Mk-5 RVs the

Trident II has a range of roughly 11,000 kilometers.13 We compare the loading

and heating values calculated for the depressed trajectories to the loading and

heating values for the maximum-range-minimum-energy trajectories that the

Trident II is designed to fly. By basing our analysis on such a comparison, we

avoid having to know what the actual stress and heat tolerance limits are for
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Table 1: Trajectory parameterso

Burnout Flight Total dispersion
Trajectory velocity Apogee time meters

km/s kilometers minutes R CR

7,400 kilometer MET

6.3 1,340 29.2 134 86

1,850 kilometers

DT-60SYM 6.5 60 7.1 4,800-7,400 510-1,000
DT-9Q 6.3 90 7.1 2,cx:XJ-4,OOO 390- 730

DT-l20 6.0 120 7.2 1,300-2,400 3OQ- 520

DT-l50 5.6 150 7.4 770-1,300 230- 350

3,000 kilometers
DT-95 SYM 6.6 95 9.8 2,600-5,400 420- 860
DT-135 6.3 135 10.1 1,400-2,600 320- 550
DT-l55 6.2 155 10.1 1,100-2,000 270- 460
DT-185 5.9 185 10.4 730-1,200 220- 340

a. TtMs table gives porametelS for the trajectories discussed n!tis paper. For each range. the trajectories are labeled I
MET for m~um-energy trajectory or DT for depressed tr~ectory. The DTs are Iobeled with their apogee n kKometelS, or
ore shaped trajectories except for those marked "SYM: wHch are symmetric. "OL. refelS to on offlooded Trident II boost
wIth 1 Mk-5 RV (seven RVs and the bus hove been offlooded). and "HV. refelS to a hypothetical new booster capoble

very high burnout velocity, modeled by a ful~-looded Trident II with the specific Impulse of each stage Increased to 610 se
onds The "totol error. ~ calculated as described in appendix E. Rand CRrefer to range and crossronge. respectIvely.

the Trident II, and our results will not depend on whether we have modeled a

the physical characteristics of the Trident II exactly.

Aerodynamic Loading
The aerodynamic loading on the booster results from lift and drag forcel

which are both roughly proportional to the product of the atmospheric densit

p along the trajectory and the square of the missile velocity v: The drag fore

has the form:
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CdApVFD = (1)

2

where Cd is the velocity-dependent drag coefficient discussed in appendix B,
and A is the cross-sectional area of the missile.14

The axial and normal loading experienced by the booster will depend on
the shape of the trajectory during boost phase. For a minimum-energy trajec-
tory, the missile is launched vertically, and is then turned from the vertical
through a small angle e early in flight. Thereafter, the thrust remains aligned
with the booster axis, and the missile is turned only by gravity. To fly a
depressed trajectory, one possibility is to depress the trajectory early in flight
by turning the missile through a larger angle e'. This difference in angle will
be accentuated by the effect of gravity bending the trajectories over (see trajec-
tory DT-60-SYM in figure 2). An alternative possibility is to follow a standard
(maximum range-minimum energy) boost trajectory until the missile reaches
altitudes at which the atmosphere is very thin (roughly 100 kilometers). The
missile can then be turned relatively sharply to flatten the trajectory with
negligible loading (see trajectory DT-120 in figure 2). We will refer to this lat-
ter trajectory as a "shaped" DT, and the former as a "symmetric" (SYM) DT.

Flying on a symmetric DT, such as DT-60-SYM in figure 2, results in a
drag force and axial aerodynamic loading on the booster that is substantially
greater than that for the standard maximum-range trajectory the Trident II is
designed to fly (see figure 3). However, the aerodynamic loading could be kept
at an acceptable level for a DT SLBM by flying a shaped trajectory, such as
DT-120 in figure 2. In order to minimize the flight time, DT-120 follows the
flattest flyout trajectory that the Trident II is designed to withstand, that of
the 11,000 kilometer MET. As figure 3 illustrates, the axial loading for this DT
is comparable to that for the 11,000 kilometer MET.

Such shaped depressed trajectories can keep the loading to acceptable lev-
els for trajectories with apogees of roughly 90 kilometers or greater, depending
on the range. Moreover, even though a shaped trajectory has a longer flight
path than a symmetric trajectory of the same range, the flight times are com-
parable as the missile is slowed less by atmospheric drag on the shaped trajec-
tory (see, for example, DT-120 and DT-60-SYM in figure 2). For the remainder
of the paper, we consider only shaped trajectories, except where indicated.
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Figure 3: The axial aerodynamic laading an the boaster for a 11.OCXJ kilometer MET, the two
1.850 kilometer OTs shown in figure 2. and 1,850 kilometer OT-90. The graph extends to 170sec-
onds, when burnout of the booster occurs. Note that the loading scale is exponential; the dif-
ference between the loading for the MET trajectory and the shaped OT -120 is negligible. On
the other hand. the loading on the booster for OT-60-SYM is considerably higher than that of
the MET trajectory over the duration of boost phose. (These conclusions would not differ had
we instead chosen the 7,400 kilometer MET as our basis of comparison.) Both the peak value
and the time history of the loading are important since the latter can affect, for example,
crack propagation in the propellant of solid-fueled boasters. The bold sections of the curves
for the shaped trajectories OT-90 and OT-l20show the time over which lateral thrust is applied
(11 ~ 0) to turn the missile onto a flat trajectory. In addition, 11 is nonzero for 1 < t < 5.5 for these
trajectories. For the symmetric OT-60-SYM.11 is nonzero only for 1 < t< 10. and for the MET 11 is
nonzero for 1 < t < 5.5.




