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The Motivation

m Turbulence is the main cause of in-flight injuries
— for both passengers and flight attendants.

m After a severe encounter, the airline has to
nerform a structural check on the aircratft.

Pilots will try to re-route around an area if there
nave been reports of moderate or greater
turbulence.

Bottom-line: Turbulence iIs a safety problem as well
as having a large financial impact on the airlines.
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The Concept

m Airborne receivers would be a platform of
opportunity to collect occultations in the
cruise regime of commercial aviation, e.g.,
20-40 kft. AGL.

m The turbulence measurements from these
occultations would probably not be used as
stand-alone information, but integrated into
operational nowcast/forecast products.
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Turbulence Nowcasting/Forecasting System:

Merges all current
turbulence observations
with forecast grids.
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Geometry of the Problem

1], is the distance, along the
LOS, from the satellite to the
center of the turbulence
patch.

R is the distance from the
satellite to the aircraft
receiver along LOS.

A7 is the width of the
turbulence patch along LOS.

R -7, is the distance from
the aircraft to the turbulence
patch.



Theory (Condensed Version)

m Use standard weak scattering wave propagation theory -
modified to accommodate moving transmitter and receiver,
and localized turbulence patch.

Log-amplitude frequency spectrum for a turbulence patch In
the neutral atmosphere at 77, and widthAz is functionally

given by:

m+Anl2

@, (f)=C [ F[CXm)Ve @) Lo, RK, F;77]dr

m—Anl2

Where Kk is the transmitter wavenumber, L, is the
turbulence length scale, C?(n) is the turbulence intensity,
and V_ (n) Is an effective velocity.
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Analysis

m The objective is to determine where the
turbulence is along the LOS, 7, , and what
the intensity C:(n,) , is at that location.

m Note that the comparable expression for
turbulence in the ionosphere Is given by a
different constant and a change in the
wavenumber functionality k* tok™.

In the following, a mid-point approximation
to the integral was used.
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Example Spectra (constant intensity)

Holding L, = 3km fixed Holding R—7, =100km
and varying R—n, . fixed and varying L.

Note strong functionality on R—#, and weak on L, .
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Spectral Simulation

k: 33000.0 {rad k')
V: 0.2 (kms ')

R: 2.598e+04 (km)
A, 3.300e-02

Log-Amplitude Spectrum: theory and simulated.
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Parameter Estimation

K: 33000.0 rad km')
V: 0.2 (kms')

R: 2.5982+04 (km)
A,: 3.3006-02

eta, ' 2.5888+04

il 1000
;r'_'.?f_\;..-( ."L'I-r.rl..,‘-,'P.‘..} ‘ | 34?‘ 10" real i Zat i O n S

Maximum Likelihood (ML) estimation of intensity with fixed
R—-n, =100km while varying L,. Horizontal and vertical lines are
simulated (i.e., “true”) values.
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Parameter Estimation (cont’ d)

* . realizations

ML estimation of intensity with fixed L, =3km
while varying R-7, .
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Max. Likelihood Estimates of C_ delta eta {1000 realizations, no spectral averaging) Histegram of Max. Likelihood Estimates of C_ delta eta {1000 realizations, 10 spectral averages)
) 3 ) 10 km, Meration © { ) ) 10 km, Meration ©
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16568- 16-10 bias (high): 2 89748e-10 sid high): 1.55804a-10 theory: bias (all): 2.316568-09 std (all): 1.53899-10 bias (high): 2.89748e-10 sid (high): 4.92606e-11
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I Estimate over all Freq. I Estimate over all Freq.

I Estimate over High Freq. Data I Estimate over High Freq. Data
True Value Cﬁ delta eta True Value Cﬁ delta eta

* ML estimation of intensity for un-averaged spectra (left) and
10 spectral averages (right).

» Solid vertical line is true value.

* Blue values are from using the high-frequency portion of the
spectrum, red values use all the spectral points.

e Simulated R-n, value is 100 km, “guess” is 10 km - 1.e.,
underestimate.




|terative Parameter Estimation

Amp spectra R-Eta, (data): 100 km, R-Eta, {modsl): 10 km, Heration 0 Amp spectra R-Eta, (data): 100 km, R-Eta, {modsl): 10 km, Heration 0

Estimation of 7; by minimization method. Un-
averaged spectra (left) and 10 spectral averages

(right).

@__ﬂﬂflﬂa N




|terative Parameter Estimation

Histogram of Max. Likelihood Estimates of C7 delta ata {1000 realizations, no spectral averaging) Histogram of Max. Likelihaod Estimates of C° delta eta (1000 realizations, 10 spectral averages)
Amp spectra A-Eta, (data): 100 km. R-Eta, (model): 10 km, Neration 1 Amp spectra A-Eta, (data): 100 km. R-Eta, (model): 10 km, Neration 1

sample: bias (all); 5.67752e-11 sid all): 1.42886e-10 bias (high): 3.7295e-11 std (high): 1.57332e-10 sample: bias (all): 4.93277e-11 std all}: 4.37928e-11 bias (high): 3.48536e-11 sid (high): 4. 57688811

theory: bias (all): 2.31656e-09 std (all): 4.8667 1e-10 bias (high): 2.89748e-10 std (high): 1.558048-10 theory: bias (all): 2 21656e-09 std (all): 1.53899e-10 bias (high}: 2.89748e-10 sid (high): 4 92606e-11

T T T T L) T L} L} T T T
I Estimate over all Freq. I Estimate over all Freq.
I Estimate over High Freq. Data I Estimate over High Freq. Data
True Value Cﬁ delta eta True Value Cﬁ delta eta

4.5 4 4.
C; delta eta - C; delta eta

ML estimation of intensity after using 7, estimates.
Un-averaged spectra (left) and 10 spectral averages

(right).
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Conclusion

m \Wave propagation theory, adapted to this
problem, has been developed.

m These technigues can be used for any
moving transmitter/receiver pair (e.g. LEO-
LEO), as well as for the neutral atmosphere
and the ionosphere.

m For mid-point approximation, it has been
shown that estimates of turbulence intensity
and patch location can be made.
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Future Work

= Mid-point approximation may not be
accurate at higher frequencies.

m Break up integral into intervals small enough
so that the mid-point approximation is valid.

m Use 1-D (or maybe 2-D) tomography to
estimate turbulence position and intensity.

= Analyze multiple patches along the LOS.
m Analyze real data.
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