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Derivation of Atmospheric Gust-Forcing Functions
for Launch-Vehicle Loads Analysis

B. H. Sako,¤ M. C. Kim,† A. M. Kabe,‡ and W. K. Yeung§

The Aerospace Corporation, Los Angeles, California 90009-2957

A methodology is developed to derive gust-forcing functions from the turbulent components of measured wind
pro� les. Several large sets of forcing functions were developed by extracting the short-duration, random compo-
nent of measured Jimsphere wind pro� les. A database consisting of Jimsphere wind soundings measured over
the past three decades at the Eastern and Western Ranges of the United States was used to derive the forcing
functions. Validity of these forcing functions for heavy-lift and medium-lift launch vehicles was established by
examining the error contributions from various sources within the wind measurement system and the application
of a noise-reducing � lter. A unique aspect of the method is the extraction of the relatively rapidly changing turbu-
lent component associated with the nonpersistent wind features, which are expected over a given observation time
period. The gust-forcing functions can be used in a Monte Carlo analysis to determine launch-vehicle loads for the
Eastern and Western Ranges.

Nomenclature
A = wind velocity amplitude, ft/s
AFB = balloon’s response ampli� cation factor
AFRose = Rose program ampli� cation factor
DB = balloon’s diameter, ft
f = wave number, cycles/ft
G = wind-speed power spectral density, ft3/s2/cycle
g = gravitationalacceleration, ft/s2

Hopt = optimal � lter’s frequency response
h = altitude, ft
L = balloon’s lag distance, ft
L avg = Rose program averaging layer length, ft
m A = balloon’s apparent mass, lb
m B = balloon’s mass, lb
m0 = balloon’s displaced mass, lb
n = wind measurement noise, ft/s
R = balloon’s response distance, ft
Re = Reynolds number
U = wind velocity in the east–west direction, ft/s
V = wind velocity in the north–south direction, ft/s
W = one-dimensionalwind � eld, ft/s
Ŵ = measured one-dimensionalwind � eld, ft/s
WX = wind � eld in the x direction, ft/s
ÇxB = balloon’s horizontal velocity, ft/s
ÇzB = balloon’s rise rate, ft/s
c = wind’s spectral density power law exponent
k = vertical wavelength of horizontal wind � eld, ft
k B = wavelength de� ning the boundary between persistent

and nonpersistentwind features, ft
k G = high-pass � lter’s corner wavelength used to extract

turbulent wind features, ft
m = kinematic viscosity of air, ft2/s
q A = ambient density of atmosphere, lb/ft3
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} B = balloon’s phase response, rad
x = atmospheric bouyancy frequency, cycles/s

Introduction

G UST loads analysesare performed to establishstructuralloads
that a launch vehicle and its payload may experience as a

result of atmospheric turbulence. Because these loads are driven
by relatively rapidly changing wind features, gust loads must be
determined statistically.

Current analysis procedures employ synthetic gust velocity pro-
� les that are designed to yield loads of a desired level of statisti-
cal conservatism.1 Typically, the analysis is performed by instanta-
neously enveloping the launch vehicle in the selected gust velocity
pro� le. Parameters such as amplitude, shape, and wavelength of the
synthetic gusts are selected to induce in the launch-vehicle/payload
system a desired level of load. The most common waveform cur-
rently used is a one-minus cosine shape; on some vehicles a one-
minus cosine with a � attop is used.1 Other pro� les have also been
proposed.2

Work to date has concentrated on analysis of wind features to
establish the shape and magnitudeof the syntheticpro� les, or to de-
velop a statistical description of atmospheric turbulence.3 ¡ 14 How-
ever, none of these efforts has established the loads of launch ve-
hicles subjected to actual short duration atmospheric turbulence.
This paper will present a methodology that extracts the turbulent
componentfrom measured wind pro� les to de� ne empirical forcing
functions that can be used in Monte Carlo gust loads analyses.15

Several large sets of forcing functionswere developedby extracting
the short-duration,randomcomponentof measuredJimspherewind
pro� les. A database consisting of over 1000 Western Range (WR)
and over 1000 Eastern Range (ER) wind soundings, dating from
1964 to 1997, was used to derive the forcing functions.

Jimsphere-Radar System
Over the last several decades horizontalwind � elds as a function

of altitude have been measured in the United States at both the ER
in Florida and the WR in California using radar-tracked Jimsphere
balloons.

The Jimsphere is a 6.5-ft-diam, rigid spherical balloon con-
structed of 0.5-mil aluminized Mylar.16 Rigidity is accomplished
by maintaining an internal overpressureusing valves 180 deg apart,
which vent helium as the balloon rises. The balloon’s surface is
roughened by 398 conical elements to reduce both amplitude and
spectralbandwidthof the lateralself-inducedmotionsresultingfrom
aerodynamic forces. A 0.22-lb ballast is added to lower the center
of gravity in order to minimize spurious motions. The Jimsphere’s
ascent rate decreases almost linearly from 17.6 ft/s at 3.3 kft to
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15.1 ft/s at 50 kft (Ref. 17). An AN/FPS-16, C-band, monopulse
radar tracks the Jimsphere and provides position coordinates (slant
range, azimuth, and elevation angles) at 0.1-s intervals.

Data reduction is performed by the Rose software program,18

which processes the radar data to provide wind velocity as a func-
tion of altitude in 100-ft increments. Before transforming the data
to Cartesian coordinates, the Rose program edits the radar data for
outliers by monitoring the standarddeviationof the � rst differences
over 50-point segments. By computing a centered difference of the
positionvectors,which are averagedover 50-ft bands,wind velocity
at 100-ft increments is established. This effective 100-ft averaging
layer remainsconstantunder lightwindconditionswhen radar track-
ing is good. However, as the quality of the radar track deteriorates,
as indicatedby the standarddeviationof the balloon’s rise rate, Rose
attempts to maintain an accuracy to about 3 ft/s by increasing the
averaging layer in increments of 100 ft up to a maximum of 400 ft
(Ref. 18).

Accuracy of Wind Pro� les
The validity of turbulence/gust-forcing functions derived from

measured wind pro� les is directly related to the accuracy of the
measured wind pro� les. Accuracy of the Jimsphere-Radar system
in measuring horizontal wind velocity has been investigated by a
number of authors.Zartarian and Thompson19 provideddetail com-
parisonsbetween balloon/radar systemsand betweendata reduction
methods in terms of wind pro� le accuracy. Luers and MacArthur20

investigated the effects of variable rise rates on wind error magni-
tudes. Recently, Ref. 18 discussed how the effective vertical reso-
lution is limited by radar noise and the self-inducedoscillation.We
shall examine the main sourcesof errors in the measurement system
and how they affect the vertical resolution of wind pro� les.

Amplitude and Phase Response
The planar equations of motion for an ascendingballoon are dis-

cussed in Refs. 16 and 19. With some simplifyingassumptions—lift
forces are absent and the vertical wind component is zero—one can
show that the balloon’s steady-state horizontal velocity ÇxB when
subjected to a sinusoidal wind � eld de� ned by

Wx = A sin[(2 p / k ) ÇzB t] (1)

is given by

ÇxB = AFB ¢ A sin[(2 p / k ) ÇzB t ¡ } B ] (2)

The following expressions for AFB and } B were derived by
Eckstrom21:

AFB =

s³
1 ¡
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³
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where

L = m B / (m0 ¡ m B ) ¢ Çz2
B
ê g

is the lag distance,

R = (m B + m A) / (m0 ¡ m B) ¢ Çz2
B
ê g

is the response distance, and the displaced mass and apparent mass
are de� ned by

m0 = q A( p /6)D3

m A = 0.51m0

Plots of AFB and } B are shown in Fig. 1 for altitudes of 30 and
45 kft. Because the Rose program provides wind velocity at 100-ft
increments,Shannon’s Sampling Theorem(Ref. 22) implies that we
are limited to wind features with wavelengths greater than 200 ft.
From Fig. 1 we see that at these wavelengths the Jimsphere is able
to follow the wind � eld with less than 5% attenuation.

Fig. 1 Ampli� cation factor and phase response plots for Jimsphere at
30 and 45 kft.

Rose Program Processing Effects
Errors introducedby the Rose programcan be establishedfollow-

ing ananalysis23 thatdevelopeda least-squaressmoothingtechnique
forobtainingwindpro� les fromballoonsensorpositioncoordinates.
Assuming a sinusoidal horizontal wind � eld as de� ned by Eq. (1),
Ref. 23 determined the distortion introducedby the smoothing pro-
cedure when applied to the balloon’s position, given by

xB = ( k /2 p )( AFB A) cos[(2 p / k )h ¡ } B ] (5)

where the altitude h is de� ned as

h = ÇzB t

For simplicity we take } B to be zero and assume the rise rate ÇzB

to be constant over the duration of interest. It is stated in Ref. 19
that the smoothing scheme, known as the University of Dayton Re-
search Institute method, introduces no phase distortion, and for a
given averaging layer L avg attenuates the velocity amplitude by the
ampli� cation factor

AFRose = sinc2(L avg p /2 k ) (6)

where the sinc function is de� ned by

sinc(x) ´ sin(x) / x

We shall derive the preceding expression. Averaging xB over half
of the averaging layer, we see that its mean position is given by

x̄B (h) =
2

L avg

Z h + Lavg / 4

h ¡ Lavg / 4

xB (h 0 ) dh 0

= sinc

³
L avg p

2 k

´
¢ xB (h) (7)

Applying a central difference to Eq. (7) using x̄B (h § Lavg /2)
leads to the following expression for the estimation of the balloon’s
velocity:

( ÇxB )Rose Estimate = sinc2(L avg p /2 k ) ¢ ( AFB A) sin[(2 p / k )h] (8)

By comparing Eq. (8) with Eq. (2), we see that Rose introduces
no phase shift and attenuates the velocity amplitudes by the factor
de� ned in Eq. (6). Figure 2a presents plots of the preceding, using
averaging layers of 100, 200, 300, and 400 ft, respectively.Observe
that under nominal tracking conditions the 100-ft averaging layer
causes less than 5% attenuation at wavelengths greater than 500 ft.
Earlier implementationof the Rose programused an averaginglayer
and altitude increments of 82 ft (Ref. 19).

To verify Eq. (6), the Rose program was acquired, and simulated
radar data measuringsinusoidalwindpro� lesof knownwavelengths
were processed. The nominal averaging layer of 100 ft and a rise
rate ÇzB =15.6 ft/s correspondingto an altitude of 35 kft were used.
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Fig. 2a AFRose at various averaging layer lengths.

Fig. 2b Comparison of attenuation factors from Rose program simu-
lations.

Fig. 3 Combined ampli� cation factor from Jimsphere and Rose pro-
gram.

The simulated results are shown in Fig. 2b, which agree well with
the analytical expression just presented.

The extent to which the Jimsphere’s response characteristicsand
the Rose program’s smoothingscheme distort the true wind velocity
can now be quanti� ed for wavelengthsgreater than 500 ft. Because
Rose introducesno phase shifts,we have from the precedingdiscus-
sion that phase distortion is less than 1%, all of which is produced
by the balloon’s ability to follow the wind. Whereas phase is ad-
ditive, ampli� cation factors are multiplicative, therefore implying
that the product AFB ¢ AFRose indicates the combined attenuation
effects of the balloon’s dynamics and the data reduction method.
Figure 3 shows that, for the nominal averaging layer of 100 ft, the
combinedattenuationeffect of the Jimsphere and the Rose program
is less than 5% at wavelengthsgreater than 500 ft.

Fig. 4 Power spectral density of a Jimsphere wind pro� le with a strong
self-induced oscillation.

Fig. 5 Nyquist foldingdiagramshowing the aliasingof the self-induced
oscillations.

Self-Induced Oscillations and Aliasing Errors
It is well known19,24 that the Jimsphere will exhibit lateral self-

induced motion caused by aerodynamic lift forces that depend on
the Reynolds number

Re = j ÇzB j DB / m

At a subcriticalReynoldsnumber, i.e., Re ·2.5 £ 105, whichoccurs
at altitudes greater than 35 kft, the Jimsphere will execute a regu-
lar 0.21-Hz spiral motion.24 Unlike smooth balloon sensors whose
lateral motions become erratic at supercritical Reynolds numbers
Re > 2.5 £ 105, the roughness elements of the Jimsphere allow it to
maintain its spiral motion throughout its ascent.

Reference 24 determined that the velocity’s amplitude was pro-
portional to ÇzB and that it decreased linearly with altitude from
7.9 ft/s near the surface to 3.3 ft/s at 49 kft. The Rose program does
not remove the effects of the self-induced oscillations. Therefore,
because of aliasing, this oscillation would manifest itself as oscil-
lations with wavelengths in the neighborhood of 300 ft. Figure 4
shows the power spectral density (PSD) function of an atypical
Jimsphere wind pro� le with a strong spectral peak caused by the
self-inducedoscillations.A 0.21-Hzoscillationimplies that the Jim-
sphere completes one cycle every 4.76 s. Therefore, the variation in
the Jimsphere’s rise rate corresponds to variations in wavelengths
of about 82 ft near the surface to 72 ft at 50 kft. Figure 5 shows
how the Rose 100-ft sampling aliases these to wavelengthsbetween
450–250 ft. Reference 18 veri� ed the effects of aliasing and quan-
ti� ed these errors by applying the Rose program to radar data for
simulatedballoonreleases.With the nominal averaginglayer of 100
ft, their results indicate aliasingerrors of 1.5 ft/s at 15 kft decreasing
almost linearly to 0.15 ft/s at 50 kft.

Radar Errors
The performance of the AN/FPS-16 radar in tracking the

Jimsphere has been examined by a number of investigators.19,25 ¡ 27

Basically, radar errors are classi� ed as either bias errors or noise
errors. In general, bias errors do not contributesigni� cantly to wind
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measurementerrorsbecausetheyare effectivelyremovedby thecen-
tral differencing done within the Rose program. On the other hand,
noise error in position persists into the velocity estimate, which
produces a noise � oor in the wind’s PSD (Fig. 4).

Using 33 dual-tracked Jimspheres, Ref. 18 computed the rms
vectordifference,which was then scaledby 1/

p
2 to accountfor the

noise contributionsfrom the two radars. The result indicates that the
radar noise error increases with slant range, typically ranging from
1 ft/s at low altitudes to 2 ft/s above 45 kft. Additionally, Ref. 18
concluded that the wavelength at which the noise � oor becomes
apparenteffectivelylimits verticalresolutionto approximately500–

650ft undergoodtrackingconditionsand800–1000ft at longerslant
ranges.

Validity of Wind-Derived Forcing Functions
From the preceding discussion it is reasonable to conclude that

the Jimsphere wind pro� les at the altitudes of interest (30–50 kft)
for this study contain accurate wind velocity data at wavelengths
longer than 500 ft. At these wavelengths the attenuation and phase
errors introduced by the Jimsphere’s response characteristics and
the Rose program are small. Although aliasing of the self-induced
oscillations limits the accuracy of the wind to wavelengths larger
than 500 ft, these errors are reducedat the higheraltitudesof interest
to less than 1 ft/s.

Perhaps the greatest source of error, which degrades the accuracy
of measurements, is radar noise. In general, these errors limit ef-
fective vertical resolution to approximately 500 ft. However, under
inclement weather, where tracking conditions are poor, radar noise
will contaminate wind features at scales as large as 1000 ft with
RMS errors of about 2 ft/s. For these measurements we shall show
that a simple noise-reducing � lter extends the usable spectrum to
include wind features as small as 500 ft.

The accuracy in measured winds, therefore, makes turbulence/
gust-forcing functions derived from these wind pro� les applicable
to loads analyses of launch vehicles whose lower modes of vibra-
tion correspondto wavelengthslonger than 500 ft. Currently, launch
vehicles that are classi� ed as medium-lift launch vehicles (MLV)
and heavy-lift launch vehicles fall into this category. The forcing
functionsderivedhere should not be used on systems whose critical
loads are de� ned by the shorter wavelength components of atmo-
spheric turbulence,i.e., less than 500 ft. Many small launch vehicles
and most space vehicles fall into this category.

Wind Database Description
A database consistingof 1093 WR and 1197 ER Jimsphere wind

pro� les dating from 1964 to 1997 was used in the derivation of the
forcing functions.Most of the wind data collectedduring this period
were associated with day-of-launchoperations. Figure 6 shows the
monthly distributions of the wind pro� les. As mentioned earlier,
some of the Jimsphere wind radar data were reduced, using an av-
eraging layer and altitude increment of 82 ft, rather than the current

a) b)

Fig. 6 Monthly distributions of a) WR and b) ER Jimsphere wind
pro� les.

a) b)

Fig. 7 Yearly distributions of Jimsphere wind pro� les for a) WR and
b) ER.

a)

b)

Fig. 8 Two examples of the method used to derive forcing functions:
a) un� ltered wind magnitude at 32–38 kft; b) two-point smoothing de-
noising and high-pass � lter detrending; c) tapering of the � ltered wind
pro� le; and d) resulting turbulent wind component to be used in launch-
vehicle gust loads analysis.

standardof 100 ft. In general,WR winds prior to 1989and ER winds
prior to 1987 were processed using 82 ft. The yearly distributions
are shown in Fig. 7.

Forcing Functions Derivation
Figure 8 illustrates the process used to derive forcing functions

from two wind pro� les. Figure 8a shows a sample wind magnitude
pro� le restrictedto the32–38-kft-altitudeband.A moving two-point
average was applied to remove the noise � oor. In Fig. 8b, shown by
the dashed line, is the trend that the high-pass � ltering removed to
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yield the small-scale and rapidly changing wind features.Figure 8c
shows the � attop taperingperformedon the resulting � ltered data to
minimize step responsetransients.The � nal turbulentcomponentof
the wind to be used as the forcing function is shown in Fig. 8d. The
followingsubsectionsdescribein furtherdetaileach of thepreceding
steps.

Removal of Noise Floor
Radar noise accounts for the leveling of the wind’s PSD at wave-

lengths near 500–1000 ft. That this noise � oor is not indicative of
wind features is basedon numerous investigationsthat show that de-
spite seasonal, climatic, and topographical differences, the wind’s
vertical wave-number PSD obeys a power law of the form

G( f ) / x 2 / f c

VanZandt28 was the � rst to describethis, using c =2.4, in terms of a
universalspectrumof atmosphericbuoyancywaves.29,30 References
29 and 30 modeled similar spectra observed in the ocean.

Dewan and Good31 later conjectured that the PSD amplitudes
at any given wave number are limited by its saturation value,
likely caused by convective instability.Their theory leads to a PSD
power law with 2.5 · c ·3. Moreover, they showed that simple di-
mensional analysis yields c =3 because the PSD should scale as
Hz2/(cycles/ft)3. Reference 32 advanced a more general theory ar-
guing that the spectral amplitude should decreaseas 1/ f 3 , resulting
from the superpositionof individually saturated gravity waves.

Further evidence that the noise � oor is directly related to the
radar noise is obtained from dual-trackingexperiments.18,33 Refer-
ence18computedcross-spectraldensities(CSD) for33dual-tracked
Jimsphere wind pro� les. Their results showed that except for the
presence of the aliased self-inducedoscillation the CSD amplitudes
conform to the power law and, moreover, con� rmed the hypothesis
that the noise � oor is caused by radar noise, which is uncorrelated
to the true wind pro� le.

Figure 9 shows that the ensemble averages of wind magnitude
PSDs from WR and ER obey the power law with c ¼ 2.7. Each
PSD was computedvia themethoddescribedin Bendatand Piersol34

using 10-kft discrete Fourier transforms, with 50% overlap, and a
Hanning data window. The onset of the noise � oor at wavelengths
smaller than 500 ft implies that we can, in general, expect adequate
resolution at this scale. Additionally, we note that WR’s PSD is
greater than that of ER, thereby implying that turbulence from WR
tends to be more severe than ER.

Because the noise � oor is not a measure of the wind, we need
to minimize its contribution to the forcing functions by low-pass
� ltering. Another reason for minimizing the noise � oor is to ensure
that the Monte Carlo gust loads analysis approach is applicable to
MLVs, which typically require wavelengths starting in the neigh-
borhoodof 800 ft. This requirement is generallymet for light winds
when radar tracking is good. Therefore, this concernapplies mainly
to the � ltering of wind pro� les, which were measured under strong

Fig. 9 Ensemble averages of wind magnitude PSDs from WR and ER.

wind conditions, when radar noise can corrupt wind components
with wavelengths less than 1000 ft. The criterion for selecting a
low-pass � lter, therefore,was that it should remove the noise so that
the resulting spectrum conforms to the power law.

An optimal � lter (or Wiener � lter) is generally used to remove
noise from a waveform with a known PSD.22,35 This approach was
tried initiallybut later abandoned.The method assumesstationarity,
and the true wind W is corrupted by uncorrelated noise n, thereby
giving a measured wind of the form

Ŵ = W + n

The optimal� lter’s frequencyresponsecouldthenbe shown equal
to

Hopt( f ) = GW ( f ) / G Ŵ ( f )

where GW and G Ŵ are the PSDs correspondingto W and Ŵ , respec-
tively. Because G W is unknown, it was replaced by a power law de-
� ned by a least-square� t over the interval0.000125· f ·0.00125,
leading to

Hopt( f ) ¼ C / f c / G Ŵ ( f )

with C , a constant, de� ned by the � t. PSDs were computed for all
WR and ER winds and the power law � tted to each spectrum. The
resulting c variedbetween2 and 3.5 and dependedupon the spectral
estimation and the wave-number interval used for the � t. Moreover,
it was found that, in general, these � lters did not effectively remove
the noise � oor, and to do so required“tuning” each � lter by increas-
ing c . Because of this lack of robustness, and the fact that each
wind would have its own unique � lter, another � ltering scheme was
sought.

The increase in c , needed to remove the noise � oor, indicatesthat
a faster decay in the � lter’s amplitude responsewas needed.This led
to considering� lters having a zero at the Nyquist frequency.A two-
point moving average, which averages consecutive data points, is
the simplest of all � nite-impulse-response� lters with this property
and was, therefore, selected for the purpose of removing the noise
� oor. Because wind pro� les are reported at 100-ft increments, the
resulting � ltered data were also shifted forward by 50 ft to avoid
any phase shifting.

Figure 10a shows a typical wind pro� le before and after � ltering.
The noise component, which was removed by the � ltering proce-
dure, is shown in Fig. 10b, which tends to increasewith slant range,
as does radar noise. Figure 11 compares the PSD of � ltered and
un� ltered data. The un� ltered data have a noise � oor beginning at
1000 ft. We see that based on adherence to the power law this � l-
tering scheme extends the usable spectrum to wavelengths as small
as 500 ft. Also shown in Fig. 11 is the PSD of the noise component,
which has the characteristic� at spectrum.

Extraction of Turbulent Wind Features
Extraction of the small-scale turbulent component of the wind

was accomplishedby way of a high-pass � lter. For the gust-forcing
functions the � lter’s corner wavelength k G was based on earlier
work,36 which analyzed hundreds of wind pairs and established a
wavelength boundary k B , where wind features smaller than it no
longer remain coherent after a given length of time. The component
of the wind, which consistedof these small-scaleand short-duration
wind features,was referred to in Ref. 36 as the rapidly varying, tur-
bulent component of the wind. Using wind pairs from the database,
Ref. 36 estimated the mean wavelengths,which spectrally separate
the slowly varying and turbulent wind components for wind pairs
30, 60, 90, and 120 min apart. A curve � t was then applied to this
data that led to the simple empiricalformularelating k B as a function
of the time D T between wind pairs:

k B = 460
p

D T

The preceding formula suggests that as D T increases so does the
lack of wind persistence at longer wavelengths, which needs to be
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Fig. 10a Comparison of un� l-
tered and two-point � ltered wind
pro� le.

Fig. 10b Noise removed by the
two-point � ltering.

Fig. 11 PSD comparison of the two-point � ltered pro� le, the noise it
removes, and the power law.

accounted for in a gust analysis. Because of the variation about the
estimated k B , and to ensure suf� cient conservatism in the forcing
functions, k G was de� ned by k B plus an estimated one standard
deviation, which also depended upon D T . For the purpose of this
study, the standard deviations were estimated from the normal re-
gionsof the wavelengthhistogramspresentedin Ref. 36and resulted
in three-� lter corner wavelengths, k G =3300, 4200, and 4700 ft,
corresponding to D T of 30, 45, and 60 min, respectively.

A 16-pole Butterworth high-pass � lter was applied where the � l-
ter’s half-powercutofffrequencywas selectedso that the attenuation
of wind features smaller than k G was less than 1%. Moreover, the
high-pass � lter was applied forward and then backward to eliminate
phase shifts.This procedurewas appliedusing the three-� lter corner
wavelengths k G .

Fig. 12 Ensemble averages of � ltered wind PSDs for ¸G = 3300, 4200,
and 4700 ft.

Fig. 13a Two-point smoothed
wind and trend removed by the
high-pass � lter for ¸G = 3300 ft
and D T = 30 min.

Fig. 13b Resulting � ltered wind
pro� le.

The PSD curves shown in Fig. 12 illustrate, spectrally, the effect
of the high-pass � ltering on the wind pro� les using the three-� lter
corner wavelengths. The corresponding effects of � ltering in the
altitude domain are shown in Figs. 13–15. In these examples the
2-pt smoothed wind magnitude pro� le shown in Fig. 10a was high-
pass � ltered at the corner frequencies just stated. The � gures show
how increases in the time D T , for which the forcing functions are
valid, result in additional longer wavelength wind features in the
gust-forcing functions.

Restriction to 6000-ft Bands
Because of the variation in the structural dynamic properties,

aerodynamiccharacteristics,and the launch-vehicle’s velocity, and
the desire to have altitude consistent gust loads, the gust analysis15

requiredeach � ltered wind pro� le to be restricted to an altitudeband
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Fig. 14a Two-point smoothed
wind and trend removed by the
high-pass � lter for ¸G = 4200 ft
and D T = 45 min.

Fig. 14b Resulting � ltered wind
pro� le.

Fig. 15a Two-point smoothed
wind and trend removed by the
high-pass � lter for ¸G = 4700 ft
and D T = 60 min.

Fig. 15b Resulting � ltered wind
pro� le.

Fig. 16 Wind pro� le failing the shear criteria with dW/dhj max ¼
0.28 s ¡ 1 and ¸G = 3300 ft.

Fig. 17 Gust-forcing function comparisons using different ¸G . Taken
from Jimsphere pro� le WR 02-12-72 08:59Z.

of 6000 ft. To minimize step responses during the gust loads sim-
ulations, a � attop window having a 10% cosine taper at each end
was used (Fig. 8c). Turbulence/gust-forcing functions were devel-
oped for four overlapping 6000-ft bands covering an altitude range
of 32–48 kft, i.e., 32–38-, 36–42-, 38–44-, and 42–48-kft-altitude
bands. Thus, for each range k G and altitude band a total of 24 sets,
each containing over 1000 forcing functions, was developed.

Screening of Wind Data Using a Shear Criterion
Most of the Jimsphere wind data were from day-of-launch bal-

loons and hence have gone through some form of quality control.
However, a few pro� les exhibited questionable features and were
generallyassociatedwith older data in which the data quality infor-
mation was lost and, therefore, had to be either accepted or rejected
based on engineering judgment.

The screening criterion selected was the wind-shear value. Wind
shear is de� ned as dW /dh, where dW is the speed change for the
altitudedifferencedh. A shear value greater than 0.1 s ¡ 1 is unlikely.
Generally, shear values from measured wind pro� les that exceed
0.1 s ¡ 1 are noise driven and are not caused by actual wind-shear
features. If the high-frequencynoise is removed, as was done by the
2-pt � ltering, then it is unlikely that shears would exceed 0.1 s ¡ 1.
Therefore, the screening of wind data using a shear criterion of
0.1 s ¡ 1 was used on the � ltered winds. A typical wind pro� le that
was rejected on this basis is shown in Fig. 16. Furthermore, each
pro� le was visually reviewed to establish its reasonableness.

Results
Comparison plots of WR forcing functions, which were de-

rived using various k G values, are shown in Figs. 17–19 for three
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Fig. 18 Gust-forcing function comparisons using different ¸G . Taken
from Jimsphere pro� le WR 10-12-78 03:45Z.

Fig. 19 Gust-forcing function comparisons using different ¸G . Taken
from Jimsphere pro� le WR 05-02-88 19:00Z.

representative pro� les. These � gures indicate that there is a wide
variation in forcing function pro� les, which do not resemble the
synthetic pro� les used in past gust analyses.

The methodologydescribedhere was implemented in a computer
programthat generatesa set of gust-forcingfunctions from the wind
database for a given launch range, � lter corner wavelength k G , and
altitude band. The program was used to develop 24 sets of forcing
functions that were used in the Monte Carlo gust analysisdescribed
in Ref. 15.

The primary purpose of this study was to establish the feasibility
of deriving from measured wind pro� les the turbulent component
for use in launch-vehicle gust loads analyses. As such, the forcing
functions were developed from the total magnitude of the wind.
The procedures, as presented here, are applicable to deriving pairs
of north–south and east–west forcing functions that can be applied
to a launch vehicle simultaneously.

The forcing functions derived in this paper should not be applied
simultaneously to the pitch and yaw planes of a launch vehicle.
Moreover, the results of the individualpitch and yaw plane analyses
should not be combined without accounting for the fact that each
analysis was performed with the total wind turbulence.

Conclusions
A methodology for deriving forcing functions from Jimsphere

wind pro� les that can be used in Monte Carlo gust analyses was
presented. Validity of these forcing functions for the wavelengths
of interestwas establishedbyexaminingtheerrorcontributionsfrom
various sourceswithin the wind measurement system and the appli-
cationof a noise-reducing� lter. A uniqueaspectof the method is the
extractionof the relatively rapidly changing turbulentcomponentof
measured wind pro� les.
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