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ABSTRACT

Due to inherent turbulence, the atmosphere has a temporally and
spatially variable refractive index, which degrades propagating
electromagnetic radiation. an is a key péfaheée; for describing
refractive variations. Data was analyzed from several instruments
involved in an electro-optics/meteorology experiment: at Penn State
Universityﬁg scintillometer (RADC, AFGL, NPS), thermosonde (AFGL),
radar vertical profiler (PSU), and instrumented aircraft (ARA).

The a%rcraft @ea;ured CT2 and Cu2 using h;t- and coldlﬁire

LY

T
sensors and FM recording apparatus. The taped data was processed via

FFT to produce one-dimensional variance spectra (wavenumber range 0.01

/

to 10 m'l). Flights usually produced a 10 km vertical profile

processed to give roughly 0.5 km resolution. Spectral editing was

based on regression analysis fit to -5/3 frequency dependence. A

majority of spectra showed the classic inertial subrange. an and

€ were calculated from CT2 and Cuz, respectively. 1In active
regions, the following relationship can be derived (Fairall and

Markson 1984):

c2/cl- 1.6R/ (B - R) (8/8) (36/32)

A scatter plot of CT2 vs. (8/g d86/38z) Cu2 in the free
troposphere showed a range of values from 0.3 to 10 for high and low
values of CTZ, respectively. CT2 versus Cu2 showed high
correlation, with log Cu2 = 1.7 log CT2' Plots of

CTZ/Cuz(ﬁ/g d0/0z) vs. €¢/(v N) (Gregg 1987) approached an

ordinate value of 0.4 at high activity levels. Values of N and S were




used to obtain values of an and ¢ with the model of VanZandt et

al. (1981). Comparisons of Cn2 profiles showed average ratios of
each to the thermosonde profile were: aircraft 8, model 6.8, profiler
8.1, and the scintillometer 1.1. Numerical estimates of 00 from

an profiles differed from the aircraft by an average of 17% for

the thermosonde and scintillometer. Estimates of r, differed by 25%
for the thermosonde. Aircraft-measured and model-predicted values of

¢ differed by several orders of magnitude.
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ABSTRACT

Due to its inherently turbulent nature, the atmosphere has a

! temporally and spatially variable refractive ipdex, which degrades

propagating electromagnetic radiation. The refractive index turbulent

o
é structure constant, Cn2’ is a key parameter for describing ;

\ refractive variations. Cn? can be inferred from optical 2

J

turbulence (scintillometer), temperature turbulence (aircraft X

\ instrumentation or thermosonde) or radar backscatter (profiler) ﬁ

f measurenents. Vertical integrals of an give transverse coherence A
! :
length, L and isoplanatic angle, 00. These can also be measured :

Y remotely by an r, scintillometer and isoplanometer, respectively. :
i During an atmospheric optics/meteorology experiment (acronym b

EWAK) conducted at Penn State University primarily during April and ::

May of 1986, data was collected by all of the aforementioned 5

N

{ instruments. An instrumented research aircraft was used to measure 3
: vertical profiles of temperature and velocity turbulence (CT2 and A
{ Cuz) and other meteorological variables. The turbulence E

instrumentation aboard the aircraft consisted of cold-wire and ;‘

hot-wire sensors and FM recording apparatus. The taped data was E‘

K processed via FFT to produce one-dimensional variance spectra ff
(wavenumber range 0.01 to 10 m-l). Flights usually produced a 10 km ;

vertical profile; the data was processed to give roughly 0.5 km Ei

vertical resolution (similar to that of the radar wind profiler).
3 Editing was based on percent error between a regression analysis

' and theoretical -5/3 frequency dependence of the spectra. A majority

of spectra showed good evidence of the classic inertial subrange with




- ar

iv

-5/3 slope. CT2 and Cu2 were calculated from the regression
fit to the inertial subrange power spectral density. The rate of
dissipation of turbulent kinetic energy, e, was calculated using the

so-called Corrsin relation for velocity turbulence. Optical an

was calculated from CT2.

Considerable interest has developed in models that relate
microturbulence parameters to the mean gradients. One such model,
proposed by VanZandt et al. (1978; 1981), has as a key variable the
gradient Richardson number, Ri' In actively turbulent regions, Ry

can be related to CT2 and Cu2 as follows:

2 /c2- 168/ (B, - R (8/8) (88/92)

A scatter plot of CT2 versus (8/g d86/3z) Cu2 in the free
troposphere showed a range of values from 0.3 to 10 for high and low
values of CTz, respectively. Scatter plots of CT2 versus
Cu2 showed high correlation of these two parameters, with log
Cu2 = 1.7 log CT2' Ri-N/S and plots of N versus S roughly
corresponded to the curve depicted by Fairall and Markson (1985).
Plots of CTZ/ Cuz(ﬁ/g 30/3z) versus a turbulent activity
parameter (Gregg 1987) clearly showed agreement with the suggested
activity levels and associated values. At high activity levels, the
ordinate value approached 0.4 (equivalent to 1.6 Ri when
approximating Pr as 1 and Ri as 0.25).
Values of N and S were used to obtain values of an and ¢
with the model of VanZandt et al. Comparisons of an profiles

measured by the various instruments showed good agreement between

scintillometer and thermosonde, and between the VanZandt et al. model

-
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and the aircraft data. The profiler (converted optical values) had

some agreement with the thermosonde. .wverage ratios of each profile
to the thermosonde profile were: aireraft 8, model 6.8, profiler 8.1,
and the scintillometer 1.1.

Numerical integration of an gave estimates of r, and 60.
Values from scintillometer, thermosonde and aircraft did not show
clear agreement. Based on the aircrafr values, the scintillometer and
thermosonde 00 values differed by an average of 17%. The
thermosonde r, values differed by an average of 35%.

Despite good agreement on an, the aircraft data and the
VanZandt et al. model output clearly disagreed on vertical profiles of
¢, in some cases by several orders of magnitude.

Overall, EWAK provided a chance to compare methods of measuring
an, as well as an opportunity to obtain microturbulence data for

examining relations to the mean gradient structure.
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CHAPTER 1

INTRODUCTION

For many reasons, there is considerable interest in the vertical
profile of the refractive index structure parameter, Cn2‘ This
parameter quantifies effects of refractive index fluctuations
important for electromagnetic radiation systems whose signals
propagate through the turbulent atmosphere. Examples of such systems

are satellite communications, remote sensing such as clear air radars,

astronomical observation, and certain weapons. In situ measurements

are a necessary first step to set up a database for verifying physical
and numerical models. Both are required to facilitate the
interpretation of remote sensing measurements and to achieve the goal
of prediction based on readily available atmospheric data and models.
This project was an analysis of the first segment of the EWAK
(E xperiment W ithout AK ronym) electro-optical/meteorological
experiment at Penn State University. The purpose of EWAK, conducted
principally in April and May of 1986, was to simultaneously operate at
the same location several different instruments to measure the

refractive index structure parameter, both in situ and remotely,

throughout different synoptic and diurnal conditions.
Specifically, this thesis describes a detailed analysis of
research aircraft measurements of temperature and velocity turbulence
taken with the instrumented Beechcraft Baron of the Airbornme Research
Associates of Weston, Massachusetts. From these two measurements can
be derived the temperature and velocity structure parameters, C

2
T

T

and Cuz. Optical Cn2 is a function of C The turbulent
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CHAPTER 2

BACKGROUND ON ATMOSPHERIC PROPAGATION
2.1 Refractive Index

A turbulent fluid creates three general effects: it imposes
varying forces on any objects embedded in the fluid or in the fluid
path, it generates fluxes of fluid properties (e.g., temperature or
momentum), and it creates (by density fluxes) variations in the
refractive index of the fluid (Panofsky and Dutton 1984). These
refractive index variations will affect electromagnetic (EM) and sonic
radiation propagating through the fluid. The atmosphere, being a
turbulent fluid, has a temporally and spatially variable refractive
index structure. The atmosphere’s turbulent refractive index
fluctuations have plagued astronomers since some of the earliest
recorded observations. The twinkling of stars is one of the most
obvious visible manifestations. Today, our atmospheric uses of EM
radiation are far more diverse than merely receiving visible starlight
with our eyes or at a telescopic aperture. Hence, the need exists to
characterize and predict the refractive index and its variations over
arbitrary pathlengths and view angles.

Henceforth, in this thesis, unless it is specifically otherwise
stated, the discussion will be concerned with propagating
electromagnetic radiation. Refraction can be considered as a type of
scattering (i.e., deviation from the forward direction). Turbulent,
non-homogeneous variations of the atmospheric refractive index are on
the order of one part in 106. This results in very small scattering

angles, for which depolarization and intensity attenuation generally

Pk % gl o s g0 o 4 B
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can be neglected (Strohbehn 1978). The real part of the complex

refractive index, n, of a medium can be thought of as a measure of the

-~

; medium’s effect on wave propagation as compared to propagation in a h
L)
s
;‘ vacuum: n(medium)=c(vacuum)/c(medium), where c is the phase velocity W
3. J
g of the wave. Refractivity, usually denoted by N, is (n-1) X 106.
? The phase speed of the wave is altered (slowed in air compared to ﬂ
$ 3
( vacuum, thus n>1), but the energy E and frequency v remain the same, *)
ol ;
| .
" E=hv (Hecht 1986). Using geometric optics theory, this can be shown to :
Kl result in a deviation of the beam’s path which is referred to as the "
{J <
‘ 3
b phenomenon of refraction (in molecular dipole theory, it is referred
{
)
E to as a scattering event). ot
Two factors determine the phase speed (and thus refractive index) )
‘ 1
l
44 in a medium: density (number of atoms, molecules or particles per unit N
8 /
& volume) and, since each molecule has a wavelength dependent My
[ _ polarizability, molecular composition (Hecht 1986). At optical or .
! ”
: shorter wavelengths, temperature variations effectively dominate :
K) refractivity changes since atmospheric molecules have low rotational .
K polarizability at these wavelengths (Balsley and Gage 1980). However, Ay
e »
W at longer wavelengths, specifically microwave radar wavelengths, both ;
n
\ &
temperature and the relative concentration of various molecular A
3 species with permanent dipole moments determine the refractive index s
&
K ‘
:. gradients affecting radiation transmittance (Wesely 1976; Balsley and J
it
ot
4 Gage 1980). 1In the boundary layer, water vapor content is often k.
e highly variable, and thus, may dominate refractivity changes (Balslev g
W ™
[ L
i and Gage 1980). 3
* \
-
v If temperature and molecular composition varied negligibly from -
; the standard atmosphere, then the refractive index profile could
0
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easily be calculated. The importance of turbulence is its resultant
mixing (Strohbehn 1978). Mixing due to turbulence causes the
variations in space and time of the refractive index profile. It is
the random nature of turbulence that introduces chaos into the density

profile.
2.2 Propagation Effects

Variations in refractive index can cause at least six types of EM
propagation degradation: beam steering, image dancing, beam spread,
spatial coherence degradation, temporal coherence degradation, and
scintillation (Dewan 1980).

Beam steering is deviation from the line-of-sight (i.e., the most
direct path from source to receiver). The transverse deviation of a
narrow beam increases with subsequent distance from the deviating
medium. If a turbulent eddy is larger than the width of\the beam, it
may act as a "prism." This effect can be quite significant for
earth-to-space uplinks, because the planetary boundary layer (PBL) is
highly turbulent (Dewan 1980).

Image dancing is the modulation of the arrival angle of the whole
beam wavefront. It can cause the focal plane for the beam to be
angled to a receiver normal to the beam, causing photographic blurring
or necessitating larger apertures with lower signal-to-noise ratios
(Dewan 1980).

Beam spreading is caused by scattering at small angles near the
edge of the beam. This occurs when the beamwidth is greater than the
turbulent eddies. This phenomenon occurs most on the space-to-earth

downlink (Dewan 1980).
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At large distances, a spherical wave from a point source can be
approximated as a plane wave. According to Huygen's model, a single
wavefront can be thought to consist of an infinite number of points
each emitting a "wavelet." The wavelets add together to give the
total wave. If the wavelets have a constant phase relation, the
wavefront is said to be coherent. When phase difference randomly and
continuously changes, the wavefront becomes incoherent (Hecht 1986).
When a pathlength difference is introduced across a coherent wavefront
(e.g., refraction), a Fraunhoffer diffraction pattern may be seen in
which maxima/minima occur where the amplitudes of wavelets
contructively/destructively interfere. Thus diffraction is one method
of testing coherence (Hecht 1986).

A coherent source can be viewed as emitting "pulses," or wave
packets (this model combines wave and particle concepts). No source
is perfectly monochromatic, thus each wave pulse has a frequency
bandwidth. The inverse of the pulse frequency band is the "period"
band or coherence period (Hecht 1986). Temporal (or longitudinal)
coherence occurs within the coherence period. Spatial (or horizontal)
coherence occurs across a wave pulse emitted from a coherent source.
Spatial degradation is loss of phase coherence across a wavefront,
causing spot blurring on photographic images. It also distorts
photomixing processes which rely on mixing of an incoming to a local
signal to form a "beat." Temporal degradation is a loss of phase

coherence during the coherence period, thus distorting amplitude

modulated signals (Dewan 1980).
Scintillation is a coherence effect describing amplitude changes

at a focal plane (interference patterns). Spatial scintillation being
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fluctuations across a beamwidth (or wavefront), temporal scintillation
being fluctuations in time of the total beam amplitude (signal fading)

(Dewan 1980).
2.3 Propagation Parameters and an Measurements

A variety of theories have been developed for these degradation
effects. 1In general, an atmospheric turbulence parameter, the
refractive index structure constant, an, must be specified along
the propagation path. By measuring some relevant propagation
parameter (e.g., scintillation) the theory can be "iﬁverted" to
determine an

One such instrument, the NOAA (National Oceanic and Atmospheric
Administration) scintillometer, measures an-optical remotely,
based on starlight amplitude fluctuations. As one of the six
distortions described previously, scintiilation has been quantified
using an integral of an(z), where z is the altitude. Tatarskii
has shown for temporal scintillations, time averaged amplitude
fluctuations (Dewan 1980), that
z

Ci(z) 22784z (2.1)
o]

<[1n(a/A )]%> = 0.56 Kk'/®

where A is the signal amplitude, A, is the mean amplitude, k is the
optical wave number, and the angle brackets denote a time average. A
stellar scintillometer measures UIZ(di)’ the normalized variance

of the spatially filtered signal irradiance for 3 spatial wavelengths,
di' Then a profile of an is calculated for seven predetermined

levels, based on seven weighting functions (only four of which are

independent)
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c, -8 ; R; Ky o1 (4;) (2.2) o
i=1

"

l’\
where R, weight is given to the ith spatial wavenumber K, 34
O

B
(X.,=2n/d,) and 0
i i o

S

=]
-13 -1

B=1.87X10 ( Wc(z) dz | (2.3) "
o ‘
o)
where Wc(z) is a composite path weighting function (Ochs et al. i,
1976). The seven predetermined levels are line-of-sight distance from &
the instrument, so that actual height above ground depends on the 4@
%

zenith angle of the observed star. Some improvements to the NOAA f
scintillometer were made by AFGL (Air Force Geophysical Lab) to their X
instrument. They are described in more detail by Murphy and Battles ;;
-,
M
(1986) . ")
S

An NPS (Naval Postgraduate School) r, scintillometer optically it

>
measures the transverse coherence length, Lo of the image in the 9
focal plane (Donald Walters, telephone conversation, October 1987). 5;
NS
r, is a scalar measure (in units of aperture size) of spatial ~)

]
wavefront coherence. Crudely stated, the resolution of an image f“
cannot be improved by increasing a single aperture beyond r, (Dewan ;
o
1980). This helps delineate the aperture size for adaptive optics ;j
)
elements. It has been shown that ~§
‘\
1.2 7.2 3/5 3
r, = 18.5 277 ( Cn(z) dz ) (2.4) A\
(o] ! )

. X . 2 . -2/3 . ]
with r, in cm, wavelength (A) in m, Cn inm , and altitude iy
e

Y

in m. Using this integral, r, can also be calculated from profiles o~
i
of C 2 (Fried and Mevers 1974). Iy
n %
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An AFWL (Air Force Weapons Lab) isoplanometer optically measures :‘
r
00, the isoplanatic angle. §, is a measure of angular coherence )
“
, for an object with angular size (vs. a point source) that delineates W
] '
!
the region through which the object can be viewed coherently without ‘b
adaptive optics (Loos and Hogge 1979; Murphy and Battles 1986). g, s
i can also be calculated from a vertical profile of an (Murphy and :
b Y
’ Battles 1986)
.~
o ™
o, = 58000 12 (| 2273 2(2) az 17377 (2.5) ]
[o] N
with 00 in purad, and A, z and an in the same units as for :T
r
-
ro. )
'
p Notice that the three parameters discussed here have different ‘:
] .
{ . - . : 2 5/6 -
) ‘ropagation path weighting functions (aI as z » Ty as 1.0, -
-
00 as 25/3). Thus, for ground-to-space optical paths, LN tends i'
)
. to be dominated by the boundary layer, 00 by the stratosphere, and :J
N,
012 is somewhere in between. N,
~
:
)
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CHAPTER 3

P g o Pt
i‘“:f“ ‘ ‘ ‘ a

MICROTURBULENCE THEORY

LT

3.1 The Refractive Index Structure Function

-
[ AL - .

The atmosphere is predominantly hydrostatically stable above

the planetary boundary layer (PBL). Nevertheless, observations, such

as contrails and rocket trails, have clearly shown that discreet

o
ot -

turbulent layers exist (VanZandt et al. 1981). Although turbulence

B :: Catacsearnc] LR X TS oB b

" and byproducts of turbulence (fossil eddies) are undoubtedly present,

0 they exist only on an intermittent basis.

e Wwhile atmospheric turbulence is inherently anisotropic, at small
.. size scales, where viscous dissipation occurs, turbulence can be

Al

K »

o considered isotropic. For isotropic and humogeneous turbulence, the
o

L]

Cn

structure function, D, depends on spatial scalar distance, £, and is
- defined as the mean squared difference of the measured passive

parameter (e.g., temperature) at two points in space (Hinze 1975).

N 2
- Dp(€) = <(T(x) - T(r+§))"> (3.1)
a'
: where the angle brackets indicate an averaged quantity. In
&
N anisotropic turbulence, D also depends on the orientation of the
Q separation (Hinze 1975).
%
P The autocorrelation R is defined as the average of the product of
; deviations from the mean (e.g., T') at two points in space.
Rp(5) = <T'(r) T'(r+{)> (3.2)
A
» In the limit, as £ approaches infinity, the structure function
L]
. approaches twice the variance. Variance is equal to the -
b .
[ ~
t -
1 ~
!
: :
y

v
€, o Wy
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autocorrelation function at é=0 (Tatarskii 1971). Thus,
3 D.(€) = RL(0) - R(€) (3.3)
2 0T T Rp :

In the inertial subrange, it can be shown that the structure
function has a power law relation to separation with a constant

2

designated C ° (e.g., C;°) (Hinze 1975).

2 .2/3

Similarly, we can define for refractive index,

2 .2/3
D (&) - C~ ¢ (3.5)

The structure constant is only a "constant" in that it is independent

of the separation distance; it is still variable over time and space
2 . . .

(e.g., CT (x,y,z,t)]. The optical refractive index structure

constant can be related to the temperature and humidity structure

constants (Nastrom et al. 1981).

2 2 2 2 2 2

Co=f] Co+ 2 £ £ Cop + £ 01 (3.6)
where fl = 0.60 P/T2, and

fo=-1.2Pq /T 0 - 77.6E-6 P/ Té¢ (3.7)

with pressure in mb,and where q is specific humidity. Neglecting the

effects of humidity, this reduces to (Tatarskii 1971)

6 2

Ci (optical) = (79 X 10~ (P/Tz))2 CT (3.8)

During the EWAK experiment, the aircraft-measured C 2

T allowed

computation of "dry" Cn2-optical. A Lyman-alpha detector on the
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aircraft was intended to measure qu but the threshold sensitivity
was too high for the vapor concentrations at the altitudes of

interest.
3.2 an From Radar Measurements

Data from a clear-air radar (often referred to as a profiler) can
be used to calculate an-radar based on radar reflectivity. The
backscatter cross section from received power, o, at the wavelength,

A, can be characterized by an (VanZandt et al. 1977) as

2
n

o = 0.38 g2 x"1/3 (3.9)

Tatarskii (1971) derives a dimensional relation for an based

on a refractivity gradient across a turbulent layer

ci wl 14/3 (3.10)

where a is an empirical constant, L is the layer thickness and

M2 = -77.6 x 10°% (P/T) [ N/g(l + 15500q/T) - 7750 q'/T]

(3.11)
where P is pressure in mb, T is absolute temperature, q is specific
humidity in kg/kg, q' is 8q/dz, g is acceleration due to gravity, and
N is the Brunt-Vaisala frequency squared. For an-optical, q and

’

q’' are set equal to zero in M2 (Dewan 1980), which gives the

resulting ratio relating optical and radar values

2

(Ci- radar) / (Ci- optical) =X (3.1

-, T
., '.A'?'.Q.g'?‘.-).{n'}'.n.
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with (Fairall and Thomson 1985)

%2 = [1- 7750 q' (q/T)(g/N) + 15500 q/T]> (3.13)

3.3 CT2 and Cu2 Relationships

Dimensional analysis shows that in the inertial subrange of
isotropic turbulence, the variance spectral density obeys a k_5/3

wavenumber dependence.

-1/3 -5/3
¢T(kl) - ﬂT XT € kl (3.14)

where ﬁT is an empirical constant, X is the rate of dissipation

of one half the temperature variance, ¢ is the dissipation rate of the
turbulent kinetic energy, and k1 is the spatial wavenumber (kl -

2n A-l) (Panofsky and Dutton 1984). Since the one dimensional
variance spectrum is defined as the Fourier transform of the

autocorrelation (Panofsky and Dutton 1984),
2 «©
bp(ky) = % Rp(€1) cos (kjép) dé (3.15)
o

it can be shown using the relation of the structure function to

variance and the autocorrelation, that

2 . -5/3

¢T(k1) = 0.25 CT kl (3.16)

in which 0.25 is the result of combining several constants. Now, the
so-called Corrsin relation is obtained from 3.14 and 3.16 (Tatarskii

1971).

-1/3

2
Cr = 4 Bp xp ¢ (3.17)

B has been determined for temperature, BT=O.8, and velocity,

- E
g
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ﬂu-O.S (Champagne et al. 1977; Panofsky and Dutton 1984).

assumed to be equal to ﬁT.

Corrsin relation is obtained

CZ
u

- 4B, 23 L g 23

$ ‘l

ﬂq is

Since X =€ for velocity, a simplified

(3.18)

Using this relation, it is simple to calculate ¢, the turbulent

kinetic energy dissipation rate.

€ is an important term in the variance budget equations for a

turbulent layer.

1969), are (Fairall and Markson 1984)

de/dt + u'w’ du/dz - g/ w'g' =

1,2 — 2 1/3
5 dog/dt + w'T' 86/8z = -xp = -Cp ¢ 7/ @ Br)

These equations, neglecting transport (Ottersten

-€

(3.19)

(3.20)

where primed quantities are fluctuations, barred quantities are means,

2, 2
e=1/2(v 4o,

the acceleration due to gravity, z is
potential temperature, X is the rate
thermal variance, and u, v, and w are
If

velocity components respectively.

defined as

Re

(w8’ g/8 Y/( u'w' du/dz)]
and the eddy diffusion coefficient is

W'l = <Ky 86/0z

u'w' = -Km du/dz

LIPS SR Y nfr-‘,,-,'_,.‘-!' ' - "-f'h" W " W
J o L% L'y s e 80 4700 §¥p W%y X Ty T 5%,

+aw2) is the turbulent kinetic energy, g is

altitude, % is variance of
of dissipation of one half the
the horizontal and vertical

the flux Richardson number is

(3.2L)
invoked
(3.22)

(3.23)
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Y
then the following ratio results when using the Corrsin relations in ::
’ a ratio of equation 3.20 to 3.19. (Fairall and Markson 1984) ;
o
: C2 / C2 = 1.6 (8/g) 88/3z R-/(1 - R.) (3.24) :T
: T/ “u : & £ £ ‘ b,
; I
I 2 2 i
Cr / C, = 1.6 (8/g) a6/2z Ri/(Pr- Ri) (3.25)
~
3 b
where Rf is replaced by the gradient Richardson number, :}
R, = g 0ln#/dz / (3u/oz)” (3.26) 3
‘ f
d and the turbulent Prandtl number, "
: 3
( P = K 3.27 5
r rn’/l(fl (3.27) '
. &
W
In an actively turbulent layer in the free troposphere, s;
R = - = \
i Ri Ricrit 0.25 and Pr 1 (Dewan 1980), then 2
2 2 .
p Ct / ¢, = 1.6 (8/g) 86/3z Ry (3.28) ;f
K &
\ Gradient Richardson number is the basis for a model developed by 'k'
¥ .
4 w2
VanZandt et al. (1978, 1981). This model predicts an-opcical and &
\
¢ based on measured values of N (=g/f§ 36/3z) and S (= 6u/822 + Q:
‘h‘
: av/azz), and input values of L, the outer scale or overturning size 55
1 > 9
o
of the turbulent eddies. Note that the gradient Richardson number is ]
L
equal to N/S. Based on equation 3.28, this model can also be related :q
- to the ratio of CT2 and Cuz. The model is based on -

Tatarskii’s dimensional relationships

(3.29)

L (3.30)

R
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where a and b are constants. A statistical integration is performed
assuming that turbulence occurs in discreet layers with Ris 0.25.
Theoretical probability density functions are assumed for shear and
temperature gradients. The internal model variable L is adjusted to
give best match to radar-derived an profiles. The model is
inherently based on averaging over a length much greater than the
turbulent scale, of which only a fraction, F, is actively turbulent
(VanZandt et al. 1981). Thus high resolution in situ measurements

(such as measurements by aircraft) may differ from model predictions.
3.4 The Turbulent Kinetic Energy Dissipation Rate

. . 2
Few in situ measurements of Cu or ¢ have been made above the

2 2

PBL. Barat and Bertin (1984) measured C and Cu with

T
stratospheric balloons, and Fairall and Markson (1984) with an
aircraft. Kennedy and Shapiro (1980) calculated various turbulence
parameters from research aircraft observations of CAT episodes
associated with jetstreams.

Substituting for Cu2 in equation 3.22 gives another

relationship for ¢

2/3

2 =3.2 (8/g) 96/3z R, e (3.31)

This can be used to calculate ¢ from CT2 measurements, and from
high altitude (where water vapor contribution is negligible) profiler

measurements of an-optical (Tatarskii 1971) with

2

2 - 179 x 107 p/191% 3.2 (4/g) 96/52 R, /3

(3.32)
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o
N,
Rl
o

i .
| i .
[0
2 \
or by assuming a Corrsin relation for Cn t
2 -1/3
Co=3.2x, ¢ (3.33)
§
N
" -
] and assuming
i v = K_ (dn/3z)° (3.34)
n n
3
! -1
P Ky = Ry N'° e (3.35)
b
4
| Ky = Ky (3.36)
:
M2 = (8n/3z)% (3.37) ”
o
then
5
Y 2 a3.2r M2 yb 23 (3.38)
h n 1
]

where N is Brunt-Vaisala frequency squared and M is Tatarskii’s

refractivity gradient (Barat and Bertin 1984, Panofsky and Dutton

P T NS A

1984). Notice that equation 3.28 implies the factor Ri should

»

actually be Ri/(Pr - Ri).
3.5 Turbulence Size Scales

For oceanic turbulence, Gregg (1987) defines a turbulence

bandwidth based on the ratio of Ozmidov scale Lo=[e/N3/2 172

J (a

buoyancy scale at which buoyancy equals inertial force) and the

Kolmogorov scale, n=[u/e3]l/4

(the inner scale or cutoff
wavelength for the inertial subrange where viscous equal inertial

forces).

B e o s i A0 S 4 Ag e oo~ Soaan auad b o o o oy

Lo/n = Le/vN]>/* (3.39)
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where v is the kinematic viscosity. The eddy overturning scale is
proportional to the buoyancy scale in actively turbulent layers.
Thus, the inertial subrange occurs for size scales less than the
buoyancy scale and greater than the inner scale. Gregg provides the
following empirical guideline to interpret the bandwidth ratio

parameter as a turbulence activity parameter.

Value of ¢/vN Turbulence State

<15 Decaying turbulence, fluxes negligible
>200 Fully isotropic

>10000 Fully developed flow

A spectrum begins to deviate from -5/3 slope at size scales one order
of magnitude greater that the Kolmogorov microscale (Hill and Clifford

1978). For L°=10n, no inertial subrange should be apparent.
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CHAPTER 4

THE EWAK EXPERIMENT
4.1 Overview

Two segments of the EWAK experiment were analyzed in this thesis
study. The first and major segment was performed from 14 April 1986
to 6 May 1986. This segment was conducted at the Meteorological Field
Site, located several miles southwest of State College, PA, on the
Rock Springs Agronomy Research Farm. The relevant instruments
operating at various times during the experiment were an Air Force
Geophysical Lab (AFGL) scintillometer, Rome Air Development Center
(RADC) scintillometer, an AFGL thermosonde, an Air Force Weapons Lab
(AFWL) isoplanometer, a Naval Postgraduate School (NPS) r,
scintillometer, a Penn State University (PSU) Doppler radar profiler,
a PSU Doppler sodar, and the Airborne Research Associates (ARA)
aircraft. A summary of the database relevant to this study is given
in Table 1.

The aircraft was based at University Park Airport, several miles
northwest of 5tate College, PA. Data gathering flights were made over
the field site and insofar as possible within a radius of 10 miles.
Eight flights were made, six yielded useable results: flight 1 was a
test flight and flight 5 had a total failure of the instrument
recorder. Each flight consisted of a fairly rapid climb to maximum
altitude (approximately 30 kft or 10 km) and then a slow descent (500
fpm). All descents were analyzed (because of the greater resolution),.

but for comparison purposes several ascents were also analyzed. Level
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flight data of return trips by the aircraft to Boston was also added

O RN

to several flights.
The second segment of EWAK was conducted at Griffiss Air Force

Base, Rome, NY, from 11 August through 15 August 1986. Both ARA

s

aircraft and RADC scintillometer measurements were taken, however,
scintillometer data taken during these flights was unavailable for

this thesis. One additional flight was made on 20 October 1986. For

s oty

these flights, the aircraft was based at Oneida County Airport and

”

performed similar flight patterns centered around RADC’'s field site in

Verona, NY.

- o -

4.2 Aircraft Instrumentation

A summary of the instrumentation available on the aircraft is

a e a X

given by Fairall and Markson (1984; 1987). Thus only the relevant

turbulence measurements are discussed here. Temperature and velocity

-
b
w
.

i signals were amplified, filtered, and recorded on FM tape. Recorder

gain settings were correlated to tape counters and recorded manually.

-

Filters were set for a bandpass between 2 and 200 Hz for the

K, temperature signal, and 5 and 200 Hz for the velocity signal. The FM
1

: tape recorder was set at the 15/16 ips speed, which provided an

r additional low pass filtering at 256 Hz.

4 Temperature fluctuations were measured with a fast response

resistance bridge driving microthermal sensor probes as the
temperature sensitive resistance elements. The bridge used was a
Thermo Systems, Inc. (TSI) type 1044, dc Wheatstone bridge with a

h frequency response of 800 hz. The microthermal probes were TSI type

1210 with T1.5 configuration (W wire, 4.5um dia., ice point resistance

BT AT TR AT AT AT AT
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Ky
R;~50). A wingtip boom carried matched sensors that were connected -
o 3
to the two bridge arms. One sensor was covered so that bridge signal E
output was proportional to temperature fluctuations sensed by the .
\"'
exposed probe. ]
Velocity fluctuations were measured with hot-wire anemometry in a —=
constant temperature circuit. The bridge used was a TSI model 1050. N
Probes used were the same TSI type 1210 T1l.5 tungsten sensors with a f
'
50% overheat. '
)
Other measurements taken that were used in this analysis were air :?
]
temperature (measured with a standard Rosemont sensor and bridge -
o)
circuit), dew-point temperature (measured with a Cambridge Systems, X
)
Inc. aircraft chilled mirror instrument), pressure altitude (measured fﬂ
\'k
with a Rosemont sensor), and radar altitude (measured with a Bonzair o
[
)
Mark 10 altimeter). »
’
-_‘-
»
4.3 Additional Instrumentation -
Both the RADC and the AFGL scintillometers are instruments that H
’
measure stellar scintillation amplitude fluctuations based on the NOAA 3
o
model II instrument described in detail by Ochs et al. (1977). }'
-
- - . 3 3 . '\
Additional modifications were made to the AFGL scintillometer as 2
. . )
described by Murphy and Battles (1986). The AFWL isoplanometer and ]
e,
: . . . N
NPS Ty scintillometer are instruments also based on measuring RCY
A
P . . . <4
stellar scintillations and may be regarded to be derivatives of the R
NOAA instrument. These instruments are described in some detail bv L
A Y
Eaton et al. (1985), and Stevens (1985), respectively. 29
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The AFGL thermosonde is essentially a special temperature
turbulence measuring package attached to a radiosonde. The instrument
package is described in detail by Brown et al. (1982).

Penn State’s Doppler radar profiler is, basically, of the type
described by Strauch et al. (1986). It is a VHF (6 m wavelength)
pulsed Doppler radar with a phased array antenna located near McAlevys
Fort, PA, on Shantytown Road, approximately 10 miles south of State
College, PA. With the profiler, vertical profiles of wind speed and
direction are obtained as well as radar reflectivity (backscatter
cross section). Radar volume reflectivity can be used to calculate
an values at each of the radar gates (VanZandt et al. 1978). The
profiler produces both high and low resolution profiles. High
resolution is ~290 m from ~1 km to 8 km MSL. Low resolution is ~870 m
from ~1.5 km to 17.5 km MSL.

PSU Doppler sodar data was not used in this study.
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CHAPTER 5

DATA PROCESSING

SAT T,

The relation of the structure constant to the variance spectral

AT

density as a function of wavenumber (Equation 3.16) allows

T2 and Cu2 from spectral analysis of

determination of C
turbulence data. The aircraft data was a time series record of
voltage fluctuations, which could be transformed into frequency
spectia. Taylor's frozen turbulence hypothesis allows for translation

of the spatial spectrum ¢(k1) to a frequency spectrum ¢'(f)

(Panofsky and Dutton 1984), by the relation
k, = 2xf/u (5.1)

! where k1 is the spatial wavenumber, u is the relative speed of the
passing eddies (in this case, u=60 m/s, the aircraft speed), and f is
the frequency in Hz. Since total spectral intensity must be invariant

‘ (Panofsky and Dutton 1984), temporal and spatial spectra can be

g related by
¢(k1)dk1 = ¢'(£)df (5.2)

p Substirution gives

¢' (£) = ¢(2nf/u)dk, /df = $(2xf/u) 2r/u (5.3)
and then

$1(£) = 2m/u $o(kp) (5.4)

$r(E) = 2n/u (0.25 c% ki5/3 ) (5.5)

~
- e m e v Y et ap e " e ) P— v - ‘m ™ o, W
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- - "
$1(6) = 2x/w) 2% (0.25 2 £/ (5.6) v
s
Similarly for velocity %;
e
s
e
' -2/3 2 -5/3 A
¢, (£) = (27 /u) (0.25 . f ) (5.7) o
Rearranging gives the equation(s) relating the structure Nz
.:-.,
functions to the measured spectra RNt
2 2/3 ., 5/3 o
CT,u =4 (2n/u) ¢T,u(f) £ (5.8) .
nd
where ¢'T u(f) is a representative value in the inertial subrange -:E
(Fairall and Markson 1984). {f
L)
Another method to determine the structure constants (the single L4
Y.
I\k
probe RMS method) is suggested by the relation of total variance to t
)
spectral density (Fairall and Markson 1984) *:
£ .
Variance = mean square = u ¢' (f) df (5.9) e
f -
1 e
where fu-upper frequency limit, and f1=lower frequency limit. {;_
o
Thus the filtered RMS of the signal can be used to directly obtain the i‘
AT S
structure constant by integrating 5.6 or 5.7 3:*
l-i,
'.f
Variance = (RMS)%= (2n/w) 2/30.25 ¢2 (- 3 )£ 2/3. £ 7%/3 7
: T,u'" 2 u 1 W~
)
(5.10) X
Rearranging gives 5??
\‘_‘\
2 _ 8 2/3 2 273 o273 -1 v
CT,u 3 (27 /u) (RMS) (f1 - fu ) (5.11) °
o
2 Y
The thermosonde instrument calculated CT directly using the ?-:
o>
s
double probe RMS method. If two probes with a known separation £ are :h
"~
used, then with an RMS of the difference of the signal P
.:¢
Nt
b
Py
o

-

p

~
~
“
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(Brown et al. 1982)

2 =< - )% >/ e2/3 o (mus)2/ £2/3 (5.12)

The spectral method has the advantage of greater accuracy over
the RMS method because a region of the spectrum can be selected which
is relatively free of noise. The RMS variance includes all noise in

the bandwidth analyzed (Fairall and Markson 1984). However, the

disadvantage to the spectral method is the greatly increased

computation time. RMS methods can be done on a virtually real time
basis.

The aircraft temperature turbulence data was taken as volrtage

@ XTI LA,

fluctuations in bridge output due to resistance fluctuations of the

L

'-‘1'-"

probes. Temperature fluctuations cause these resistance changes.

[N

e |

This relation is given by

Eat Al 4

dv/dt = i GB dR/dt (5.13)

ol S

2

where the current to the probe sensor is i, and bridge amplification

1%y,

or gain is GB(=4000) (Fairall and Markson 1984).

1 a
oy

The resistance-temperature relation is linear for tungsten

«

Ll e le

T, L
A PANAAE

sensors over a broad temperature range, giving

R =R (1 +a(l-T))] (5.14)

where Ri and 'I‘i are values at the ice point (Ri=5Q), and « is
the effective thermal resistance coefficient (a=.0026 K_l), which
includes the loss of sensitivity due to probe support effects (Fairall

and Markson 1984). Thus,

ﬁ5¢gﬁﬁ¥¥3q'

dR/dt = R, a dT/dt (5.15)
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and
dv/dt = i GB G (Ri a dT/dt) (5.16)

where the added G term accounts for any additional signal conditioning
or gains applied (usually G=10). The voltage variance spectrum is the
Fourier transform of the square of voltage fluctuations which then can
be related to the temperature variance spectrum (Fairall and Markson

1984),
sy = (1665 R @ $1.(H) (5.17)
Including noise sources, this would be

b, = (i GGy R a)? (4p + N + Ny + N,/(iR;a)? ) (5.18)

B T

where N, is broadband voltage noise in the system, NT is
temperature noise detected by the sensors but not due to turbulence
(e.g., sonic adiabatic compression), and Nu is velocity
contamination due to cooling rate variations associated with velocity
fluctuations. An indepth study of signal-to-noise ratio was done by
Fairall and Markson (1984). It was concluded that, in flight, most
noise was temperature noise. Although the source of this noise could
not be identified, it could be lessened by changing sensor location.
Optimal sensor location proved to be on the wingtip. Sensor currents
were kept at a maximum just below the velocity contamination
threshhold (i=5 mA).

Velocity turbulence data was also taken as a time series of

voltage fluctuations. King’s Law voltage relationship (Hinze 1975)

was used
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; . v2 - vg + B ul/? (5.19) v
)

where V02 and B are calibration constants (Fairall and Schacher
, 1977) computed for 50% overheat at STP as V02=2.7 Volts2 and

-1,1/2.

Bo-l.O Voltsz/(ms Correcting for varying temperature

and pressure gives
B = B, (p/1013)1/2 (288/m)1/* [(453-1)/288) (5.20)

(Fairall and Markson 1984). Velocity fluctuations cause bridge output

‘ voltage variations as

R dv/de= [ B /(4 V u’?)] du/de (5.21)

!

) with G additional signal conditioning gains (usually G=100) and V the
)

5 mean bridge voltage (about 3 Volts for nominal aircraft speeds).

Relating the square of fluctuations to the variance spectrum

C gives
by, = (BG/ 4 v jw? g (5.22)

The final forms used for calculating CT2 and Cu2 from the

aircraft data (Fairall and Markson 1984) were

2 2/3 . 2, 5/3 ]
; ¢t -4 @nw?? (o ey Ry @ gy (B £ (5.23) X
R AR AR /S YL AN I e (5.24) g

s

Flight 12 gain settings were not recorded. They were assumed to

be the same as flight 11 for processing, but for that flight, this

)111.1 -

should be noted.




Initially, the temperature and velocity channels of the taped
data were converted from analog to digital with an Infotek A/D board.
Approximately two minutes of analog data were digitized. A 128 point
Fast Fourier Transform (FFT) was done and a final spectrum produced
from an average of 400 spectral blocks. This gave a vertical
resolution of 0.3 to 0.5 km, about the same as the radar profile.

The log of power spectral density (Voltsz/Hz) was plotted as
decibels [10%*log (V2/Hz)] against log of frequency (Hz) for 4 to 256
Hz. A key frequency was chosen that consistently appeared in the
inertial subrange (in a region of high signal to noise) and the
spectral density at this point was used to plot a -5/3 slope through
the spectrum to show goodness-of-fit to the Kolmogorov turbulence
theory. Due to the small number of points, the spectra obtained with
this method were somewhat crude and very difficult to interpret.
Figure 1 shows three different spectra from flight 2 as examples
(indicated as EWAK2BT-rec#). Record 1 has a high signal-to-noise
ratio, record 31 is very noisy with little signal, and record 45 is an
unusual steeply sloped spectra.

A second method gave far more satisfactory results. Roughly two
minutes of data were analyzed by a dual channel Hewlett-Packard 35624
dynamic signal analyzer by linearly averaging 55 times with an overlap
of 75%. A 1600 point FFT, using a Hanning window, produced a power

spectrum from .125 to 100 Hz. This frequency range corresponds to

1

o}

wavenumber range of 0.0l to 10 m~ Resolution of the spectra wasg

greatly increased. The same three records from flight 2 are shown in

Figure 2.
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-20
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o | 70 To 6@
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:
: -50 |-
2 i
& -co |-
~§- g L CTee=.e11
3 1 2
-8 18 Tog
FREQUENCY (Hz)
-28
- CHN#2

-70 |- EPS=2.3t-6 ~

VOLTAGE SPECTRAL DENSITY (dB)

- . 1 1 {
8e 1@ 10e

FREQUENCY (Hz)

Figure 1. Voltage variance spectra from first FFT program (128
points). For each record, the top spectrum (channel #l) is
temperature variance and the bottom spectrum (channel #2) is velocity
variance. Voltage power spectral density (dB) is plotted against
frequency (log Hz). The slanted line represents a -5/3 slope for
comparison. Coded flight name (e.g., EWAK2BT) and record number
(e.g., - 1), tape footage, and altitude are shown interior to each
channel #1 graph. Three different dual-channel records in flight 2
are shown: 1, 31, and 45.
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Figure 2. Voltage variance spectra produced by the signal analyzer's
1600 point FFT. For each record, Ovl (top) is temperature variance
and Ov2 (bottom) is velocity variance. Voltage power spectral densitv
(dB) is plotted against frequency (log Hz). Processing parameters are
stated above each spectrum. Coordinates of the cursor are given in
the upper left corner of each spectrum. Vertical axis range has been ;
fixed as stated in the lower left of each spectrum. Coded flight name '
(e.g., EAIR) and record number (e.g., - 1), tape footage, and altitude
are annotated above each Ovl graph. The same three dual-channel
records in flight 2 are shown as in Figure 1.
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CHAPTER 6

ANALYSIS METHODS

6.1 Aircraft Turbulence Data Analysis

An indepth analysis on aircraft instrumentation/experimental
error was done by Fairall and Markson (1984). Uncertainty due to
measurement error will therefore not be discussed here. However, for
this thesis, much effort was put into detailed analysis of the
aircraft turbulence data in attempts to improve analysis precision.
These processes are described in this chapter.

To quantify goodness-of-fit, a linear regression analysis was
performed on the log-log spectral data and percent error was
calculated for deviation from -5/3 slope. Most spectra exhibited the

-5/3 dependence out to the broadband noise level of the instruments,

-7 4,2

=3 X 10" K°m for temperature and =1 X 10-6 (m/s)2m for

velocity (Fairall and Markson 1985). Because of this background noise

level, notable in the high frequency range (over 20 Hz), it was

P YUN|

determined that the best fit would be obtained at the lowest frequency

possible within the inertial subrange. Unfortunately, the temperature

P22

data had been low pass filtered at 2 Hz and the velocity data at 5 Hz.

Filters of the type used on the aircraft (Thermo Systems, Inc. model
1057 signal conditioner with TSI model 1051-2 monitor and power
supply) were analyzed with white noise input on the signal analvzer.
Then a power spectrum ratio of unfiltered noise to filtered noise was
calculated (Figures 3a and 3b). This function could then be

multiplied point by point to essentially "defilter" the data.
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Spectral drop-off was still noted in the low frequency end (<1
Hz) of the spectra after this filter function was applied. Several
reasons for this drop-off were proposed: a real phenomenon (i.e., the
outer scale of the inertial subrange or the production size of the

turbulence), a non-linear characteristic of the filter when the signal

is log-distributed and not linearly distributed like the white noise,
or individual error in the filter (two identical filters were tested
and found to have different signatures). Assuming f is 1 Hz and u is
60 m/s, the frozen turbulence theory (A'1=2nf/u) gives X of 10 m as
the production scale. For the altitudes flown, this is within an
order of magnitude of typical estimates (VanZandt et al. 1981; Gregg
1987; Barat and Bertin 1984). For comparison to the characteristics
of the measured filter function, an atmospheric filter function was
derived to compensate for non-linear filter effects and any unknown
atmospheric effects (e.g., variable production size scale). Several
sample spectra from the boundary layer with exceptionally high
signal-to-noise ratio and -5/3 slope were used to derive a function
based on -5/3 slope (Figures 4a and 4b).

All spectra were then run through a three pass progressive
editing program. If the percent error on a regression fit from 5 to
18 Hz was greater than 20%, the spectrum was rejected on pass 1.
Figure 5a again shows records 1, 31, and 45 of flight 2 for pass 1.
On the second pass, the atmospheric filter was used to defilter the
data from 0.1 to 5.6 Hz (the cutoff frequency where both 2 and 5 Hz
filters were approximately equal to one). Figure 5b shows the same
three records for pass 2. If percent error was greater than 15% on a

second regression fit from 2 to 18 Hz, then the spectrum was run
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Figure S5a. Voltage variance spectra showing editing procedure. These
spectra are filtered spectra derived from the taped data. This

) represents editing pass 1. Voltage power spectral density (dB) is
plotted against frequency (log Hz). For each record, channel 1 (top)

is temperature variance and channel 2 (bottom) is velocity variance.
Channel number, pass number, and coded flight name and record number

are shown interior to each graph. The slanted line represents the
regression fit. Regression slope, correlation coefficient, and

percent error are given in the upper left corner of each spectrunm.

The same three dual-channel records in flight 2 are shown as in Figure 1.
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Figure 5b. Voltage variance spectra showing editing procedure.

(top) is temperature variance and channel 2 (bottom) is velocity
variance. Channel number, pass number, and coded flight name and
record number are shown interior to each graph. The slanted line
represents the regression fit. Regression slope, correlation

] shown as in Figure 1.
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These
spectra have been defiltered with the atmospheric filter function.
This represents editing pass 2. Voltage power spectral density (dB)

) is plotted against frequency (log Hz). For each record, channel 1

coefficient, and percent error are given in the upper left corner of
each spectrum. The same three dual-channel records in flight 2 are
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Figure 5c. Voltage variance spectra showing editing procedure.
Average noise level has been subtracted from each defiltered spectrum.
This represents editing pass 3. Voltage power spectral density (dB)
is plotted against frequency (log Hz). For each record, channel 1
(top) is temperature variance and channel 2 (bottom) is velocity
variance. Channel number, pass number, and coded flight name and
record number are shown interior to each graph. The slanted line
represents the regression fit. Regression slope, correlation
coefficient, and percent error are given in the upper left corner of
each spectrum. The same three dual-channel records in flight 2 are
shown as in Figure 1.
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through pass 3. An average noise level was calculated from the twenty
lowest spectral density values and subtracted from the entire
spectrum. Figure 5c shows the same three records for pass 3. TIf the
percent error on a new regression fit from 2 to 18 Hz was still
greater than 15%, the spectrum was rejected on pass 3 and flagged.
Spectra accepted on one of the above three passes were coded as "1".
Flagged spectra were then manually examined. If a spectrum contained
a visible portion of the inertial subrange that was represented by the
regression fit, it was coded "2". Spectra with too small a
signal-to-noise ratio (no visible inertial subrange) were coded "3".
Unreal spectra were coded as "4". These unreal spectra were steeply
sloped in log-log space. No theory predicts such a spectrum. Thus,
these spectra were thought to be byproducts of measurement error,
either overdriving the filter (i.e., amplitude fluctuations so great
that filter saturation occurred) or noise distortion (e.g., change of
aircraft power setting or a radio transmission). Code 4 spectra were
eliminated from the analysis. All other analys.s was performed on
code 1 and 2 spectra, unless otherwise noted. Table 2 gives a
representative breakdown of spectra by editing codes.

Based on the regression analysis, the following formulas were
used to derive the spectral density necessary to calculate the
structure parameters, CT2 and Cuz. ‘X' was assigned to
frequency and 'Y’ to Voltsz/Hz (spectral density). Using the

power-law equation,

Y = ax™ (6.1)

x2/3 y o a x(m+ 5/3) (6.2)
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Table 2.

Representative editing results for each flight and in total.
breakdown of spectra in each pass for code 1 is shown, as well as the
number of spectra in the remaining codes.

Temperature Spectra
Flight

2

3

71

711

10

111

1111

12

IR
N

Cold 1 :

Pass 1 2
12 2
10 4
12 2
28 1
21 0
33 2
21 0
19 3
34 6
17 1
2 2
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Table 2.

(continued)
Velocity Spectra
Flight Code 1 : Code 2 3
Pass 1 2 3
2 27 4 9 2 5
3 21 0 4 1 1
4 6 0 0 0 0
6 34 0 3 7 1
71 25 0 0 1 0
711 36 0 2 0 0
8 28 Y3 3 2 1
9 28 0 3 1 0
10 53 1 0 0 0
111 33 0 2 2 0
1111 16 0 2 2 0
12 21 1 5 2 0
TOTALS
Temperature Spectra
Code 1 : Pass 1 2 3 Code 2 3
222 25 55 112 0
Velocity Spectra
Code 1 : Pass 1 2 3 Code 2 3
328 8 33 20 8
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Q-x73y (6.3) :
a=Y /X" (6.4) o
‘w
Q - 10(<log Y> - m <log X>) lo(m + 5/3) <log X> (6.5)
qQ - 10(<log Y> + 5/3 <log X>) (6.6)
-}
)
y
qQ - 10[(2 log Y)/N + 1.667 (Z log X)/N] 6.7) :
“
h Y
where Q is the spectral density times frequency to the 5/3 and is
{
based on the spectral density and frequency values midrange in the :
'l
regression fit. Q is a necessary input parameter for the CT“ and N
Cu2 equations (equations 5.23 and 5.24), calculated from the
temperature and velocity turbulence spectra, respectively. -
»
Rt
N
6.2 Mean Aircraft Meteorological Profiles e
The aircraft temperature and humidity profiles were digitized at N
\
levels corresponding to the profiler high resolution range gate '
N
heights. Dewpoint temperature was converted to vapor pressure, e, A
over water using the following formula (Iribarne and Godson 1981). .
log e = -(2937.4 / T) - 4.9283 log T + 23.5471 (6.8) .
where e is vapor pressure in mb and T is in Kelvin. Vapor pressure S
was then converted to specific humidity, q, using the approximation K
v
e = (P q)/0.622, Potential temperature and temperature have the -
defined relationship A
Wyl
[Vt
M
9 = T (1000 mb/p) O-286 (6.9) N
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with pressure from the standard atmosphere relationship :ﬁ
»
~
b
Pp=p o (2/8 (6.10) ’
o A
-
-
where Po is 1013.2 mb, altitude z is in km and scale height H is =8 ;
km (Iribarne and Godson 1981l; Wallace and Hobbs 1977). Aircraft §¢
L
potential temperature profiles are shown for all flights in Figure 6. .
: Aircraft specific humidity profiles for only the PSU flights are shown i:
b ~
{ in Figure 7. 3
)
~,
6.3 Other Data Sources ;‘
ey
"
Profiler data was logged at one hour intervals denoted by the GMT oY
[
) )
time (zulu time, "z") at the end of the average period. Height is A
o
given in m, wind speed in m/s, direction in degrees, and an ¢
!
(radar) in m-2/3 (Mike Moss, letter to author, July 1987; Mike Moss, \f
y letter to author, November 1987). Radar wind profiles for the PSU 2;
b o
E flights are shown in Figure 8. ;?
p ey
AFGL thermosonde data was available at 20 m resolution. The ;ﬁ
following information was available for each level: altitude (km), !-
b N
y pressure (mb), temperature (OC), relative humidity (%), an ?
(m_2/3), wind speed (m/s), and direction (degrees) (Robert Beland, ﬁn
y ol
! letter to William Syrett, September 1986). AFGL thermosonde potential [.
b ',...
temperature profiles corresponding to aircraft flights are shown in {?
Figure 9. Corresponding AFGL thermosonde specific humidity, mean }i
wind, and calculated raw an profiles are shown in Figures 10, 11, &l
o
: and 12, respectively. :.
; A
: AFGL scintillometer data was provided as seven-level profiles ':
] 2 2/3 -~
) with c,” in m / , and height (corrected for zenith angle) in km ’
=
o
!
l‘\
~
N
b = " " e - . e ;“
)

N S N A e A T I I T T N i N B e et T T s T i I g e A S A N A P A A AN A R
» \ L ) L) - A . w A o N “ . M » - " . . A N ' N - >, b ‘ ‘ - o | 4 = L ) | ™ | R ® \ -l



LS & St &t B GIEA LG S AN A 854

AIRCRAFT FLIGHT 2

18 — ‘1
s |
i !

8 + i
a7 F |
< r |
wb .
S t |
‘ F |
R u

I T |
2 !
1 //// ;

]

2 N T ST T R
] 10 20 3e 4 59 60

THETA  (degrees C)

10

AIRCRAFT FLIGHT 3

]

o i

8 |

- |

8 ;

L |

~ §

s’ I |

é - H

f

wb - ;
5 L

55 & |

L i

3+ ?

: L |

i |

1 ;

8 J L i L 1 l L d I 1. ‘

8 18 2n 39 49 58 69

THETR  (degrees C)

Figure 6. Potential temperature (theta) vertical profiles as

measured by aircraft instrumentation.
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Figure 7. Specific humidity vertical profiles as measured by

aircraft instrumentation. Altitude is MSL. Only flights during which
the PSU profiler operated are shown, Flights 2-8 (labeled above each
graph) .
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: Figure 8. Mean wind speed (solid line) and direction (broken line) as
measured by the profiler. Date and the hour interval averaged are
given above each graph. Altitude is MSL.
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Figure 9. AFGL thermosonde-measured potential temperature vertical
profiles correlating to aircraft flights. Altitude is MSL.
Thermosonde flight number is given above each graph.
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Figure 10. AFGL thermosonde-measured specific humidity vertical
profiles correlating to aircraft flights. Altirude is MSL.
Thermosonde flight number is given above each graph.
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»

N (Murphy and Battles 1986). AFGL scintillometer profiles corresponding

' to aircraft flights are shown in Figure 13.

: RADC scintillometer data was provided as seven-level profiles .
) .
! . 2 . -2/3 . ‘
i with Cn inm at the standard kernel levels (AGL altitude

\)

» assuming zenith angle of zero) (Donald Stebbins, letter to author,

i September 1986). Only one data run corresponded to the aircraft :
> .
A flight times. It is shown in Figure 14.

b NPS r, scintillometer data was provided as r, in cm as a

K function of zulu time (Donald Walters, telephone conversation,

2 November 1987). Data taken during aircraft flight was limited to one

3 night, 4 May 1986. The average value of r, during this time

: segment, 0400-0540 Z, was 5 cm.

™

N

N AFWL isoplanometer data was unavailable for use in this

comparison.
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Figure 13. AFGL scintillometer-measured vertical profiles of
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altitude AGL has been adjusted to MSL. Date is given interior to each
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CHAPTER 7

RESULTS AND DISCUSSION
7.1 Analysis of C.2/C 2
) y T u

The vertical profiles of Cu2 and CT2 calculated from the
aircraft data show strong correlation for flights 2, 6(ascent and
descent), 8(ascent and descent), 9(ascent), 1l0(descent), 11, and 12
(Figure 15). The other flights also show some correlation, but not at
all levels. Correlation of higher values of these turbulence
parameters indicates regions of the atmosphere that contain turbulent
2

layers (Ottersten 1969). CT and an are directly correlated

at all levels for all flights, as is to be expected since an is a

2
T

function of C
A rough estimate of boundary layer height can be determined by
spectral signal-to-noise ratio for these profiles, since the signal is

much stronger in the turbulent boundary layer. For this purpose
spectra were examined in detail manually. Table 3 gives an estimate
of PBL height for each flight. If CT2 versus Cu2 is graphed

(for values above the boundary layer where the TKE and variance budget
approximations discussed in Chapter 3 are valid), a power-law relation
is evident (Figures 16 and 17). This ratio is proportional to
Richardson number and temperature gradient (right hand side of
equation 3.28). All flights except 6(ascent and descent), 7(descent).
and 1ll(ascent) show distinct sloped correlations. All flights were
plotted simultaneously and a regression analysis was done to determinc

slope and goodness-of-fit (Figure 18). The plot of flight 6 had high

scatter. Removal of this flight decreased the scatter and thus

.
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Figure 15. Vertical pEOflLeS of C_7, CT , and C ~. TEe N

top graph shaws the C_“ profile C§Tculated from the C

profile. C (solid Tine) and C (broken line) are shown on

the bottom graph versus MSL altitude. These values were calcularted
from the aircraft spectral data. The flight number and ascent/descent
designation for the profile is given interior to the top graph. Dual
graphs are shown for flights 2-12.
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Table 3.
Estimates of the height of the PBL based on the strength of the
signal-to-noise ratio exhibited in the spectra.

PBL Height
Flight (MSL km)

2 1.3

3 2.3

4 1.5
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increased correlation of the entire data base (Figure 18). The slope

for all the vertical profiles was close to 3/5. Correlation and slope
for all the level flights showed approximately the same scatter

(correlation) and slope as the vertical profiles (Figure 19).

2 g On pe my g0

In Figure 20, CT2 was plotted versus Cu2 multiplied by

8/g (36/3z) = T/g (3T/3z + T) (7.1)

% for all vertical flights (having associated temperature profiles).

' Again, flight 6 had high scatter and flight 7 showed little slope. A
1 combined plot of all flights showed slightly higher correlation

‘ without flight 6 and again roughly a slope of 3/5 (Figure 20). This
ratio corresponds to values of 1.6 Ri/(Pr- Ri) that range from

2

0.3 for high values of C;~ to as much as 10 for low values of

. CTZ.

q As an additional comparison, CTZ/ (Cu2 /g 86/3z) was
plotted against a turbulence activity parameter (Gregg 1987), ¢/uvN
(Figure 21). N was calculated as g dlnd/dz from a polynomial fit to
the aircraft potential temperature profile. The formula used to

derive kinematic viscosity was taken from the U. S. Standard

Atmosphere Supplements, 1966 (Environmental Science Services

| Administration et al. 1966).

! w= 8 T2 /T +5) (7.2)

. where u is the dynamic viscosity, 8 = 1.458E-6 kg sec tm kY2

and S = 110.4 Kelvin. Kinematic viscosity, v, equals u/p. Densitwy

was calculated as p = Po exp(-2/8 km) where 2N is 1.225 kg m-3.

T was taken from the aircraft profiles. CTZ, Cuz, ¢, and N
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were all calculated from the aircraft data. Figure 22 is a composite

of all vertical flights. This plot clearly shows that as turbulence

P an o O ) ey

activity goes down, the ratio of CT2 to normalized Cu2 goes

O

up. For activity values above 102, the CTZ/Cuz(norm) ratio

-
- -

becomes constant at about 0.4,

-

Do

7.2 Mean Gradients and Richardson Number

the Richardson number was evaluated. Since VanZandt et al.

Next,

(1981) defined Ri as N/S, N versus S was plotted, thus showing

N was calculated by a

Richardson number as a slope (Figure 23).

finite difference derivative between each level in the digitized

aircraft potential temperature profiles, while S was calculated by

finite difference from the profiler hourly average taken during the

time the aircraft was collecting data (Table 1). S was calculated as "2

(au/az)2 + (6v/az)2. Figure 24 is a composite of all flights

X shown in Figure 23. Most values show R;> 0.25 above the broken h

5

line, with the shear term on the order of 10~ and the buoyancy term

ranging from 10'5 to 4 X lO'a. Richardson number profiles for %

each flight were directly calculated (Table 4), and then averaged

e

\¢able S) .

These values of N and S are the necessary input parameters for

the VanZandt et al. model which was used to predict vertical profilss
of an and €. This was done for each flight conducted at Penn

State where profiler data was available (Figure 25). The model ouzv:~

> ‘.‘;' a2 s "e"]

. . . 2
is normalized optical Cn . Standard pressure calculated from che

[}
8 %y % O

geometric height and the aircraft temperature profile were used to

LR Ay o R A S RRA TR M P B e, L T A N e e N N B T e T NN TN e T T T e
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A composite comparison of C 2
normalized as in Figure 20 versus a tur
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Figure 23. Comparisons of the VanZandt et al. parameters N. the
Brunt-Vaisala frequency squared, and S, the shear squared. Compariscn
is shown for each vertical aircraft flight during which the radar
operated (labeled above each graph). N was calculated using aircraf
potential temperature profiles and S was calculated using radar wind
profiles. Note units. Broken line represents Ri = 0.25.
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Atk Vo

and using N and S values shown in Figure 17.
and is the average altitude between each vertical radar observstion

level.

v~'\'\-- T A T A
L e 2 - N ! .

Flight 2
Alt (km)

A

~

FEeEPLWLWLWPODNONNN P
(98 NN O oW
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Table 4.
Calculated vertical profiles of Richardson number based on R.=N/S

Flight 3
R, Alt (km)
1.2 1.7
2.61 2
3.92 2.3
31.98 2.6
6.73 2.9
.19 3.2
.56 3.4
18.94 3.7
74.74 4
1.4 4.3
21 4.6
1.68 4.9
5.2
5.5
5.8
6.1
6.4
6.6
6.9
7.2
7.5

Altitude shown is MSL

I

9.04
20.99
5.18
6.99
2.45
88.53
1.58
11.59

.07
4.51
10.18
1.15
11.4
.17
.56
.83
.96
.39

N O N =N
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(continued) t
k Flight 4 Flight 6
8 .
. ale (km)  B; ale (km) By 3
y 1.4 2.45 1.4 -.03 3
2 1.7 34.24 1.7 142.19 J
2 86.56 2 .78 |
‘ 2.3 5.99 2.3 21.71 3
| 2.6 5.87 2.6 8.65 :
X 2.9 1.09 2.9 179.84 h
b 3.2 ..02 3.2 1.6
» 3.4 39.34 3.4 3.2
3.7 3.23 3.7 181.64
4 6.27 4 7.6 5
4.3 6.21 4.3 2.24
h 4.6 10.47 4.6 9.6 X
_ 4.9 6.66 4.9 27.89 .
s 5.2 3.32 5.2 4.13 !
i 5.5 5.11 5.5 1.92 .
‘ 5.8 1.84 5.8 2.19 i
: 6.1 9.16 6.1 .05
- 6.4 3:.57 6.4 -.02
: 6.6 138.56 6.6 -.02
- 6.9 2.49 6.9 .19 N -
L 7.2 1.53 7.2 .25 B
7.5 1.6 : 7.5 0 i}
7.8 -1.53 ¥
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(continued) s
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Flight 7 Flight 8
Alt (km) R, Alt (km) R, ‘.::
1.4 -.05 1.4 .02 o
1.7 -.21 1.7 0 oy

2 1.82 2 2.31

2.3 1.81 2.3 8.51 -
2.6 1.28 2.6 8.05 i
2.9 .82 2.9 8.64 g
3.2 3.21 3.2 8.93 N
3.4 1.67 3.4 23.48 Ny
3.7 32.94 3.7 17.85
4 13 4 -1.22
4.3 .53 4.3 1.22 '
4.6 3.81 4.6 8.08 f‘1
4.9 4.54 4.9 67.55 3
5.2 4.94 5.2 3.82 '
5.5 2.02 5.5 6.6 o
5.8 10.74 5.8 5.3 4
6.1 11.11 6.1 7.18 N
6.4 1.56 6.4 11.93 ]
6.6 4.67 6.6 23.27 <
6.9 6.6 6.9 -8.82 o
7.2 1.9 7.2 3.68 EN
7.5 1.1 7.5 7.03 »
7.8 1.99 7.8 3.3 -
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[ Table 5.
s The arithmetically averaged Richardson number at each height for all
vertical flights. V]
-
Average Richardson Number h
, ale (km) R :
j 1.4 0.72 ’
R 1.7 31
2 19
2.3 12 3
. 2.6 6 ;
. 2.9 32 ”
3.2 17 ‘
3 3.4 15 ‘
3.7 54
: 4 2.36 N
& 4.3 1.75 +J
X 4.6 6 2
) 4.9 23 :'
i 5.2 3.67 N
5.5 5
= 5.8 4.25 :
'\ 6.4 9
2 6.6 35 ph
Y 6.9 0.57
. 7.2 1.47
7.5 2.35
7.8 1.25 :
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J
i
"de-normalize" the model-derived parameter. Since only the high y
~(
resolution profiler range gates were used to calculate S at a >
»
resolution of 290 m, the prediction was only calculated from 1410 m .
o
MSL to 7515 m MSL. An average MSL altitude for State College, PA, is 4
)
300 m. Except for flight 6(ascent) the model and aircraft profiles i”
agreed to within an order of magnitude. This particular discrepancy -
in flight 6 is thought to be the result of errors in gain records for }j
»
the flight. 2.
[
) ’
7.3 Profiles of ¢, o
3
The VanZandt et al. model can also be used to give radar an. :ﬁ
L)
hY e
The relationship between profiler measured an-radar and 0
an-optical is a function of temperature and humidity (Tatarskii N
G
1971). This parameter, previously referred to as X2, has been ﬁ%
WX
calculated using the aircraft specific humidity and temperature data. ;J
2 . 2 2 i 2 "
X" is the ratio of Cn -radar to Cn -optical. X" at each oy

-

aircraft average observation level was calculated with a polynomial

57

fit to the temperature profile and a finite difference derivative from ;’
the humidity profile. Smoothing of the vertical profiles was achieved gk.
Ca
by setting negative or zero temperature derivatives equal to 0.00001 -
Iy
LY
K/m and positive specific humidity profiles equal to zero. This e
]
calculation is given in Table 6. X2 at each average profiler high )
\
resolution gate height was also calculated with finite difference >
)
derivatives from both temperature and humidity digitized profiles. o
»
Smoothing was performed as before. This calculation is given in Table N
r
A
7. An arithmetically averaged X2 profile from Table 7 is given in ]
P
\.‘
Table 8. High humidity in the boundary layer gives extremely high ﬁf
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2 Table 6.
X® vertical profiles for each flight during which the profiler
operated, calculated at each aircraft observation level in MSL
altitude with aircraft-measured temperature and specific humidity
profiles.
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2 Table 7.
X® vertical profiles for each flight during which the profiler
operated, calculated at each profiler observation level in MSL
altitude with aircraft-measured temperature and specific humidity
profiles.

Flight 2 9 Flight 3 )
Alt (km) £= Alt (km) =
1.3 46.9 1.3 5.7
1.6 3.5 1.6 2.5
1.9 1.1 1.9 11.9
2.1 1.3 2.1 138.2
2.4 1.2 2.4 3.2
2.7 1.1 2.7 1.5
3 1 3 1.9
3.3 1 3.3 l.6
3.6 1 3.6 2.2
3.9 1 3.9 2.2
4.2 1 4.2 1.8
4.5 1 4.5 1.5
4.8 1.2
5 1
5.3 1
5.6 25.5
5.9 1.9
6.2 1.6
6.5 1.4
6.8 1.4
7.1 1.2
7.4 1.2
7.7 1.3
8 1.3
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3 Table 8.
Arithmetically averaged X" vertical profiles from the Table 7 h
. profiles. -
¥ 2 L
, Average Radar X P;zfofile .
Alt (km) X= .
V \
1.3 16.5 N
1.6 37.1
1.9 23.3 -
2.1 55.4 -
2.4 3.9 -3
2.7 2.1 -
3 3 21.8 iy
s 3.3 15.6 "3
3.6 2.7
| 3.9 1.5 )
i 4.2 2.2 wy
K 4.5 13.3 3
Y
, 4.8 1.8 .
5 6.9 ‘_-
5.3 2.5
i 5.6 14.9 N
k. 5.9 4.5 by
' 6.2 6.8 '
d 6.5 15 ;
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SO

values of an-radar at these levels. Aircraft profiles of
an-optical adjusted with X2 to give an-radar show

agreement with the profiler derived an-radar profiles (Figure
26).

For the two night flights during which multiple instruments took
data, comparisons of an-optical vertical profiles are shown. The
level at which an was measured by the AFGL scintillometer varied
because the instrument was measuring at different zenith angles. To
aid in graphical interpretation, for each night, all the AFGL
scintillometer profile an values were log averaged and the
heights arithmetically averaged, at each level. RADC data (Figure 14)
was available for one night only and was omitted for clarity. Figure
27 shows a comparison of an-optical from the averaged AFGL
scintillometer profiles, the aircraft, the VanZandt et al. model
predictions, the AFGL thermosonde, and the profiler (unadjusted raw
an-radar). The ascent profile for the aircraft on flight 6 is
thought to have been an incorrect gain setting which leads to the

unrealistically high values in the lower part of the profile. Figure

]
:.\
28 is the same comparison except that the radar profile has been i
.
converted to an-optical using the calculated XZ profiles of ;:
Table 7. These plots show again the agreement between the model and ;'
the aircraft, while the thermosonde has good agreement with the ';
scintillometer. The profiler an-optical values (from the hourlv ':
-~
average observation during the aircraft flight) show some agreement -
’
with the thermosonde. ﬁ{
=
-
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7.4 Propagation Parameters

Other optical parameters of interest are the coherence length
r, and isoplanatic angle 00. These are related to vertical

integrals of an (Murphy and Battles 1986)

r
@

Cg(z) az 17373
(o)

@

2(z) 2734z 173/2
[0}

(7.4)

where kt and kr are functions of wavelength (Xl'z dependence).
Assuming a wavelength, and a linear relation between observations of
an-optical at each level, the integrals can be evaluated
numerically. But contributions from above and below the measured
profile must be calculated based on theoretical assumptions. In the

boundary layer, Murphy and Battles (1986) assumed an to go as
2 2 -2/3
Cp(2) = Ch(zy) (2/2) (7.5)

where zy is the lowest level of the measured profile. In the upper

atmosphere, an was modeled by an exponential decrease
2 2 -a(z-z.)
Cn(z) Cn(zt) e t (7.6)

where a = (In 10) DR, and DR (the atmospheric drop off rate) = 1.3 X

10°%. With these relationships, the integral portions for §

above and below become (Murphy and Battles 1986)

JAbove - 2% (Rz)/a) (1 + (5/3)(az) t + (10/9)(a? 22 5]

(7.7)
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Below = % 23/3 Ci(zb) (7.8)
and for r,
[ 2
Above = Cn(zt)/a (7.9)
Below = 3 z, Ca(z,) [1- (6/z,)"°] (7.10)

As part of the AFGL thermosonde flights, r, and §  were
calculated using equations 7.3 and 7.4 linearly integrated for just
the thermosonde profile, assuming A = .3 u (Robert Beland, letter to

William Syrett, September 1986; Robert Beland, telephone conversation.

TR e A i IR N G N

November 1987). These values are shown in Table 9. r, and 00

2y
3
'

were also calculated by Murphy and Battles (1986) with all the above
integral equations and theoretical assumptions for the atmosphere
above and below, for the AFGL scintillometer data, using A= 0.5 u. An
average value for each night is given in Table 10. No r, values are
shown for the AFGL scintillometer because the boundary layer has a
large contribution to the r, integral. The lowest scintillometer
measurement level is roughly 2 km AGL. Comparisons of contributions
to the total integral showed that the theoretical extrapolations below
the measured profile were contributing the major percentage to the
computed value. Calculated r, values were thus considered

unreliable (Murphy and Battles 1986). To facilitate comparison, ti:is
same method and assumptions were used to compute r, and 7y from

the aircraft data at 0.3 g and 0.5 g wavelength (Table 11). Both the
aircraft and thermosonde profiles start at much lower AGL altitudes
and thus the measured profile is a significant contributor to the ry

calculations for both these instruments (Robert Beland, telephone

- - - b - ’.’ ff.".fl-l' ‘-_ ‘-.(_ { Ca N 2 -_d‘ .F‘-_ v, v.~ v"--." R ».'..!" T A T A .
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Table 9.
AFGL-calculated optical parameters from thermosonde data.

- -

AFGL Thermosonde Optical Data
(calculated with A=.3u)

S

Flight r, (cw) 8, (prad)

14033 4.3 3.2

3 L4019 4.4 4.5
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Table 10.
Average of AFGL-calculated optical parameters from scintillometer
data.
AFGL Scintillometer Data
(calculated with A=.5u)
Date GMT Time 00 (urad) Percent Contribution
5/4/86 0342-0513 8.02 a 56.5
b 42.2
c 1.3
5/6/86 0317-0420 10.29 a 61.4
b 36.8
c 1.8

a= Scintillometer Measurement
b= Atmosphere Above
c= Atmosphere Below
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s, Table 11.
1 ! t
M Optical parameters from aircraft data calculated with the Murphv and '
Battles assumptions.
[
:
) Aircraft Data
s: (calculated with A=.5u) \
& !
Date Flight 00 (urad) Percent Contribution
- 4 May 6 8.3 a 84.8
N b 15
: (o4 0.2
W) .
6 May 8 7.9 a 49.2
b 50.7
c O
X J
Aircraft Data )
3 (calculated with A=.3u)
) Date Flight 00 (urad) Percent Cortribution
" .«
’i 4 May 6 4.5 a 84.8 .
s b 15 .
- c 0.2
) .
6 May 8 4.3 a 49.2
. b 50.7 ;
' c O :
i ]
:- Date Flight r, (cm) Percent Contribution .
4 May 6 2.4 a 68.5
- b 0.3
o ¢ 31
I K
’ .
‘o 6 Mav 8 4.8 a 82.2 )
14 : .
7 5.4 .-
1y c 11.3 ’
:( :
&~ a= Thermosonde Measurement :
- = Atmosphere Above 3
c= Atmosphere Below
o ~
\l ,-
- ;
L™
1
\ )
;l
\ <
:": 1
)
~ -
N \

“u
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conversation, November 1587). The 90 integral, inversely, weights
the upper atmosphere most heavily. Since the aircraft is limited in
altitude to =10 km, the contribution to 00 is limited. However, due
to the integral approximation, profiles in which an drops off
sharply with altitude will weight the measured layer more heavily.
This is seen in the profile of flight 6. §, values from the
scintillometer and the aircraft (at X = 0.5 u) were similar on 4 May,
but disagreed on 6 May. The thermosonde and aircraft 00 values (at
A = 0.3 py) disagreed on 4 May, but agreed on 6 May.

r, was also measured at optical wavelengths during the EWAK
experiment by the NPS r, scintillometer. The measured r, average
for the aircraft flight time on the night of 4 May 1986 was 5 cm. The
thermosonde and aircraft r, values (at A = 0.5 u) differed by a
factor of two on 4 May. The night of 6 May, the thermosonde and

aircraft r, values were similar.
7.5 VanZandt et al. Model for ¢

The VanZandt et al. model ¢ predictions are compared to ¢
profiles from the aircraft data (Figure 29). The hot wire failed
during flight 4, so that only a small amount of data is available.
The model shows predictions generally ranging in the area of 5 ¥ 12-.
for all flights. There is poor agreement between the aircraft and
model, the aircraft (except for flight 2) often giving values three ov
four orders of magnitude smaller. Aircraft values also wvarw much

.3 .
more, ranging from 10°7 to 107’

A crude average profile of n, the microscale, based on the

aircraft ¢ profiles is shown in Figure 30. »n = (u3/e)'25 was
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computed for each ¢ value using the previously mentioned formula for v

with the standard atmosphere temperature profile, and then averaged in

1 km layers. The average value of n spans one order of magnitude,

from 1 mm in the boundary layer to an average of 1 cm above the

boundary layer.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

The atmosphere has a temporally and spatially variable refractive
index due to its inherently turbulent nature. This can affect
electromagnetic beam propagation by introducing beam steering, image
dancing, beam spread, spatial coherence degradation, temporal
coherence degradation, and scintillation (Dewan 1980). Refractivity
is wavelength dependent. At microwave radar wavelengths, molecular
composition (e.g., water content) dominates refractivity changes. At
visible wavelengths, density (parameterized by temperature) dominates
(Balsley and Gage 1980). For many quantification purposes, the
refractive index turbulent structure constant, an, is a key
parameter. This parameter can be inferred from optical turbulence
(scintillometer), temperature turbulence (aircraft instrumentation or
thermosonde) or radar backscatter (profiler) measurements. However,
an from a radar profiler will differ because of the wavelength
dependence of refractivity. Theoretically, this can be compensated
for, if the humidity profile is known (VanZandt et al. 1981).
Vertical integrals of an give transverse coherence length, r,.
and isoplanatic angle, 8- These can also be measured remotely
(based on optical turbulence) by an r, scintillometer and
isoplanometer, respectively.

During an atmospheric optics/meteorology experiment (acronvm
EWAK) conducted at Penn State University primarily during April and
May of 1986, data was collected by the aforementioned instruments.

AFGL and RADC scintillometers produced vertical profiles of
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an-optical. An AFGL thermosonde produced vertical profiles of
CT2 and other meteorological variables. A PSU profiler produced
vertical profiles of wind direction and speed, and an-radar. The
instrumented ARA research aircraft produced vertical profiles of
temperature and velocity turbulence (CT2 and Cuz) and other
meteorological variables.

An indepth analysis of the aircraft turbulence data was
performed. The turbulence instrumentation aboard consisted of
cold-wire and hot-wire sensors (for temperature and velocity
variations, respectively) and FM recording app«ratus. The taped data
was processed via FFT to produce one-dimensional variance spectra

(wavenumber range 0.01 to 10 m'1

). Flights usually produced a 10 km
vertical profile; the data was processed to give roughly 0.5 km
vertical resolution, similar to that of the profiler.

An atmospheric filter function was derived, based on PBL spectra
and -5/3 inertial subrange slope. This function was applied to
compensate for low frequency dropoff, as part of a spectral editing
program. Editing was based on percent error between a regression
analysis and theoretical -5/3 slope. Noise subtraction was performed
in some low signal cases. In general, PBL spectra clearly showed the
classical -5/3 inertial subrange slope, out to the broadband
instrument noise level. A majority of spectra in the free troposphevs
showed good evidence of the inertial subrange with -5/3 slope.

Further data collection should emphasize the low frequencies, since
this appears to be the low noise region. Occasional anomalous and Lo
signal-to-noise spectra were encountered above the PBL. Low signal

spectra represent quiescent layers. CT2 and Cu2 were

AT ]
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calculated from the regression fit to the inertial subrange power

spectral density. The rate of dissipation of turbulent kinetic
energy, ¢, can be calculated by using the so-called Corrsin relation
for velocity turbulence. an can be calculated from CTZ.
Considerable interest has developed in models that relate
microturbulence parameters to the mean gradients. One such model,
proposed by VanZandt et al. (1978; 1981), has as a key variable the
gradient Richardson number, R;.

i
can be related to CT2 and Cu2 as follows:

In actively turbulent regions, Ry

C% / Ci - 1.6 Ri/ (Pr - Ri) (6/g) (34/3z) (8.1)

A scatter plot of CT2 versus (8/g 46/8z) Cu2

in the

free troposphere has a slope that corresponds to 1.6 Ri/(Pr -

Ri). This plot showed a range of values from 0.3 to 10 for high and
low values of CTZ, respectively. Scatter plots of CT2 versus

Cu2 showed high correlation of these two parameters, with log

Cu2 = 1.7 log CTZ. This implies that the mean gradient

structure of the free troposphere would have a probability densitwv
maximum (Fairall and Markson 1985). This could be illustrated as a
single curve in N-S space, where N is the Brunt-Vaisala frequencwy
squared, and S is the shear squared and Ri = N/S. Plots of this
type were done using aircraft temperature data and profiler wind data.
A distribution was obtained roughly corresponding to the curve
depicted by Fairall and Markson (1985). Generally, regions of high
shear are at or below the Ri= 0.25 line, as expected.

Plots of CT2/ Cuz(é/g 36/8z) versus a turbulent activity

parameter (Gregg 1987) clearly show agreement with the suggested
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activity levels and associated values. As the ordinate value s
'
[corresponding to 1.6 Ri/(Pr - Ri)] decreases, turbulent g'
®
activity increases. At high activity levels, the ordinate value o
v,
approaches 0.4 (equivalent to 1.6 R, when approximating P_ as 1 ‘;‘
i r o
and Ri as 0.25). oy f
Values of N and S were used to obtain values of an and ¢ a0
v
W
with the model of VanZandt et al. Comparisons of an profiles o
Ly
measured by the various instruments showed good agreement between :)1
Y
scintillometer and thermosonde, and between the VanZandt et al. model »
T
W
and the aircraft data. The profiler (converted optical values) had x*
X
some agreement with the thermosonde. The difference in an ”:
)
profiles between methods varied. An average ratio of each profile 'Y
versus the thermosonde profile gave the following factors for flight ;:
)
W0
6: aircraft 11.7 (standard deviation 23.4), model 11.5 (stand. dev. ~
\-'.
18.5), profiler 4.3 (stand. dev. 5.3), and the scintillometer 1.6 ."‘
(stand. dev. 0.5). 1In the lower levels of the flight 6 ascent, the {E
Y
aircraft profile is thought to have an error in gain setting. For At
9
A

flight 8, the factors were: aircraft 4.2 (stand. dev. 4.53), model 2..

(stand. dev. 2), profiler 12 (stand. dev. 34), and the scintillometer

0.7 (stand. dev. 0.6). Similar differences between aircraf:c and

i
[ ]
=
&
5
thermosonde were noted by Brown and Good (1984). It was later thought it
4
that this difference might have been due to spectral analvsis RO
. . . 4
technique. However, the increased effort to improve spectral analwvsis A
in this paper apparently seemed to have little effect. Structure ;:l
.
constant values obtained by the two spectral analvsis methods examine: =3
in this work (FFT board and the signal analyzer) differed on the e
average by about a factor of two for CT2; however individual >
»
l.'
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<.
\
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o
A
-
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[) .
‘ values differed by as much as two orders of magnitude. .
: To account for the difference in Cn profiles between ¢
instrument systems, further research might seek to determine the
n W
» .
! difference in values obtained by thermosonde and aircraft ("
]
'
instrumentation, since they actually measure some of the same N
‘
‘ 2
variables (e.g., CT ) in slightly different ways. Since the
. .
: o . Y
K. scintillometer tended to agree with the thermosonde and the VanZandt N,
Y ~
o et al. model tended to agree with the aircraft, no clear choice is N
evident. The radar does not have an absolute calibration, so there is i
. no significance to its agreement with either system (Christopher ”.
‘ N
S Fairall, personal communication, December 1987). N
L7
}
Another noticeable difference between the aircraft and -
' o
; thermosonde is the measured vertical profiles of potential o
N ’ i'
? temperature. Since potential temperature and its gradient are input 3
4 2]
$ parameters in the VanZandt et al. model, this difference could
» K
. obviously affect model output. Barat and Bertin (1984) state the need -
" for accurate temperature profiles and suggest changes in Richardson -
number depend more on temperature gradient than on shear. This study :
) only used aircraft data as model input. Comparing model output from i
)
thermosonde and aircraft input could be another interesting comparison ﬁ
*
‘ for further study. There is also an obvious need for additional bt
¥ simultaneous data collection. Logistical and weather problems :
3 contributed to make only two nights of simultaneous operation possiblc 3
: during EWAK. X
Numerical integration of an gave estimates of r, and 4 _. <
S
) . . . ‘-
;- Values from scintillometer, thermosonde and aircraft did not show N
consistent agreement. Based on the aircraft values, both the N
] -
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scintillometer and thermosonde differed by an average of 17% for 6 .
h .
g and the thermosonde differed by an average of 35% for r,. With such .
a limited data set it is not possible at this time to conclude whether
4 .
» profiles of an can be used to estimate these optical parameters. N
] [
? Acceptable approximations for unmeasured segments of the atmosphere :j
-
: must also be further studied. i
rj Despite good agreement on an, the aircraft data and the j
VanZandt et al. model output clearly disagreed on vertical profiles of :}
" ~3
e. This difference was also noted by Fairall and Markson (1985). -
: They suggest this effect is due to the adjustment of the model ?
.
parameter L, turbulent layer thickness, to produce the best fit of :
: model output to profiler an data. Since few measurements of e »:
{ have been done, there is a definite need for a larger data base. ;f
Other areas of study might include adjusting L to best fit aircrafc « E
profiles. However, this would require either adjusting the constants :
. (a and b) in the model equations or modifying the theory in order to 3
; preserve the good predictions for an. Raw high speed aircraft j‘
: data could also be used to study turbulent "episodes" individually ‘f
without vertical averaging. The fraction of the profile that is 5
4 ‘e
: actually turbulent could be computed and the microturbulence ratio .
- Y
:. could be examined for each active layer. ?
- Overall, EWAK provided a chance to compare methods of measuring 3
I’ ‘.
‘: an, as well as an opportunity to obtain microturbulence data that ;;
s has some relation to the mean gradient structure. Hopefullv, furcher ;
P
research will provide a relationship that could be exploited in fuz- ]
, predictive models. ;
! ¢
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