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Escaping Microburst with Turbulence: Altitude, Dive,
and Pitch Guidance Strategies

Atilla Dogan¤ and Pierre T. Kabamba†

University of Michigan, Ann Arbor, Michigan 48109-2140

Three escape strategies are compared for microburst encounters during � nal landing approach: altitude guid-
ance, dive guidance, and pitch guidance. The main difference between pitch guidance and the other two strategies
is that pitch guidance immediately attempts to increase altitude at the expense of airspeed, whereas dive and
altitude guidances initially trade altitude for airspeed. We use a full, six-degree-of-freedom, nonlinear, rigid-body
aircraft model, including the effects of windshear and wind vorticity, and a model of microburst with turbulence.
We also model the effect of stall prevention on the escape path. Two different approaches are used for comparison:
1) In a sample analysis approach, typical samples of the time histories of various variables are analyzed. 2) In a
statistical approach, the probability distribution of the minimum altitude is estimated by the Monte Carlo method
when the statistical properties of the microburst parameters are known. In the sample analysis and statistical
approaches, the simulations take into account turbulence in addition to windshear. Both approaches suggest that,
within the modeling assumptions presented, and in the absence of human factors, altitude and dive guidance with
low commanded altitude may provide better safety than pitch guidance.

Nomenclature
b = span, m
c̄ = chord, m
D = drag, N , or diameter of the peak radial

out� ow-velocity contour, m
D h = the set in which the parameter vector µ assumes

values
E = speci� c energy, m
E[¢ ] = expected value of a random variable
Fhmin (h) = probability distribution function of hmin

fh = intensity of the downdraft, 1/ s
fr = intensity of the horizontal shear, 1/ s
g = acceleration of gravity, m/s2

h = altitude, m
hmin = minimum altitude reached in an escape maneuver, m
Ix x = moment of inertia around body x axis, kg ¢ m2

Ix z = product of inertia on body x –z plane, kg ¢ m2

Iyy = moment of inertia around body y axis, kg ¢ m2

Izz = moment of inertia around body z axis, kg ¢ m2

K = control gain vector
L = lift, N; or lower bound of a con� dence interval; or

scale length, m
= rolling moment, N ¢ m
= pitching moment, N ¢ m

m = mass of the aircraft, kg
= yawing moment, N ¢ m

p = angular velocity around body x axis, 1/ s
q = angular velocity around body y axis, 1/ s
r = radial distance from the microburst center, m; or

angular velocity around body z axis, 1/ s
S = side force, N

= wing area, m2

T = thrust, N
U = upper bound of a con� dence level
ug = components of turbulence in body x axis, m/s
V = airspeed, m/s
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vg = components of turbulence in body y axis, m/s
W = weight of the aircraft, N
W(¢ ) = wind velocity component in (¢ ) direction, m/s
wg = components of turbulence in body z axis, m/s
x = longitudinal distance from the runway threshold, m
xc = location of the microburst center in x direction, m
y = lateral distance from the runway threshold, m
yc = location of the microburst center in y direction, m
z = vertical direction into the ground, m
z0 = initial condition of the aircraft state vector
a = angle of attack, rad or deg
b = side slip angle, rad or deg
D z = moment arm of thrust around body y axis, m
d = con� dence parameter, or thrust inclination angle, rad
d a = aileron de� ection, rad or deg
d e = elevator de� ection, rad or deg
d r = rudder de� ection, rad or deg
h = pitch angle, rad or deg
µ = microburst parameters and turbulence vector
n = throttle response
n t = throttle setting
q = air density, kg/m3

r = intensity of turbulence component, m/s
U = power spectral density function of body x-axis

turbulence component, m2/s
u = bank angle, rad or deg
w w = angle between the direction of radial wind and x axis,

rad

Subscripts

c = commanded
rel = relative to air
ug = body x-axis turbulence component
vg = body y-axis turbulence component
wg = body z-axis turbulence component

Introduction

T HIS paper studies escape maneuvers for an aircraft � ying,
during a � nal landing approach, through windshear due to a

microburst. Windshear is a spatial and temporal variation of at-
mospheric winds that can cause an aircraft to deviate from the
intended � ight path. Among many atmospheric phenomena that
cause windshear, the one called microburst is the most dangerous
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for aircraft because of its magnitude and short life. A microburst
is a small downburst with damaging wind extending only 4 km or
less.1 From 1964 to 1982, 27 U.S. aircraft accidents or incidents
involving nearly 500 fatalities have been attributed to low-altitude
windshear.2 Accordingto a reportobtainedfrom theNationalTrans-
portationSafety Board (NTSB), from 1990 to 1995 there have been
11 U.S. aircraft accidents with 41 fatalities involvingmicroburst as
cause/factor/� nding.Noticeably,all of theaccidentsoccurredduring
landing approach,when the pilot either attempted to land through a
strong microburst or initiated an escape maneuver too late.

The FederalAviation Administration’s (FAA’s) WindshearTrain-
ing Aid3 recommends that, on recognizingan encounterwith severe
windshear, the pilot should command maximum thrust and rotate
the aircraft to an initial target pitch angle of 15 deg. We refer to this
strategy as pitch guidance.After the FAA’s recommendation,a sub-
stantial researcheffort has beendevotedto � ndingsafe strategiesfor
microburstencountersand designingcontrollersto implementthem.
In most of these papers, the goal has been to develop a feedback
control law that � ies the aircraft on an optimal trajectory.4 ¡ 11 The
common feature of the optimal escape trajectories in most studies
hasbeento increaseor to maintain thealtitudewithoutexcessiveloss
of kinetic energy or airspeed.4 ¡ 11 Most of the papers where uncer-
tainties in microburst strength and size are considered study the en-
counterduring takeoffor approach landing.4 ¡ 9,12 ¡ 15 In Refs. 12–14,
the equations of motion are linearized along the takeoff or landing
path, and linear robust control techniques are used. In Refs. 5 and
14 the distributions of deviations of some aircraft states from their
nominalvaluesare computedby Monte Carlo simulation.In Refs. 4,
6–9, and 15, optimizationproblems are solved for a few microburst
parameters to see the difference in trajectories through microbursts
of different strength and size. In almost all papers, the � ight is as-
sumed to take place in a vertical plane. Exceptions are Refs. 10, 11,
and 16, where lateral maneuvers are studied together with longitu-
dinal maneuvers. Reference 10 introduced the commanded altitude
guidance strategy as the solution of an optimization problem. The
feedbacklawdevelopedin Ref. 11 to implementthe optimal strategy
directs the aircraft, with full thrust, to a constant recovery altitude
while turningthe aircraftaway from the microburstcore.Among the
microburst escape studies, only Refs. 11 and 15 suggest that initial
descent may improve the safety of an escape maneuver. Reference
17 introducedtheprobabilityof crashandshowedthat it is decreased
by initial descent. However, these papers neglect the rotational dy-
namics of the aircraft, the effect of turbulence and air vorticity on
the escape performance, and the effect of stall prevention on the
escape path.

This paper compares the following three guidance laws: pitch
guidance,3 dive guidance,3 and altitude guidance11 from the point
of view of safety. By safety we mean that, throughout an escape
maneuver, 1) the aircraft never runs into stall and 2) ground contact
never occurs. In this paper, the failure of any of these two conditions
will be deemed a crash. Although it is assumed that obstacle clear-
ance is not a concern,we have experimentalevidencethat the results
of this study still hold when altitude is constrained to remain above
a low threshold. Pitch guidance is chosen as the baseline strategy
in this study because it is the strategy recommended by the FAA.
The main differencebetweenpitch guidanceand the other two guid-
ance laws is that pitch guidance attempts immediately to increase
altitude, whereas altitude is initially traded for airspeed in the other
two strategies.

The original features of this study are as follows. We use a full,
six-degree-of-freedom (DOF), nonlinear,rigid-bodyaircraftmodel,
includingthe effectsof windshearand wind vorticity,and a modelof
microburstwith turbulence.We also model the effect of stall preven-
tionon the escapepath.Anothernotableoriginalfeatureof this study
is an estimate of the probabilitydistributionof the minimumaltitude
by the Monte Carlo method, used to make a conclusivecomparison
between different strategies in microbursts whose properties have
statistical variations and in the presence of turbulence. Our results
suggest that, within the modeling assumptionsof this paper, and in
the absence of human factors, altitude and dive guidance with low
commanded altitude may provide better safety than pitch guidance.

These resultsare similar to those in Refs. 11 and 15, however,unlike
Ref. 11 or Ref. 15, our results suggest that safety degradeswhen the
target altitude is lower than an optimal threshold.

Mathematical Model
The full, six-DOF, nonlinear, rigid-bodyaircraft dynamic model,

including the effects of windshear and wind vorticity, consists of
the following, 13-state system of equations.This set of equations is
equivalent to that given in Refs. 18 and 19. Aircraft data and aero-
dynamic coef� cients used in this study are representativeof a large,
jet-enginecommercial transportairplanein landingcon� guration.20

The translational dynamics are

ÇV = g[cos h sin b sin u + cos b (cos u cos h sin a ¡ cos a sin h )]

+ (1/ m)[ ¡ D + T cos( a + d ) cos b ]

¡ [er (1, 1) ÇWx + er(1, 2) ÇWy + er (1, 3) ÇWz] (1)

Çb = ¡ r cos a + p sin a + (g / V )( ¡ cos u cos h sin a sin b

+ cos b cos h sin u + cos a sin b sin h )

¡ (1/mV )[S + T cos( a + d ) sin b ]

¡ [er (2, 1) ÇWx + er(2, 2) ÇWy + er (2, 3) ÇWz] (2)

Ça = q ¡ ( p cos a + r sin a ) tan b + (g sec b / V )[cos a cos u cos h

+ sin a sin h ] ¡ (sec b /mV )[L + T sin( a + d )]

¡ [er (3, 1) ÇWx + er(3, 2) ÇWy + er (3, 3) ÇWz] (3)

where

er = ¡ 1 R( w , h , u ) (4)

¡ 1 =

2

4
cos a cos b sin b cos b sin a

¡ (cos a sin b / V ) cos b / V ¡ (sin a sin b / V )

¡ (sec b sin a / V ) 0 cos a sec b / V

3

5 (5)

and R( w , h , u ) is the 3–2–1 rotation matrix.
The translational kinematics are

Çx = V [cos b cos a cos h cos w + sin b ( ¡ cos u sin w

+ sin u sin h cos w ) + cos b sin a (sin u sin w

+ cos u sin h cos w )] + Wx (6)

Çy = V [cos b cos a cos h sin w + sin b (cos u cos w

+ sin u sin h sin w ) + cos b sin a ( ¡ sin u cos w

+ cos u sin h sin w )] + Wy (7)

Çz = V [ ¡ cos b cos a sin h + sin b sin u cos h

+ cos b sin a cos u cos h ] + Wz (8)

The rotational dynamics are

Çp =
£
1 ê

¡
Ix x Izz ¡ I 2

xz

¢¤£
(Ix x ¡ Iyy + Izz) Ix z pq

+
¡
Iyy Izz ¡ I 2

zz ¡ I 2
xz

¢
qr + Izz + Ixz

¤
(9)

Çq = (1/ Iyy )
£
( Izz ¡ Ix x ) pr + Ix z(r

2 ¡ p2) +
¤

(10)

Çr =
£
1 ê

¡
Ixx Izz ¡ I 2

x z

¢¤£¡
I 2

x x ¡ Ix x Iyy + I 2
x z

¢
pq

+ ( ¡ Ixx + Iyy ¡ Izz) Ix zqr + Ixz + Ix x

¤
(11)
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The rotational kinematics are

Çu = p + (q sin u + r cos u ) tan h (12)

Çh = q cos u ¡ r sin u (13)

Çw = (q sin u + r cos u ) sec h (14)

The engine dynamics are

Çn = (1/ s )( n t ¡ n ) (15)

The precedingequationsare based on the followingassumptions:
1) The wind � ow is steady. 2) The Earth is � at and nonrotating.
3) The aircraft weight is constant.The thrust T is assumed to have a
� xed inclination d relative to the zero-lift axis, but the thrust vector
remains in the aircraft plane of symmetry. The maximum thrust is
assumed to be a function of airspeed only, that is, the thrust, as a
function of airspeed and throttle response, is

T = n
¡
T0 + T1V + T2V 2

¢
(16)

The aerodynamic forces and their coef� cients are

D = 1
2
q V 2 CD (17)

S = 1
2
q V 2 CS (18)

L = 1
2
q V 2 CL (19)

where20

CD = CD0 + CD a a (20)

CS = CSb
b + CSd r

d r (21)

CL = CL0 + CL a a + CLq (c̄/2V )qrel + CL d e
d e (22)

The aerodynamic moments and their coef� cients are

= 1
2
q V 2 bC (23)

= 1
2
q V 2 c̄C + T D z (24)

= 1
2
q V 2 bC (25)

where20

C = C 0 + C
d a

d a + C
d r
d r + C

b
b + C p (b /2V ) prel

+ C r (b /2V )rrel (26)

C = C a a + C
d e
d e + C q (c̄ /2V )qrel (27)

C = C 0 + C
d a
d a + C

d r
d r + C

b
b + C p (b/ 2V ) prel

+ C r (b /2V )rrel (28)

Note that the effect of thrust on pitching moment is taken into ac-
count. Also note that the stability derivatives with respect to rota-
tional velocities are multiplied by prel, qrel, and rrel. This is because
the linear expansion of the aerodynamic coef� cients is based on
values of angular rotation relative to the atmosphere.18,19 Thus, we
must use the rotational velocity of the aircraft relative to the atmo-
sphere. Keeping in mind that p, q, and r are written in body frame,
the components, in body frame, of the aircraft’s rotational velocity
relative to the atmosphere are

2

4
prel

qrel

rrel

3

5 =

2

4
p

q

r

3

5 ¡ R( w , h , u )

2

6666664

@Wz

@y
¡

@Wy

@z

@Wx

@z
¡

@Wz

@x

@Wy

@x
¡

@Wx

@y

3

7777775
(29)

In the mathematical model the control variables are n t , d a , d e , and
d r . They are constrained by

0 < n t ·1, ¡ 20 · d i ·20 deg, i =a, e, r (30)

From Ref. 21, the 1-g stall speed of a large airliner jet with weight
of 564,000 lb and 30-deg � ap setting (gear down) is 60.8 m/s. If
airspeed drops to the stall speed while angle of attack a is greater
than a max (which is 17.2 deg),4,10 the aircraft is assumed to stall.
Because of the turbulence, there might be instantaneous jumps in
angle of attack and airspeed. Thus, the decision on whether the
aircraftis stalled is basedon the low-frequencycomponentsof angle
of attack and airspeed that are obtained through low-pass � ltering.

The microburst model10,11 used herein is axisymmetric, three-
dimensional, and stationary. The induced radial and vertical wind
velocities at any point in three-dimensionalspace can be computed
through the following relations:

Wr = fr ¢

³
100

[(r ¡ D /2) /200]2 + 10
¡

100
[(r + D /2) /200]2 + 10

´

(31)

Wh = ¡ fh ¢

³
0.4h

(r /400)4 + 10

´
(32)

where

r =
p

(x ¡ xc)2 + (y ¡ yc)2 (33)

Using polar coordinates, the horizontal wind components Wx and
Wy can be readily related to the radial wind component Wr :

Wx = cos w w Wr (r), Wy = sin w w Wr (r ) (34)

Stochastic turbulence is superimposed on the deterministic wind
components of Eqs. (32) and (34). Turbulence is modeled using the
Drydenpower spectraldensity(PSD) function;speci� cally, the PSD
functions of the translational turbulence components in body-� xed
frame are22

U ug(w ) =
2 r 2

ug
Lug

V p

1
©
1 +

¡
Lug

ê V
¢2

w2
ª (35)

U i (w ) =
2 r 2

i L i

V p

1 + 3(L i / V )2w 2

©
1 + (L i / V )2w 2

ª2
, (i =vg , wg ) (36)

The intensity of the w component of turbulence in the body-� xed
frame, r wg , is chosen to be 4, which corresponds to a severe storm.
The intensities of the other components are computed using the
assumption that the intensities of the three translational compo-
nents of turbulence are isotropic. The scale lengths of turbulence
are functions of altitude.22 The coloring � lters needed to generate
the appropriate spectral densities for the translational turbulence
velocities in a body-�xed frame are also given in Ref. 22. In this
microburst model with turbulence, we assume that turbulence and
microburstwindshear can be modeled independently.Experimental
evidence suggests that turbulence length scales increase through a
microburst and, in some unknown manner, depend on microburst
size and strength.23 Such a functional dependence between turbu-
lence and microburst parameters will result in a nonstationary and
non-Gaussian wind process description.14 This functional depen-
dence is neglected in this study.

The speci� c energy E is de� ned as follows:

E = h + V 2 / 2g (37)

An important characteristic parameter used in the evaluation of
windshear performance is the F factor.4,10 Differentiating Eq. (37)
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and substituting ÇV and Çh from Eqs. (1) and (8) and rearranging,we
obtain

ÇE = V {[T cos( a + d ) cos b ¡ D]/ W ¡ (1/ g)[er (1, 1) ÇWx

+ er(1, 2) ÇWy + er(1, 3) ÇWz] + Wh / V } (38)

The � rst term is recognizable as the airplane’s available excess
thrust-to-weight ratio. The last four terms describe the effect of
windshear on the airplane’s energy state24 or potential climb rate.
They may be combined into a single scalar quantity, called the F
factor, as follows:

F = (1/ g)[er (1, 1) ÇWx + er(1, 2) ÇWy + er(1, 3) ÇWz] ¡ Wh / V
(39)

The effect of windshearon airplane performanceis, thus, expressed
as an effective reduction in available speci� c excess thrust-to-
weight ratio due to horizontal and vertical shears and downdrafts.24

Note that positive values of the F factor indicate a performance-
decreasing situation.

Escape Strategies and Controllers
As the aircraft, guided by the landing controller, is descending,

the F factor is monitored using data obtained from a reactive de-
tection system. Once the F factor exceeds the threshold value,11

which is 0.04, the landing is aborted, and an escape maneuver is
immediately initiated. In this study only the reactive detection case
is considered,that is, the F factor is computed from data taken from
the environment where the aircraft is � ying, but not ahead of the
aircraft on the � ight path (which is the forward-looking detection
case25 ). In real-time microburst encounters, because the F factor
measurement is contaminated by turbulence, the F factor should
be � ltered before it is used in an escape decision. Although this
process of � ltering may delay the escape maneuver initiation, no
effort is made here to study the effect of this delay on escape perfor-
mance, and this issue is left as an item of future work. Instead, only
the deterministic components of wind velocity are used in F-factor
computation. In the literature, there are many studies dealing with
real-time F-factor estimation.14,15,24 ¡ 28

There are three guidancestrategies for microburstescape maneu-
ver analyzed in this study:

1) The � rst strategy is pitch guidance:Once the escape maneuver
is initiated,a 15-degtargetpitchangleis commandedandmaintained
throughout the microburst as long as the angle of attack is less than
its maximum allowed limit a max. This strategy is recommended in
the Windshear Training Aid3 by the FAA.

2) The second strategy is dive guidance: The escape maneuver
is initiated by commanding a 0-deg target pitch angle that is main-
tained until the altitude drops to the commanded altitude hc . Once
the altitude becomes lower than hc , a 15-deg pitch angle is com-
manded for the remainder of the escape maneuver. These 0- and
15-deg pitch angles are maintained if the angle of attack is less than
a max . Dive guidance is one of the candidateescape maneuvers in the
Windshear Training Aid,3 for which no speci� c recommendation is
made, although some other candidates are not recommended. Also
note that pitch guidance is a special case of dive guidance; indeed
dive guidance becomes pitch guidance if the commanded altitude is
chosen as the altitude where the escape maneuver is initiated.

3) The third strategy is altitudeguidance (h guidance): This guid-
ance strategy � ies the aircraft at a constant recovery altitude in the
high-shear region of the microburst. It has two consecutive modes.
In the altitude-guidance mode, it directs the aircraft to the com-
manded altitude hc and keeps it there. Then, in the climbing mode,
it commands a 15-deg pitch angle to move the aircraft up from its
recovery altitude. Here, a switch from altitude to climbing mode is
triggered as soon as the energy drain stops, that is, when ÇE =0. In
the simulations, ÇE , contaminated by turbulence, is passed through
a low-pass � lter before being used for a switching decision.

The following are common to all three escape maneuvers: 1)
full thrust is commanded, that is, n t =1; 2) a 0-deg bank angle is
commanded to keep the wings level during the escape maneuver;
3) a 0-deg side-slip angle is commanded; and 4) one of the three

escapeguidancestrategiesis employedas long as the angleof attack
is

¡ 0.5a max · a · 0.9 a max (40)

Although we put a lower limit on the angle of attack, the simulation
experiments have shown that it never becomes too small in any
stage of an escape maneuver.The reasons for imposing a constraint
on the angle of attack are that we model the pilot action in response
to the stick shaker, as recommended by the FAA,3 and that we want
the � ight to stay in the limits of � delity of the mathematical model
used in this study. If the angle of attack goes out of the interval (40),
an additional pitch-up or pitch-down command is given to return
the angle of attack in the permissible interval. Note that despite this
stall preventionmaneuver, stall may still occur if the angle of attack
exceeds a max and the airspeed is below the stall speed.

To implement the preceding guidance strategies and control ac-
tions, we have designed several controllers, as follows:

1) The � rst controller is the roll angle controller. This is a
proportional– integral–derivative (PID) controller that computes
aileron de� ection d a to track a 0-deg bank angle:

d a = K pu
u + Kdu

Çu + K i u

Z t

0

u d s (41)

where K pu , Kdu , and K i u are the gains.
2) The second controller is the side slip angle controller. This is

also a PID controller used to keep the side slip angle at 0 deg by
using the rudder:

d r = K p b
b + Kdb

Çb + K i b

Z t

0

b d s (42)

where K pb , Kdb , and K i b are the gains.
3) The third controlleris the pitch angle controller.This controller

is used to track a commanded pitch angle h c by using the elevator.
The nonlinear dynamic inversion (NDI) technique is used to design
this controller.The control law for the elevator de� ection is

d e =
¡
1 ê f h e

¢¡
u h ¡ f h 0

¢
(43)

where

u h = ¨h c ¡ K h 1 ( Çh ¡ Çh c) ¡ K h 2 ( h ¡ h c)

f h e = (cos u / Iyy) f e

f h 0 = (cos u / Iyy)
£
( Izz ¡ Ix x ) pr + Ix z(r

2 ¡ p2) + f 0

¤

¡ (sin u / D 1)( D 2 pq + D 3qr + Ix z + Ix x )

¡ (q sin u + r cos u )[p + (q sin u + r cos u ) tan h ]

and

f e = 1
2
q c̄V 2C

d e

f 0 = 1
2
q c̄V 2

£
C a a + C q (c/ 2V )qref

¤
+ D zT

D 1 = Ix x Izz ¡ I 2
xz , D 2 = I 2

xx ¡ Ix x Iyy + I 2
x z

D 3 = Ix z( ¡ Ix x + Iyy ¡ Izz)

For simplicity, and because air vorticity is dif� cult to measure,
we use, in the computation of the control law in Eq. (43), p, q,
and r instead of prel, qrel, and rrel, respectively.Because we use the
NDI technique, the designed controller guarantees that the pitch
dynamics will behave like the following second-order system:

( ¨h ¡ ¨h c) + K h 1 ( Çh ¡ Çh c) + K h 2 ( h ¡ h c) = 0 (44)

as long as d e does not saturate.
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4) The fourth controller is the stall prevention controller. As ex-
plained earlier, this controller takes a counteraction to return the
angle of attack within the permissible interval (40) by changing
elevator de� ection d e:

d e = Kdz fdz( a ) (45)

where Kdz is a constantand fdz is a so-calleddead-zonenonlinearity

fdz( a ) =

8
<

:

a + a lower, for a < a lower

0, for a lower < a < a upper

a ¡ a upper, for a > a upper (46)

where a lower = ¡ 0.5 a max and a upper =0.9 a max.
Note that theelevatorde� ectioncommandisalways the sumof the

elevatorde� ectionscomputedby the pitch angle and stallprevention
controllers. The dead-zone nonlinearity ensures that only the pitch
angle controller is active when the angle of attack is within the
permissible interval.

5) The � fth controller is the altitude controller. This controller
gives the commanded pitch angle h c that takes the aircraft to the
commandedaltitudehc and keeps it there. The angle h c is computed
as follows:

Çh c + Ku1 h c = Ku0 uc (47)

where

uc = K ph D h + Kdh D Çh + K ih

Z t

0

D h ds (48)

and K ph , Kdh , K ih , Ku0 , and Ku1 are the gains, and D h =hc ¡ h.
The precedingcontrollersare used in combinationin each escape

guidance strategy. The roll angle, side slip angle, pitch angle, and
stall preventioncontrollersare always used in all of the three escape
maneuvers. In pitch guidance, h c =15 deg throughout the escape
maneuver. In dive guidance, h c =0 deg until hc is reached, then
h c =15 deg for the rest of the escapemaneuver. In altitudeguidance,
the altitude controller is used to compute h c , which is fed back into
the pitch angle controlleruntil the energy drain stops, that is, ÇE =0,
then h c =15 deg is commanded to move the aircraft up from the
recovery altitude hc .

Sample Analysis Approach
The simulations were performed with pitch, dive, and altitude

guidance of various commanded altitudes in the presence of tur-
bulence. Typical results are presented in Figs. 1–4. The microburst
parameters chosen in this section are speci� ed in the title of each
� gure and are the same as the ones in Refs. 10 and 11.

Fig. 1 Typical samples of time histories of altitude in different sce-
narios.

Fig. 2 Typical samples of time histories of airspeed in different sce-
narios.

Fig. 3 Typical samples of time histories of angle of attack in different
scenarios.

Fig. 4 Typical samples of time histories of pitch angle in different sce-
narios.
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As can be seen in Fig. 1, in this severe microburst, the highest
minimum altitude reached during the escape maneuver is obtained
with h guidanceof about hc =50 m commandedaltitude.Also note
that in the case of h guidance with low commanded altitude (in
this case lower than 50 m), the minimum altitude is near the com-
manded altitude. If high altitude is commanded (e.g., 90 m in this
case), h guidance may cause the aircraft to stall despite the stall
prevention controller. Because our study does not consider post-
stall recovery, the simulation is stopped. The dive-guidance tra-
jectories have two minima: one right after 15-deg pitch angle is
commanded (i.e., after hc for dive guidance is reached) and one
later in the tailwind region of the microburst. The � rst minimum
is always lower than the commanded altitude. This is because with
0-deg pitch angle, the aircraft has a negative climb rate. Thus, once
a 15-deg pitch angle is commanded at hc, it takes some time � rst
to increase the pitch angle to 15 deg and then to stop descending
and start gaining altitude. As Fig. 1 suggests, for low commanded
altitude, dive guidance gives the lowest minimum right after the
commanded altitude, but for high commanded altitude, the second
minimum is lower. This is because the attempt to climb is initiated
before enough airspeed is gained and also because a higher com-
manded altitude exposes the aircraft to strongerdowndraft.Figure 1
suggests that there is not as much authority on minimum altitude
with pitch and dive guidanceas with h guidanceof low commanded
altitude.

Figure 2 shows that h guidance with high commanded altitude
causes stall due to low airspeed and very high angle of attack (also
see Fig. 3). Like in Refs. 11 and 15, Fig. 2 shows that with h and dive
guidance, altitude is initially traded for airspeed, to � y the aircraft
with relatively high airspeed and to position it in a region of rela-
tively low downdraft. Another observationfrom Fig. 2 is that lower
commandedaltitude,whendive guidanceis used, doesnot result in a
signi� cant airspeed gain in the tailwind region, whereas h guidance
with lower commanded altitude gives rise to signi� cantly higher
airspeed throughout the whole microburst. In comparison to pitch
guidance,dive guidancealways results in higherairspeed.However,
for h guidance,high commandedaltitudescauselow airspeeds,even
so low as to cause stall.

Figure 3 suggests that, as the commanded altitude is reduced, the
aircraftmost of the time � ies with lower angleof attack in both h and
dive guidance. Exceptions occur at the time of switching between
controllers.Flight with lower angleof attack is safer in the sense that
it is less likely to turn on the stall prevention controller. Note that
during the stall preventionmaneuver,a signi� cant altitudedrop may
occur, and the stall preventionmaneuvermight not work if the high
angle of attack is accompaniedwith a very low airspeed. Regarding
h guidance, during the initial descent to the commanded altitude,
the aircraft � ies with very low angle of attack, even negative if the
commandedaltitudeis low, for example,hc =25. If the commanded
altitudeis very high, for example,hc =90 in h guidance,the aircraft
� ies with very high angle of attack, even higher than that of pitch
guidance, and runs into stall because the aircraft has not gained
enough airspeed. Regarding dive guidance, the angle of attack is
always lower than that of pitchguidanceexceptduring the switching
from a 0- to a 15-deg commanded pitch angle. If the angle of attack
time histories for h and dive guidance are compared, it can be seen
that with lower commanded altitude, the drop in the angle of attack
in h guidance is larger.

How the pitch anglevaries can be seen in Fig. 4. With h guidance,
the aircraft� ieswith negativepitch angleduring the initialdescentto
the commanded altitude. Additionally,with lower commanded alti-
tude, the aircraft � ies with lower pitch angle through the high-shear
region of the microburst. Around the time 35 s, the stall prevention
controller, in the case of pitch guidanceand dive guidancewith high
hc , becomes active to reduce the pitch angle because the angle of
attack becomes too high. Also note that h guidance with hc =90,
which causes stall, � ies the aircraft with very high pitch angle.

Although the plots are not shown here, the bank angle controller
works satisfactorily. There is no danger due to the rolling motion
of the aircraft because the bank angle is successfully kept around
0 deg.

Fig. 5 Minimumaltitudevs hc for different scenarios and microbursts.

Figure 5 plots minimum altitude vs commanded altitude for two
different microburst cases. The plots show that for both cases, the
maximum minimum altitude is achieved with h guidance. For al-
titudes higher than the maximum minimum altitudes, h guidance
runs the aircraft into stall. Note that in the � rst microburst case
( fh = fr =2) pitchguidanceresultsin hmin =33.45 m and that in the
second case ( fh = fr =2.5) the aircraftwith pitch guidancecrashes.
When we compare the minimum altitude curves of the two micro-
burst cases for each strategy, the difference between the curves
of h guidance decreases as the commanded altitude decreases for
hc < 50 m, but there is a constant difference between the curves
of dive guidance. This suggests that h guidance is relatively robust
against changes in microburst strength. Even though the aircraft
with pitch guidance recovers from the � rst microburst safely, when
the microburst becomes a little stronger pitch guidance causes the
aircraft to crash. However, with low commanded altitude h and
dive guidance escape both microbursts. Note that dive guidance
with hc =10 m causes ground contact in both microburst cases.
Additionally, h guidance with low commanded altitude results in
almost the same minimum altitude regardless of the microburst
strength.

Statistical Approach
The preceding sections have suggested that once the escape ma-

neuver is initiated, descending to a lower altitude may have certain
advantages. We now analyze the sensitivity of this conclusion with
respect to variationsin microburstsize, strength,and location, in the
presence of turbulence, using the Monte Carlo method.29 ¡ 33 Here,
the only data is the statistical distribution of the microburst param-
eters, and the comparison between different strategies is based on
scalarperformancemeasures:the likelihoodof survivaland the like-
lihood of descending lower than a given altitude. The Monte Carlo
simulation is carried out to obtain a sample of a certain randomvari-
able (the minimum altitude) and to estimate, by using this sample,
the probability of having minimum altitude less than a given value
and the probability of crash.

The minimum altitude hmin depends on the initial conditions at
which the aircraft enters the microburst, the parameters of the mi-
croburst, turbulence, and the guidance strategy. Hence,

hmin = hmin(z0 , µ, K) (49)

Assume that z0 and K are given and that µ is a continuous random
vectorwith a given joint probabilitydensityfunction f h (µ). Because
hmin(z0 , µ, K) is a function of a random vector, it is also a random
variable. Thus, we can de� ne its probability distribution function

Fhmin (h) = Probability(hmin · h) (50)
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which tells us the probability of having hmin less than or equal to h.
This probability or the probability distribution function of hmin can
be computed from

Fhmin (h) = Pr(hmin · h) =

Z

D h

I (µ, K, h)fh (µ) dµ (51)

where I (µ, K, h) is the indicator function de� ned as

I (µ, K, h) =

»
1 when hmin · h

0 otherwise (52)

Note that

Fhmin (0) = Pr(hmin · 0) (53)

is the probability of crash. Also note that because, by de� nition,
maneuvers that run the aircraft into stall are not safe, minimum
altitudes in those maneuvers are taken to be zero.

Let µ1 , µ2, . . . , µm be the outcomes of m independentand identi-
cally distributed continuous random vectors, H 1 , H 2, . . . , H m that
take values in D h and have probability density function f h . The
Monte Carlo estimate of the probability distribution function of
hmin in Eq. (51) is then simply the frequency of occurrence of the
event hmin ·h, over the sample µ1, µ2 , . . . , µm , given by

bPr(hmin · h) =
1
m

mX

i = 1

I (µi , K, h) (54)

The remarkablefeatureof theMonte Carlo method is that the quality
andcomputationalburdenof theestimatein Eq. (54), in probabilistic
sense, are independent of the dimensionality of the problem.29 ¡ 33

In this paper, the microburst parameters and turbulence vector is

µ = [ fr , fh , D, xc , yc , ug(¢ ), vg(¢ ), wg (¢ )]T (55)

where (¢ ) indicates that we consider discretized time histories, and
the � rst � ve components of µ are independent. In this study, the
marginal density functions f fr and f fh are assumed to be Rayleigh
density functions [the Rayleigh density functions are utilized to � t
the statisticaldata from the JointAirportWeatherStudies (JAWS)5],
and fD , fxc , and f yc are uniform probabilitydensity functions.The
statistical properties of ug (¢ ), and vg (¢ ), and wg (¢ ) are de� ned from
Eqs. (35) and (36), respectively.

The � rst � ve elements of f h are chosen such that their expected
values are equal to the nominal values used in Refs. 10 and 11:

E[ fr , fh , D, xc , yc] = [2, 2, 2000, ¡ 1500, 0] (56)

Thus, the probability density functions of fr and fh have the form

f fr ( h ) = f fh ( h ) = ( h / r 2)e ¡ ( h 2 /2 r 2 )u( h ), ( r > 0) (57)

where u( h ) is the unit step, that is, u( h ) =1 for h ¸ 0 and u( h ) =0
for h < 0.

The probability density function of D is

fD( h ) =

(
1

100 , 1950 · h · 2050

0, otherwise (58)

The probability density function of xc is

fxc ( h ) =

(
1

500 , ¡ 1750 · h · ¡ 1250

0, otherwise (59)

The probability density function of yc is

f yc ( h ) =

(
1

200
, ¡ 100 · h · 100

0, otherwise (60)

Note that in Ref. 5, the parameters de� ning the intensity of the
microburst are also modeled with Rayleigh density functions, and
those de� ning the geometry of the microburst are also modeled with
uniform density functions.

The gain vector K for the pitch-guidancecontroller is assumed to
be � xed and for h and dive guidance, the gain vector is

K = [hc] (61)

All of the other control parameters have � xed values and, for h
guidance, are the same as in Refs. 10 and 11.

Because we use a Monte Carlo simulation to estimate the prob-
ability of crash, we must assess the quality of this estimate. For
problems of a statistical nature such as the problem at hand, the
quality of an estimate is often evaluated with con� dence intervals.
By con� dence interval, we mean a statement of the form

Pr(L · R · U ) ¸ 1 ¡ d (62)

where d 2 (0, 1) are the con� dence parameters, and L and U rep-
resent lower and upper bounds of the con� dence interval, respec-
tively, for the unknown, R. The con� dence intervalallows us to state
that given the sample µ1 , µ2, . . . , µm , the conditionalprobabilityof
crash lies, with (1 ¡ d ) £ 100% certainty, in the interval [L , U ]. In
this study, the approximation methods of Anderson and Burstein
in Refs. 31 and 32 are used to compute U and L , respectively.
Implementing the aforementioned procedure in � ight simulations,
the probabilities of crash and the probability distribution function
of minimum altitude in microburst encounters, for the three differ-
ent scenarios, were obtained along with con� dence intervals. The
probability distribution function of hmin of an aircraft with h and
dive guidance was computed for various commanded altitudes. In
the computationof con� dence intervals the con� dence parameter d
was taken to be 0.05, that is, L and U determine 95% con� dence
intervals. As the number of Monte Carlo trials increases, the con-
� dence interval becomes smaller.30 ¡ 33 In this study, no effort was
made to tighten the con� dence intervals because the goal was only
to achieve con� dence limits small enough to have conclusive com-
parisons between the escape strategies.

From Fig. 6, it can be seen that for h guidance with commanded
altitude higher than 25 m, the lower the commanded altitude, the
lower the probabilityof crash. For commanded altitudes lower than
25 m, commanding a lower recovery altitude deterioratesthe safety
of the escape maneuver. Thus, in this particular scenario the mini-
mum probability of crash is achieved when the altitude of 25 m is
chosen as the recovery altitude.

When dive guidance is used as escape maneuver, we have a sim-
ilar pattern of probability of crash vs commanded altitude. That is,
we achieve the minimum probability of crash with a commanded
altitude of 25 m. However, the reduction in the probabilityof crash

Fig. 6 Probability of crash with con� dence intervals, for an aircraft
with the three different guidancestrategies vs commanded-altitude(this
can be adjusted only in the h- and dive-guidance strategies).
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when dive guidance is used is not as dramatic as in the case of h
guidance.

The reduction of the probability of crash in both h guidance and
dive guidance happens for two reasons: diving to a lower altitude
makes the aircraft gain more airspeed and � y in a region where the
downdraft is relatively weak. However, if the aircraft dives too low,
that is, lower than 25 m in both h and dive guidances, the turbulence
becomes strongenoughto affect the aircraft escapepath through the
microburst. Thus, potential deviations from the aircraft’s intended
path due to turbulence at low altitude are so signi� cant that � ying
lower is no longer effective and even increases the probability of
crash.

That h guidancewith commandedaltitudehigher than 52 m gives
rise to a higher probability of crash than both dive and pitch guid-
ances has two reasons. First, a pilot’s commanding the aircraft to
remain at a high altitude through the microburst will expose the
aircraft to stronger downdraft. On the other hand, if pitch or dive
guidance is used, the simulation experiments have shown that the
aircraft will � y lower in some part of the escape maneuver (see the
Sample Analysis Approach section). Second, remaining at a high
altitude may result in a situation where the pilot tries to maintain
the altitude while airspeed decreases and angle of attack increases
signi� cantly, especially in the tailwind region of the microburst. In
this case, the pilot has to pitch the aircraft down to prevent stall.
However, every attempt to pitch up will run the aircraft again into
stall because airspeed has become too low and angle of attack too
high. Thus, a fatal altitude loss may not be prevented.

However,h guidancewith a commandedaltitudeof 10–25 m hasa
lower probabilityof crash than that of both dive and pitch guidance.
This is because pitch guidance does not exploit the advantages of
diving to a low altitude at all. Regarding dive guidance, although
the aircraft exploits the advantages of diving, an attempt to ascend
before the high-shear region of the microburst is exited puts the
aircraft again in a performance-deteriorating situation.

Even if h and dive guidance strategies with low commanded al-
titude result in lower probability of crash than pitch guidance, one
might argue that descending to low altitude is not practical in the
sense that it is against a pilot’s natural instinct in a critical phase
of � ight. Because the main concern in a microburst encounter is to
avoid a crash, it is instinctive for a pilot to immediately attempt to
climb. This makes a pilot see, at � rst glance, both h and dive guid-
ance strategies as unacceptable, especially with low commanded
altitude.On the other hand, pitch guidancewill seem perfectly intu-
itive and acceptablebecause, once the escape maneuver is initiated,
it immediately attempts to increase the altitude.

This reasoning would be valid if pitch guidance did not cause
any drop in altitude and resulted in higher minimum altitude than h
and dive guidance. However, it can be seen from the time history of
altitude (see Fig. 1) that with pitch guidance, after the short initial
climb, the aircraft keeps losing altitude throughout the microburst.
This loss of altitude causes the aircraft in some cases to have a
minimum altitude lower than the minimum altitude when h or dive
guidance is used. The pilot, preferring pitch guidance, may end up
� ying at, or even lower than, the altitude where the pilot would � y
if they had used h or dive guidance. Furthermore, losing altitude
without any control while attempting to climb may be more unset-
tling than descending to a desired altitude with full control, even if
it is low.

The question is, how likely is it that pitch guidance would yield
a minimum altitude lower than that of h and dive guidances? We
answer this question with Figs. 7 and 8. The information in Figs. 7
and 8 is more general than that in Fig. 6 in the sense that Fig. 6
shows only Fhmin (h =0), whereas Figs. 7 and 8 show Fhmin (h) for
¡ 10 ·h ·140.

Figure 7 shows that with h guidanceof commandedaltitude25 m,
which gives the lowestprobabilityof crash, theprobabilityof having
a minimum altitude less than 15 m is 0.2, much less than that with
pitchguidance,0.3.Thus,with pitchguidance,we havebotha higher
probability of crash and a higher probability of having minimum
altitude less than 15 m. If we choose commanded altitude 40 m, we
obtain a lower probability of crash and, at the same time, a lower

Fig. 7 Probability distribution function of hmin [i.e., Pr ((hmin · h))] of
h guidance with various commanded altitudes and of pitch guidance.

Fig. 8 Probability distribution function of hmin [i.e., Pr ((hmin · h))] of
dive guidancewith various commanded altitudes and of pitch guidance.

probability of minimum altitude being less than 30 m. Probability
distribution function (30) of h guidance with hc =40 is 0.25 and
that of pitch guidance is 0.4. Figure 7 also suggests that h guidance
with a commanded altitude about 52 m has a probability of crash
equal to that of pitch guidance.Even in this case, h guidance seems
more favorable than pitch guidance in the sense that it has a lower
probability of having minimum altitude lower than 40 m. The same
analysis can be carried out for dive guidance in Fig. 8.

As one can see in Figs. 7 and 8, for altitudes higher than com-
mandedaltitudes,the probabilitydistributionfunctionsof minimum
altitudein h anddiveguidancestrategiesaregreaterthan thatof pitch
guidance.Around the commandedaltitude, the probabilitydistribu-
tion functionsof minimum altitudein h and dive guidancestrategies
have a very sharp increase to 1. That means that, with h- and dive-
guidance strategies, the minimum altitude is always equal to or less
than the commanded altitude. This is something we should expect
because in h and dive guidance, the aircraft is commanded to go to,
or � y at, the commanded altitude.

Conclusions
Three escape strategies for microburst encounters during � nal

landing approach have been compared: pitch guidance, dive guid-
ance,andaltitudeguidance.Themaindifferencebetweenpitchguid-
ance and the other two strategies is that pitch guidance immediately
attempts to increase altitude at the expense of airspeed, whereas
dive and altitudeguidances initially trade altitude for airspeed.Two
different methods were used to make a conclusive comparison be-
tween the three escape strategies. In the sample analysis approach,
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typical samples of the time histories of various variables were used
to draw a conclusion.In the statisticalapproach, the probabilitydis-
tribution function of the minimum altitude was estimated using the
Monte Carlo method for all of the three guidance strategies. Addi-
tionally, an estimate of the probability of crash was computed by
the same method for all of the escape strategies as a function of the
commanded altitude.

It appears that trading altitude for airspeed in the initial phase of
the escape maneuver, with either dive or altitude guidance, reduces
the risk of crash: The two comparison methods suggest that altitude
and dive guidance with low commanded altitude may give better
performancethan pitch guidanceas long as the commandedaltitude
is higher than a certain optimal value. By better performance, we
mean increased safety and increased robustness. Altitude guidance
with low commanded altitude appears the safest in the sense that it
yields the lowest probabilityof crash. It also appears the most robust
in the sense that its safetyis least sensitiveto variationsin microburst
size, strength, and location. Furthermore, it affords more authority
on the minimum altitude reached during the escape maneuver.

By evaluating the probability distribution function of the mini-
mum altitude, we have developed a novel approach to comparing
different escape strategies. Here the comparison is based on the
probability of minimum altitude being less than a given altitude.
This method has shown that, even if pitch guidance is used with the
intention of immediately increasing altitude, the minimum altitude
reachedduring the escapemaneuver is very likely to be lower than it
would be if dive or altitude guidance were used. Thus, with respect
to both crash and minimum altitude reached, pitch guidance does
not appear to give better performance than the other two strategies.

Although there are a few other studies11,15,17 that also suggest the
advantage of descending, they neglect the rotational dynamics of
the aircraft, the effect of turbulence and air vorticity on the escape
performance, and the effect of stall prevention on the escape path.
Thus, they fail to show that potential deviations from the aircraft’s
intended path due to turbulence and the rotational dynamics at low
altitude are so signi� cant that � ying lower is no longer effectiveand
even increases the probability of crash. However, we have shown
that even under the effect of turbulence and air vorticity, and de-
spite the delays and deviations due to the rotational dynamics, an
initial descent increases the safety of the microburst escape ma-
neuver as long as the commanded altitude is higher than a certain
optimal value. We also have extensive experimental evidence that
these conclusions are preserved under changes of approach speed,
even though the time histories of the aircraft’s state variables are
changed.

Althoughwe have shown that altitude and dive guidancewith low
commanded altitude may provide better safety than pitch guidance,
note that this conclusion was drawn within the modeling assump-
tions of this study and in the absence of human factors. Thus, fur-
ther research is clearly required before practical recommendation
of these alternative guidance strategies. If the results are signi� -
cantly dependenton the statisticalpropertiesof the microburst, then
it will be necessary to � nd the most accurate data available and
to con� rm the statistical analysis with a more accurate microburst
model. This analysis seems to be very crucial in determining the
optimal commanded altitude. Even if the results suggest that it is
safer to descend to an optimal altitude, in the case of less severe mi-
crobursts it is generally possible to safely recover with commanded
altitudes that are higher than the optimal commanded altitude. Us-
ing windshear information from forward-looking and/or reactive
detection systems, this could be accomplished by scheduling the
commanded altitude or by determining the highest safe altitude to
be used as the commanded altitude. Although the candidate es-
cape maneuvers can be implemented by means of the controller,
in practice, the pilot, not a controller, is supposed to implement
an escape maneuver in real time. Because the control laws are
rather intricate for a pilot, the performanceof the escape maneuvers
should be tested in piloted � ight simulators in an actual microburst
wind pro� le obtained during some of the recent accident/incidents
to investigate the sensitivity of the escape strategies to human
factors.
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