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Real-Time Estimation of Atmospheric Turbulence Severity
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The quality of atmospheric turbulence detection and forecast information for the operational meteorology
and aviation communities is directly linked to the quality of real-time measurements. Currently, the only direct
data are subjective, qualitative, and intermittent pilot reports. This article describes techniques, suitable for
real-time application on commercial transport aircraft, to generate quantitative and comprehensive turbulence
measurements. These algorithms build on standard methods used in the analysis of aircraft response to tur-
bulence, but are specifically designed to address the limitations of the available on-board data and computational

resources.

Introduction

HROUGHOUT the latter half of this century, a great

deal of research has been performed to better understand
atmospheric turbulence. These wide ranging efforts dealt with
turbulence phenomenology. in-situ and remote detection, nu-
merical modeling, forecasting, and the response of aircraft
flying through turbulent air.! 3

However, direct application of the resultant knowledge to
operational meteorology and aviation has been somewhat lim-
ited. This is due, in large part, to an all too common problem:
inadequate real-time measurements. Apart from the poor spa-
tial and temporal resolution of the basic meteorological data
that could be used to diagnose it, the only direct measurement
of turbulence intensity currently available is from pilot reports
(PIREPS).

The purpose of this article is to describe new, operationally
useful techniques intended to provide adequate real-time,
comprehensive, and direct atmospheric turbulence measure-
ments. In brief, these methods would augment or replace the
qualitative, intermittent, and subjective turbulence PIREPS
with quantitative, “state-of-the-atmosphere” measurements.

These real-time and fully automated algorithms have been
designed to run on commercial transport aircraft utilizing cur-
rently available data sources and computational capabilities.
Computationally efficient methods have been developed to
estimate eddy dissipation rates from aircraft vertical accel-
eration data. Computed turbulence measurements would then
be appended to the winds and temperature reports currently
broadcast via the Aircraft Communications Addressing and
Reporting System (ACARS).

From this comprehensive and timely data base, both tactical
and strategic turbulence products could be produced. For
example, maps of detected turbulent airspace could provide
accurate “‘heads-up” warnings to pilots and air traffic con-
trollers. Furthermore, these quantitative, state-of-the-atmo-
sphere measurements can be explicitly utilized by numerical
weather models, in turn producing better forecasts of tur-
bulence.
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Theoretical Background

Atmospheric turbulence is inherently a four-dimensional
phenomenon. Unfortunately, with the data available on-board
commercial aircraft, the complete resolution of the turbulent
airflow characteristics is impossible. Therefore, we seek a set
of simplifying assumptions that will allow for a more tractable
analysis. In this section an outline of this simplification process
is presented. Furthermore, an important connection between
the mathematical descriptions often employed by atmospheric
scientists and aerodynamicists is established.

Energy Spectrum

One way to describe the properties of the turbulent flow
is through the velocity correlation tensor+

Ri(x, & 1) = (ulx, t), u(x + & 1)) (D)

If we assume that the flowfieid is spatially homogenous, and
temporally stationary, the (spatial) Fourier transform of the
correlation tensor yields the energy-spectrum tensor:

0,00 = o | R w0 a @)

The assumption of spatial homogeneity allows for the use of
the ergodic hypothesis, i.e., the ensemble average () can be
replaced by a spatial average. Furthermore, this assumption
means that the correlation tensor is not a function of location
x, merely the spatial lag, & The assumption of temporal sta-
tionarity implies that the statistical properties of the velocity
field are not changing with time.

Next, the assumption of spatial isotropy is invoked. This
implies that the energy tensor is invariant under rotation and
reflection of the coordinate axes. Hence, it is convenient to
express Eq. (2) in spherical polar coordinates and integrate
over the angular dimensions. Denoting the length of the wave
number vector as k = |k|, the three-dimensional energy spec-
trum (scalar) function is then defined as

E(k) = 2ak*®,(k) 3)
This expression gives the amount of kinetic energy in a spher-
ical shell of wave number space, such that

f( E(k) dk = % o2 )

where o7 refers to the mean square value of any of the or-
thogonal (i = u, v, or w) velocity components.
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The isotropy assumption can also be used to establish the
important connection between the three-dimensional energy
spectrum and the one-dimensional spectrum. This relation-
ship for the transverse (“2”") velocity component along the
longitudinal (“1”) direction is given by

stk =3 [ EE (14 &) )

For the analysis below, the case of interest will be for the
transverse (vertical) velocity along the longitudinal (flight path)
direction.

In order to apply Eq. (5). a specific form of the energy
spectrum must be assumed. In the study of atmospheric tur-
bulence, the atmospheric scientist generally refers to the Kol-
mogorov form, while the aerodynamicist typically uses the
von Karmén form.

Kolmogorov Energy Spectrum

Under the assumptions of isotropy and large Reynolds num-
ber, Kolmogorov® hypothesized that there exists a range of
wave numbers wherein the inertial transfer of energy is dom-
inant. That is, within this so-called ““inertial subrange,” tur-
bulent energy is neither produced nor dissipated, but is trans-
ferred inertially from larger to smaller eddies. By dimensional
analysis, Kolmogorov was able to show that within the inertial
subrange the energy spectrum can only depend on one pa-
rameter, &, the eddy dissipation rate and that the functional
dependence must be

E(k) = Ae*k * (6)

where A is a numerical constant. The dissipation rate de-
scribes how fast the turbulent energy is converted into heat
by viscous effects at wave numbers above the inertial sub-
range. Within the context of forecasting atmospheric turbu-
lence from numerical weather models, the eddy dissipation
rate is a key parameter.

Von Karman Energy Spectrum

Unfortunately, there does not yet exist a comprehensive
theory that yields an experimentally verified functional form
of the energy spectrum across all wave numbers. Theoretical
and experimental evidence does indicate the existence of the
Kolmogorov form indicated above, as well as a k* dependence
at very small wave numbers. Based on this information von
Karman® introduced an interpolation formula (valid for very
large Reynolds numbers) between the k* and k>3 regimes.
This energy spectrum is

_% TG o (kky)'
E(k h 9 F("l,)\/; kU [1 + (k/k())2]17/6 (7)

where o is as described in Eq. (4) above, T'( ) is the gamma
function, and &, will be discussed below. In the limit of large
kik,, Eq. (7) becomes

55_IG)
9 TV k
The one-dimensional vertical gust velocity spectrum that

will be used herein, is obtained by inserting Eq. (7) into Eq.
(5), and integrating, to yield

E(k) —

) ®)

B o2 1+ kiky)
) = T R T wi T )

This form of the velocity spectrum is what would be computed
from vertical velocities measured by a gust probe mounted
on an aircraft flying through the turbulent airspace.

Ceonnection Between the Spectral Forms

Inspection of Eqs. (6) and (8) indicate that the former is a
function of the single parameter £, whereas the latter is a
function of the two parameters, k, and o;. The relationship
among these three parameters is now established. Equating
Egs. (6) and (8), and solving for ¢*°, gives

23— i 35 F(“) 2123
o = (3) 2 B ok (10)

Next, the relationship between the wave number k,, and the
integral length scale is derived. The convention in the aero-
dynamic literature is to use the longitudinal length scale L,
whose value is given by

L, =7 6,000 = 5 (11)

Inserting the value of k, obtained from Eq. (11) into Eq. (10)
yields the desired relation that connects the Kolmogorov and
von Karman energy spectrum forms

< 5/3
55 1 [te]” e
273
T 9 Ay [1’(%,)} L2 (12)

where the units of € are m*/s®. Finally, the form of the one-
dimensional velocity spectrum (in terms of the eddy dissi-
pation rate), valid in the inertial subrange is derived. Using
Egs. (10) and (11), Eq. (9) can be rewritten as

C[TOVE] P94 1+ Hk/k)
d)"'_q(kl) - [F(%)L“] 55 [1 + (kl/k())z]ll/ép (13)

The large wave number approximation is given by

F((‘)'\/— —5/3 N kl —5/3
Puslhr) = ( )[F()L] (;?) (14

Eliminating k,, by Eq. (11) gives the desired result [denoting
the large wave number approximation by ¢, (k)]

. 24
b, (k) = gAe’/’k M= 07X k3 (15)
where in the last step the value of A = 1.6 was used.” It

should be noted that this equation can also be obtained by
inserting Eq. (6) into Eq. (5), limiting the range of k, to those
in the inertial subrange.

Methodology

The techniques developed below are based on straightfor-
ward modifications to power-spectral, linear-system fre-
quency response analysis of aircraft response to turbulence.
Given the power spectral density (psd) of the input vertical
gust velocities ¢, (), and the modulus square of the fre-
quency response function relating (c.g.) vertical acceleration
to the gust input, we can compute the psd of the acceleration
response:

(iw) |

0:(0) = |5 ios| el (16)

The formulation is made in the temporal-frequency domain
since the measurements are made by aircraft flying through
the turbulent airspace at speed V, where w = k,V. Taylor’s
“frozen-field” hypothesis® is easily satisfied for the combi-
nation of aircraft airspeed and turbulence length scales of
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interest, hence we can analyze the spatial characteristics of
the turbulence via the temporal aircraft measurements.

We will be interested in a limited range of frequencies, and
so integrating Eq. (16) between two frequencies, w, and w,,
gives the response power contained in that frequency range
&3, given by
Fiw) |

w(iw)

5= 2¢5(w)dw:f-

« 2

¢, (w) do  (17)

The proper choice of the cutoff frequencies is critical, and
as will be discussed below, they are selected to be compatible
with the simplifying assumptions made herein. Briefly, these
simplifications relate to the use of a rigid-body, two degree-
of-freedom aircraft response model, the resolution of avail-
able real-time data, and an assumed form for the gust psd.
In practice, a bandpass filter is applied to the acceleration
data, and hence, we should write Eq. (17) as
(i) |

6—.% = J'“ |pr(wls ws, w)|2 Wg(l.w)

¢, () do  (18)

where , and w, correspond to the filter’s half-power points.

For the typical flight conditions of commercial transport
aircraft, the frequency band within which the majority of the
rigid body aircraft vertical acceleration response occurs cor-
responds to the inertial subrange of atmospheric turbulence.
We therefore assume the following approximate form for the
gust psd [cf. Eq. (15)]:

bo () = 0.7V el (19)

Inserting Eq. (19) into Eq. (18) yields

_i(_l.(_l).)_ w75/3 dw

&2 = 0.7V L |Hop(w,, @y, 0)|?

w (iw)

(20)

Hence, if the aircraft response function is known and the
power in the filtered acceleration signal is measured, an es-
timate of the dissipation rate can be made.

In practice, the cutoff frequencies. o, and w, are selected
as follows. The lower cutoff must be greater than the (un-
modeled) phugoid response frequencies, low-frequency pilot-
induced maneuver effects, and above an assumed combina-
tion of minimum aircraft airspeed and turbulence integral
length scale L,. This third condition relates to a frequency
regime where the ¢ assumption is valid. The high-end
cutoff frequency is made to lie below the elastic response
modes of the given aircraft and the Nyquist frequency of the
acceleration data. Typically, these values are on the order of
w, = 0.1 Hz and w, = 1.0 Hz.

In the preceding development, the assumption of spatial
homogeneity has been made. Unfortunately, atmospheric tur-
bulence is not truly homogenous, and hence, Eq. (18) should
more properly be written as
iw) |

&m):L‘Hﬂwn%wmzwwm

(O, (0. 1) do
21

However, under conditions wherein the spatial dimension (along
the flight path) of the inhomogeneity is large relative to the
integral length scale of the underlying turbulence.” we can
write

b fw, 1) = 0.7V (e (Do P (22)
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That is, the spectral “functional form™ does not vary with
time, but the relative amplitude does (local homogeneity).
Indicating the time-dependence of the terms in Eq. (20) and
solving for the eddy dissipation rate (to the two-thirds power),
yields

o0

23(F) =
0 = VR e o )

(23)

where /{(w,, w,, 1) denotes the integral in Eq. (20), and the
time-dependency relates to the variation of the aircraft re-
sponse function with flight condition, i.e., Mach number, al-
titude, and aircraft mass.

Within the aerodynamic community, the use of the von
Karman spectrum has been a matter of controversy and con-
fusion. This problem relates to the independent measurement
of the integral length scale and the mean-square value from
turbulence data, appropriate choices for these parameters in
aircraft design studies and certification, and even more fun-
damentally, whether the von Karman spectrum is a proper
description of the atmosphere. However, as the author of
Ref. 2 has pointed out, a more suitable intensity metric is the
combined parameter o2/L2?, which we have shown to be
directly proportional to the eddy dissipation rate.

The use of the eddy dissipation rate is well-established by
atmospheric scientists as an objective measure of atmospheric
turbulence intensity,*-!* and various methods have been used
to calculate it from research aircraft data.!’'> Our real-time
formulation for estimating this parameter from commercial
aircraft data is unique in that it utilizes a two degree-of-free-
dom aircraft model—with autopilot—and that the inherent
limitations of the data, the aircraft response, and turbulence
models are explicitly accounted for.

In the next sections, the computation of the right side of
Eq. (23) is discussed.

Aircraft Response Function

In this section the c.g., vertical acceleration response func-
tion is developed. The choice of a (short-period) two degree-
of-freedom model (pitch and plunge)—while inherently more
complicated than the usual plunge-only model—is essential
to the accurate calculation of aircraft response to continuous
turbulence.'? Furthermore, it can be shown that the inclusion
of autopilot effects is of similar importance.'* The require-
ments that this model must meet, besides computational ease
and relative accuracy are, applicability to any aircraft, explicit
inclusion of varying flight conditions, formulation without
manufacturer-supplied data (although it can be incorporated
whenever available), and a direct relation to available on-
board measurements.

Implicit in the model is that 1) The aircraft is a rigid body,
with two degrees of freedom (DOF)—vertical motion z and
pitch 8; 2) lift forces for the wing and horizontal tail surfaces
act at their i-chord points, and are given by the downwash
velocities at their j-chord points, respectively; 3) first-order
corrections are made for Mach number, aspect ratio, sweep-
back. and (if available) flexibility effects via effective lift curve
slope values; 4) first-order corrections are made for unsteady
aerodynamic gust penetration (Kiissner) effects; and 5) quasi-
steady wing downwash effects on the tail are included.

The equations of motion are then given by'

mz(t) = L(t) + L) (24)
mr6(r) = eL,(5) — L) (25)
where m is the total aircraft mass, r is the pitch radius of

gyration, e and ¢, are the distances from the c.g. to the one-
quarter-chord of the wing and tail, respectively. The lift forces
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on the wing L, and the tail L, are given by (suppressing the
time dependency)

L) = %apSV{VO -z —[e— (c2)]6 + w} (26)

L) = tapSV(VES, + (VO — 2 + w)(1 — &)
+{e, + (c/2) + eJe — (c2)]}6) 27

where a is the lift curve slope, § is the reference surface area,
¢ 1s the mean aerodynamic chord, p is the air density, ¢, =
de/da is the downwash factor (not to be confused with &, the
eddy dissipation rate), 8, is the elevator angle, and F; is the
elevator effectiveness.

Inserting Eqs. (26) and (27) into Egs. (24) and (25) results
in a coupled set of second-order linear differential equations,
subjected to two forcing functions: w, and §,. Taking Laplace
transforms, (assuming zero initial condmons) yields a system
of linear algebraic equations for the Laplace transform of the
vertical displacement z(s) and pitch angle 6(s):

[a”(s) a,z(sq [z(s)] _ [b”(s) b.:(s)] [m)] 8)
ax(s)  ax(s) 6(s) bay(s)  Daals) | | wels)
where the a; and b, are polynomials in s, whose coefficients

are functions the parameters of Egs. (24-27).
Solving for z(s) and 6(s)

2(s) . &(s)] c [5,@)]
=A"'B| ¢ = ‘ 29
[em} [m(s) B EA0) B
where A,(s) = det A, and C = (adj A)B.
We next assume that the elevator angle is controlled by an
autopilot, and that within the frequency range of interest it

can be modeled via an appropriate pitch feedback transfer
function: G,(s). Hence, we can write

8,(s) = — Gy(5)8(s) (30)
Plugging this into Eq. (29) yields

H) g2 [enl) = Gu)Aul)
o) ows) [Am) ¥ Ga(s)cmm] Al Gl

where ¢,,, €5, and Agz(s) = det B are all polynomials in s;
and B(s) is a function taking into account the unsteady aero-
dynamic effects.'® Replacing s by iw, and taking the modulus-
squared of Eq. (31) gives the desired result.

Evaluation of the Integral

Even with a very simple autopilot model, the modulus square
of the aircraft response function will be a ratio of fairly high-
order polynomials. After multiplying this function by the spec-
trum and bandpass filter functions, the complexity of the
resultant integrand [c.f., Eq. (20)] precludes an exact closed-
form evaluation. Numerical evaluation is possible, though
inefficient, and because the integrand is a function of differing
flight conditions, we seek a closed-form approximation.

The first step entails the replacement of the »~*? function
with an approximate > function:

b (@) |Bli0) > = x& w2 (32)
by defining a term y such that

0.7v>

Bliw)Pw ™ = o> (33)

where w, is the aircrait’s (without autopilot) short-period un-
damped natural frequency. Furthermore, we assume that the

bandpass filter function is an idealized unit amplitude rectan-
gle in the frequency domain. With these simplifications, we
can write Eq. (20) as

it

. fw_ N,”((JJ)
X “1 Dm(w)Dm( - w)

G3

do (34)

o5

2/3

£

where N,,,(Q) and D, (w) are of the form

m

(w)_bw_m— +bw_m 4 4 ...+ p

m 1

D, (0) = a™ + a@” ' + -+ + a,

The order of the polynomials is determined by the explicit
form of the autopilot transfer function. For example, if we
chose an autopilot model containing a (first-order lag) actua-
tor, with pitch and pitch rate feedback

Gy(s) = [Kl(s + K))(Kq + K) (35)
where K is an overall gain, K, is the actuator inverse time-
constant, and K, and K, are the pitch and pitch rate gains,

respectively. With this autopilot model, Eq. (34) is of the
form

byw® + bw* + bw® + by
== X <
¥ o |aw! + a0 + a0’

s do (36)

This is not integrable in closed form, however, we can write
J “ _ N,(w)do f f

o D, (0)D,(—w)
Consider each of the integrals on the right side. When all of
the roots of D, (w) are in the upper half-plane (a condition
that will be assured here, since our aircraft-autopilot model
must be a stable system), evaluation of the first integral can
be made via a contour integral.'® This method is fortuitous
in that the computation of the roots is not required. The
second two integrals on the right side can be evaluated by
making low- and high-frequency approximations to the in-
tegrand, respectively. The final form of the integral approx-
imation, is a complicated, though easily computed function
of a given aircraft/tlight condition parameter set, as required.

J N,,,(w) dew
w D, (@)D, (—w)
(37

Evaluation of &2

From Eq. (17), it is seen that the aircraft response mean-
square value &2 is determined via the integral of the response
psd between w, and w,. Continuing with our attempts at com-
putational efficiency, we seek an alternative to calculating and
then integrating the psd in real-time.

This procedure'® involves writing the power spectrum in its
periodogram form, applying Parseval’s theorem (assuming
local-stationarity), and then using the convolution theorem
to yield the approximation:

s _ 1 +T ffl .
ity = 3T J_r |: 0 hbp(TZ)Z(Tl - 7'2) de] dr, (38)

where h,,,(7) is the inverse Fourier transform of H, (o, w,,
w). This equation merely states that the frequency-limited
response mean-square value is obtained by computing a run-
ning mean-square value of the bandpass filtered acceleration
signal. The use of this time-domain formulation is also more
appropriate to situations in which the turbulence intensity is
fairly inhomogeneous, i.e., the oft-encountered “‘turbulent-
patches.” In practice Eq. (38) is discretized—the integrals
replaced with summations. Furthermore, nonzero mean val-
ues are removed in the computation of the outer integral
(summation). The averaging interval 27 is selected to satisfy
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the local-stationarity assumption and provide enough data
values for statistical stability. The time constant 7,, is chosen
such that 4, (1) — 0 for 7 > 7,.

Results and Discussion

In this section, a brief analysis of the methods described
above is made.

Aircraft Response Model

Figure 1 compares the modulus of our computed response
model for a typical short-haul transport aircraft with curves
supplied by the manufacturer (for two extremal locations of
the center of gravity). For simplicity, these models do not
contain autopilot or unsteady aerodynamic effects. Clearly,
the use of a two degree-of-freedom model is required.

It is also important to note the effect of moving the location
of c.g.—something that will vary with flight condition and
mass distribution. The c.g. location is an explicit quantity in
our model, and since its real-time location can only be esti-
mated, it is probably the largest source of error herein. For-
tunately, in our method, the pertinent quantity is proportional
to the area under these curves [cf., Eq. (17)], a value that
turns out to be fairly constant with varying c.g. location.

Figure 2 illustrates the relative accuracy of the aircraft model
for the NCAR King Air. Comparisons are made between
modeled and measured acceleration spectra, [i.e., the inte-
grand of Eq. (20), without bandpass filter, and normalized to
unit £]. This example is perhaps misleading in its accuracy,
as the autopilot parameters for this aircraft were chosen (to
achieve a target damping ratio) for this flight condition. The
accuracy was not quite as good for other flight conditions and
for the other, larger aircraft (note: each aircraft has its own
set of gains).

The effect of the attitude-hold autopilot model is as ex-
pected: the short period damping and undamped natural fre-
quency are increased.!” Furthermore, it can be seen that the
two-dimensional aircraft model with autopilot lies between
the one-dimensional and two-dimensional (without autopilot)
models. It should be noted that the autopilot that was actually
engaged during this flight leg was an altitude-hold one. It can
be assumed that some form of pitch feedback is also employed

1.8
1 \

— o6}

s

BT K] S S -

\ -

S e -— Computed 1-d Model

= -~ Mfc Model cg @ 5% mac
2.2 ... Mfc Model cg @ 30% mac
Ba 11"..1 I L1 caaal 2 Al

8.1 Frequency (Hz) 1.0

Fig. 1 Comparison of the modulus of the computed aircraft response
function with manufacturer supplied values (small commercial trans-
port 0.75M at 35,000 ft).

40 9 o,
/% — wi autopilot
2 | H '*,E ......... w/out autopilot
} »--- 1-d model

f * Integrand

Frequency (Hz)

Fig. 2 Comparison of aircraft model with flight data (Super King
Air B-200T in cruise).

in this mode, so that the attitude-hold model is suitable in
the frequency range of interest.

For this figure and subsequent ones, linear frequencies are
used f = /27, and the frequencies of interest have a far
greater range than the amplitudes. Hence, the vertical axes
are multiplied by frequency so that a linear-log plot maintains
the same area proportionality between two frequencies as in
a linear-linear one, i.e.,

[ ey ar = [ r) dog 1 (39

Integral Approximation

In this section, the accuracy and sensitivity of the approx-
imation of the integral, Eq. (20), is examined. Various as-
sumptions are made in the approximation process, including
the use of the high-frequency forms (w7, and w~?) of the
gust spectrum, ignoring the specific form of the bandpass
filter, and the use of the low- and high-frequency approxi-
mations of the integrand.

Figure 3 illustrates the normal acceleration response of the
four aircraft analyzed in this study. The full von Kérméin
spectrum, Eq. (13), was used with a unit value of 23, and an
integral length scale of 762 m. The cutoff frequencies for the
bandpass filter were selected as f, = /27 = 0.1 Hz for all
the aircraft, and f, = w.27 = 0.8-2.0 Hz from largest to
smallest aircraft. These upper values were selected to lie be-
low first wing bending mode frequencies. The amount of power
outside the cutoff frequencies, which is larger for other flight
conditions, illustrates the need to remove their contribution
to the overall integral [cf., Eq. (37)].

Next, we examine the effect of making the w5 approxi-
mation in the von Karman spectral form. Figure 4 illustrates
this situation using the “‘cruise” flight condition for the large
commercial transport aircraft. As expected, the difference
occurs only at lower frequencies, and for this case would not
greatly effect the overall integral. This effect can become large
for certain combinations of flight condition and integral length
scale. However, the cases with the largest fractional error
occur in relatively extreme conditions, i.e., small integral length
scales for the corresponding altitudes.

18. ~
— Large Transport / Y
'g g. b—-—- SmallTransportl' \
B | Electra I’ '\
g 6. —-- KingAir / \
LT
* a4l L
2.
a. e o
8.1 Frequency (Hz) 1-°

Fig. 3 Normal acceleration response for difference aircraft (com-
parison of aircraft response in cruise with autopilot).

15 4 — o 3Approx

Full Spectral Form:

f * Integrand

05 1

Frequency (Hz) 10
Fig. 4 Effect of the full von Karman spectrum vs w % approxi-
mation. Vertical lines indicate cutoff frequencies (large commercial
transport in cruise).
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Fig. 5 One-minute median eddy dissipation rate values from vertical
gust velocities vs derived values. Data from research aircraft. Cor-
relation coefficient is 0.97.
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Fig. 6 One-minute 90th percentile eddy dissipation rate values from
vertical gust velocities vs derived values. Data from research aircraft.
Correlation coefficient is 0.93.

Dissipation Rate Calculations

Finally, all of the above theoretical concepts are applied to
actual flight data. Three sets of data are analyzed: “‘research
quality” data from the NCAR King Air and NCAR Electra,
and “‘lower-quality” data from several large transport aircraft.
The King Air and Electra flights, totaling 750 and 193 min,
respectively, were through light to moderate turbulence. These
flights reflect a large range of flight conditions, however for
simplicity, the autopilot parameters for a given aircraft were
not varied. The transport aircraft data were from five short,
severe encounters,' totalling 29 min.

It is important to discuss the procedure used in obtaining
the eddy dissipation rates portrayed in the subsequent figures.
First, the raw vertical acceleration data (20 Hz for the King
Air and Electra flights, and 4 Hz for the transport cases),
were passed through the bandpass filter and the mean-square
values were computed [c.f., Eq. (38), with 2T = 10 s]. Note
that these running mean-square values are obtained at every
data update, i.e., every 0.05 s for the research data, and every
0.25 s for the transport data. Next, these values are used with
Eq. (23) to compute the eddy dissipation rate values, again
at every data update. It should be noted that the aircraft
response integral I{w,, w,, t) will obviously not vary at this
rate, and hence, to increase numerical efficiency, it can be
evaluated at a much lower rate. For practical considerations,
the cube-root of the dissipation rate values are used, '”.

Recall that the purpose of these in situ measurements is to
generate an “‘automated PIREP” product for use by the avia-
tion and meteorological communities. To this end, a number
of practical considerations must be addressed. Due to limited
bandwidths and transmission costs, a compromise must be
made between the quantity and resolution of the information
that is downlinked from aircraft in-flight.

Balancing these practical considerations is the operational
utility of the information. Atmospheric turbulence can occur
in patches of relative homogeneity, in extremely discrete and
localized bursts, or a mixture of the two. A pilot may be more
interested in the maximum intensity along the flight path,
whereas the important information for the forecaster or nu-
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Fig. 7 Same as Fig. 5, using lower quality large transport aircraft
data. Correlation coefficient is 0.97.
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Fig. 8 90th percentile eddy dissipation rate values from large trans-
port aircraft data. Correlation coefficient is 0.98.
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Fig. 9 Detailed time history for severe transport encounter.

merical weather model may be the average intensity in a given
volume of airspace. The techniques that have been detailed
in this article, are probably most suited to the “locally-ho-
mogeneous” turbulence patches. A number of alternative
methods for detecting and quantifying the extreme gust events
were examined, including: the classical “‘derived gust veloc-
ity,” so-called “level-crossing” methods, statistical extreme
value theories, and time-domain aircraft response methods.
For a variety of reasons, none of these techniques were ad-
equate for our real-time application.

In order to meet the often contradictory requirements dis-
cussed above, the following compromise reporting methods
were adopted. The reporting interval was chosen as 1 min,
which corresponds to a spatial resolution of approximately
10-15 km for a typical commercial transport in cruise. For
each of these intervals, the median and 90th percentile of the
“per-data-update” &' values were computed, corresponding
to “average” and “peak” intensities.

Figures 5-8 illustrate the results of our methods. For the
research aircraft data, “ground truth” dissipation rate values
were calculated via consistent techniques applied to the ver-
tical gust velocities. That is, applying Egs. (20), (23), and
(38) —without the aircraft response function—to get £ in
terms of o;,. For the “lower-quality” transport aircraft data,
there was a large uncertainty in the gust velocities, hence, the
vertical velocity spectra were used to estimate the “‘truth”
eddy dissipation values.
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Figure 9 shows a detailed time-history from one of the
severe large transport encounters. It is clear that reporting
both the average and peak ¢! values is crucial. Furthermore,
it can be seen that while the peak &' value may not be justified
on theoretical grounds, it does detect and indicate the relative
severity of this very localized and intense turbulence event.

Conclusions

A new method for computing an atmospheric turbulence
intensity metric—the eddy dissipation rate—has been pre-
sented. This method, while using standard techniques, is unique
in that all simplifying assumptions are explicitly accounted
for. Attempts were made to minimize computational com-
plexity while ensuring accuracy and wide applicability. Pre-
liminary results indicate the viability of these techniques and
the promise of generating accurate, quantitative, and timely
turbulence measurements from commercial transport aircraft.
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