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1.0 Introduction

Optical remote sensing of the boundary layer flow can
potentially provide the spatial and temporal detail needed
in meteorological application in this region. Convective
boundary layer studies, air pollution monitoring, and avia-
tion operations require knbwledqe of the wind velocity
variability and atmospheric dispersal mechanisms to gain a %
better understanding of the physical principles acting in

the boundary layer. The application of laser technology to

measure the wind velocity can provide wind information with
greater sampling statistics and negligible influence on the
flow pattern over conventional wind measurements.

A number of different techniques have been investigated
for remote determination of wind velocities using optical
methods. Heterodyne determination of the Doppler shift in
the received scattered light from transmitted laser pulses
have been used by Lawrence et al. (1972) and Benedetti-
Michelangeli et al. (1972) to calculate the wind velocity
component along the laser path. Kjelass and Ochs (1974)
determined the mean horizontal velocity and divergence near
the surface over a 300 m equilateral triangle by correla-
tion of scintillation patterns. 2Zuev et al. (1977) have

used the correlation of two spatially separated laser beanm

signals to determine scale sizes and life-times of aerosol




inhomogeneities. Correlation of lidar return signals
scattered from aerosol density inhomogeneities have been

used to estimate mean horizontal wind velocities. Armstrong

et al. (1976) have obtained average wind measurenments over

a time scale of seconds from a distance of 250 m,

Eloranta et al. (1975) have used this procedure to estimate
the average wind velocity at distances of several kilo-
meters. Lidar returns for large scale (60 m = 1.0 km)
spatial inhomogeneities in naturally occurring aerosol
content are used in this study to determine two horizontal

wind velocity components and also an estimate of the rms .

i

wind speed.
Fig. 1 represents a schematic diagram of the procedure

used in obtaining lidar measurements of the spatial aero-

80l inhomogeneities at different times and azimuth direc.
tions. These spatial aerosol inhomogeneities are primarily
due to nonuniform aerosol sources and turbulent mixing of
particulate matter into the atmosphere. Motion of the
wind can be inferred by detecting the movements of tﬁcoo
aerosol inhomogeneities as they are advected through one
lidar semple volume to the next. Previous studies by

é Eloranta et al. (1975) and Leuthner (1976) have shown that

velocity information can be obtained by correlation between
two lidar radial aerosol inhomogeneity profiles separated
in time and space. They calculated a two-dimensional
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Figure 1: Schematic diagram of lidar wind measurementa

using natural aerosol as tracers. Diagrams are at time

t and t+4t, lidar beam has moved in azimuth direction in ;
this time. Aerosol motion is estimated by correlating
the lidar inhomogeneity profiles between two different
beams, £, t and ¢, t+at,
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lag-cross correlation coefficient in time lag At and radiasl
spatial lag Ay from lidar returns at different azimuth

angles as shown in Fig. 1. The maximum in the lag-cross
correlation coefficient was used to estimate the mean hori-
zontal wind velocity. Because turbulent mixing changes the

spatial distribution of individuel aeroscl inhomogeneities,

velocities calculated in this manner will be biased toward
‘ : higher values, see Briggs et al. (1950). Kunkel (1978)

modeled the spatial aerosol inhomogeneities as Gaussian

f structures dbeing advected by a Gaussian velocity distribution.
I This model estimates the mean velocity and the wind speed
variance from the lag-cross correlation coefficient values for
different lateral separations using the method developed by
Leuthner (1976).

The coherence which describes the correlation at

various radial wavenumbers k is used in this study for
velocity calculations. Spectral readial velocity components
are calculated from the spatial phase difference at each
spectral wavenumber between inhomogeneity profiles due to
their radial drift. The lateral spectral velocity components
are calculated from the time lag for each wavenumber
component to drift from one azimuth directian to the next,
ef. Fig. 1. The mean value of each velocity component is
obtained by averaging over wavenumbers. A model similar to

that of Kunkel (1978) is used to correct for the effects of

————re T T gl TR R T Y

S ——
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turbulence and estimate the rms wind speed.

An increase in computational efficiency is obtained in
transforming to radial wavenumbers k by using Fast Fourier
Transform (FFT) in calculation of spectra and coherence of
spatial aerosol inhomogeneity profiles. The FFT computes
m diacrete wavenumbers which depend on the data segment
length and point separation. (For this study k, = 1/960 m,
i =1, 32.) This method can be 5 to 50 times more efficient
computationally over the Blackman-Tukey method, see Cooley et
al. (1970). Filtering the spatial series to reduce the
effects of noise is also more efficient in wavenumber space.
A method has been developed to optimize the filtering of the
spatial series to maximize the signal to noise ratio in
changing atmospheric conditions.

This study has been organized in the following manner.
The theoretical procedure used to determine the wind
velocity parameters is presented in Chapter 2. Derivations
and computational details are left to the appendices for
those with further interest. Chapter 3 describes the
instrumentation used during this study. The results of
experiments conducted at Madison, Wisconsin and the White
Sands Missile Range, New Mexico are shown in Chapter 4.

The conclusions are stated in Chapter S.
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2.0 Theoretical Method for Wind Velocity Measurement § ;
This chapter presents the theoretical method used in |
this thesis for remote horizontal wind velocity measurements
using a monostatic lidar. It is divided into four sections:
the procedure for obtaining measurements and processes !
required to calculate coherence values and spectral velocities,
estimation of the spectral signal to noise ratio and optimal |
filtering,wind velocity parameters calculated from the |
correction for turbulence, and uncertaiiities in lidar wind
measurements. Mathematical details and derivations are

contained in the appendices.

2.1 Procedure: Obtaining Lidar Wind Measurements

The procedure to obtain measurements used to infer
horizontal wind velocity from the motion of spatial aerosol
inhomogeneities is described in this section. A method is
presented to calculate these spatial inhomogeneities in the
mean aerosol content from lidar measurements. The experi-
3 mental arrangement for obtaining these measurements is also
shown. Horisontal wind velocity information is calculated
from the coherence between lidar measured radial profiles of
& spatial serosol inhomogeneities.
Lidar is an active remote sensing device used to probe

the atmosphere. A laser pulse is transmitted into the

atmosphere and measurements are made of the photons scattered
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i through 180 degrees by atmospheric constituents into a
receiver whose axis is aligned parallel to the laser axis.
These detected scattered photons are converted into an
electrical signal which is proportional to the amount of
scattered laser light. The equation for singly scattered

monostatic lidar return power 131

R .
- | ~af feetrd®
+ E. ¢ A B (RY Pci§o’) .
k’ : F(R) T e P G * 2.1.1

where R is the radial distance along the propagation path

R' is the integration variadble along R

PP(R) is the instantaneous received power from range R

E, is the transmitted laser pulse energy

A, is the area of the receiver teleacope

¢ ias the speed of light

PR 1g the scattering cross-section per unit volume
[ AL“’ is the extinction cross-section per unit volume

TP(1v0? 4 4 the backscatter phase i1unction

1
A modified form of the lidar equation presented by

Collis (1969).

WL g -

SRS S0 G i
| S Tm—




A description of the University of Wisconsin lidar
system is presented in section 3.1. Lidar returns are pre-
processed by this system in the following -manner. Loga=-
rithmic amplification compresses the dynamic range of the
signal. The signal is digitized into 10 bit words at a
10MHz rate which yields a 15 m resolution along the laser
beam path. Liuar returns are correciea 101 tne “range
square attenuation™ and normalized by the transmitted laser
pulse energy using a PDP 11/40 minicomputer. Lidar returns
analyzed in this study are given by 7;(r~:e‘), the

naturel logarithm of the quantity (Pr(ﬂ) RZ/EO);

0'
" : RRIIR'
s A=K [3”'(0‘2, )) % o[ ﬁ’{

st

2.1.2

where tn is the time at which the nth laser shot occurred

Rl is the range to the ]."'h

data point
‘!¢ (tn, Rl) is the lidar return analyzed at azimuth
angle ¢
K is a systems parameter constant
Bl Re) is the volume backscatter coefficient

ﬂl‘(“) ﬂ;(R‘)
4 7

- 5
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Spatial inhomogenecities of the atmospheric aerosol
content can be obtained from lidar measurementsa. Spatial
fluctuations in concentration, size and shape of aerosol
particles produce spatial variations in the backscatter
coefficient 4&,,, . The attentuation term in Eq. 2.1.2
(».af;:ze'.-le' ) is a monotonically increasing function with
ran;e and is assumed to be only slowly varying in time.
Estimation of the spatial inhomogeneities in the mean aerosol
distribution can be obtained by calculating radial deviestions
from a time centered running mean radial profile of Eq. 2.1.2.
for each azimuth angle. Spatial deviations from the mean
aerosol profile calculated in this manner remove the effects

of slow temporal variations in the extinction (cf. Eq. 2.1.2.)

. in correlation between profiles. These deviations from the

mean aerosol profile are given by

N,

e ’
f
’ - tu_R )— e y /t‘lR )
\//’((A'.R‘} Y’( ¢ NT .Z‘\'“’p = 2.1.3
E

t where NT is the number of lidar profiles used to :zalculate

E the average lidar profile

B /’

yﬁlf.,‘?.) is the deviation in Y, from the average
profile

- - -
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The average value of Y'f(tn’ ﬁl) along the range R1 is .
removed before harmonic analysis to reduce the leakage of
zero wavenumber conmponent into other wavenumber bands.
Radial profiles of the spatial aerosol inhomogeneities

analyzed in thias thesis are defined as

",vN

- ' Cnlpiaeiopegs S
TN /i e 2 Vglt R 2.1.4

3: &

where N is the number of data points along the radial range
1, is the first data point of this segment.

This provcedure also suppresses spurious harmonics generated
by discontinuities in the aerosol structure.

3 Lidar measurements of the spatial distribution in
aerosol content are obtained from a sequential three angle
azimuth PPI scan at a fixed elevation angle, see Fig. 2.
The sequential scanning procedure obtains lidar profiles of
the aerosol content at azimuth angles ¢ gd,, "‘i F‘ 2. ete..

Short data segments along two beam paths can be treated as if

they are parallel for small angular separation, «:* ﬂ‘ ﬂ »
and the change in the lateral separation at the endpoints is

small compared to the average lateral separation. The lateral

separation distance Ax is defined as

AX = 2 R sin (%/2) 2.1.5




1l

Figure 2: Vertical and horizontal views of lidar wind
measurement scheme. Lidar mepsurements are obtained at
three azimuth angles (@, ‘2’ 3) with an elevation angle,

© ., The wind velocity has components perpendicular and
parallel to the center azimuth (#,) of U and V. The

horizontal range is given as Rh-Roon(G).

B e
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The height Z of a data point at a range R is

Z = R sin (89) 2.1.6
where ©is the elevation angle of the lidar system. For the
geometry shown in Fig. 2, wind measurements at different
height levels correspond to correlations of lidar returns
at various range values.

Spatial aerosol inhomogeneities in the average lidar
radial profiles calculated from Eqs. 2.1.3 = 2.1.4 are
Fourier analyzed to calculated power spectral and cross
spectral estimates of the spatial aerosol inhomogeneities.
The details of the analysis in computing the smoothed power
spectral and cross spectral estimates of Y' ' described in
Appendix A. These smoothed spectral estimates are used in
the correlation of spatially and temporally separated lidar
returns to deduce the spatial aerosol inhomogeneity motion.

The coherence is a measure of the degree of correlation
between two spatial series as a function of radial wavenumber
k. Coherence values of data segments centered at a range R
are calculated for various time lags, 4t and for three
lateral separations, 4x = Om, 4x = 2 R sin((%- % )/2) and
4x = 2R sin((%,- ¥, )/2). The coherence between a number
of radial profiles of the aerosol inhomogeneities is, cf.

Eq. A.2.1
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c* o c (4 As, a¢)
S¢.“(‘,‘,(‘P)- S’;’- .
Coh (havat)ys —mf——————
i V3
fp‘l‘) .5."‘“ ’ 2.107
where & denotes complex conjugation
k is the radial wavenumber (m™})
ot is the time lag between radial profiles at % . %= ﬁ

4 x is the average lateral separation between radial
profiles at £, £

S,“‘-) is the smoothed spectral estimate of the

radial profiles of the spatial aerosol
inhomogeneities, Y',.

S¢ ¢k’ 1s the smoothed spectral estimate of the
radial profiles of the spatial aerosol inhomogeneities

Y .

:,,‘;""'"’ia the smoothed cross spectral estimate between i

radial profiles of the spatial aerosol inhomogeneities
9y

measured by Y s and Y'ﬁ; . Y';' and Y"‘_ are

separated by an average lateral distance ax and

time lag At

The process of smoothing the spectral estimates is
important in calculating reliable measurements of the
coherence. Smoothing the spectral estimates decreases the
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probability that random data will yield a given coherence
value. The probability of random data having a given

coherence value is (c¢f. Eq. A.2.2)
p = (1-pf)0f"2 2.1.b

where P is the probability

r is the coherence value

edf is the equivalent number of degrees of freedom
The probability of random data having a coherence value of
1.0 is 100% in the limiting value for an equivalent number
of degrees of freedom equal to 2. For data presented in this
study coherence values greater than .17 have a 5% probability
of being random.

Estimation of the horizontal wind velocity can be
obtained by reliable measurements of the coherence between
lidar radial profiles of the aerosol inhomogeneities.
Individual spectral components are assumed to be propagating

with a spectral velocity V}k). The relative phase difference

O in the smoothed aerosol inhomogeneity cross spectrum is

proportional to the distance over which the spectral component
has drifted radially.

A¥Y . v.ik) ac A 2.1.9
an

where v.(k) is the spectral velocity component along the
beam path, cf. Fig. 2. The solution for the radial speciral

s st i
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velocity is
a¥ (k)

v.(k) = AN AAt . 2.1.10

The lateral spectral velocity component u(k) can be
estimated from the coherence calculations between lidar
aerosol inhomogeneity profiles at different azimuth angles,
ef. Fig. 2. A maximum coherence value in time lag 4t
determines approximately the time for a spectral component
to drift the average lateral separation distance 4 x. An
approximate lateral spectral velocity component u'(k) is

given by
“'(k) Rdx/btm(k) 2.1.11

where Ot-(k) is the time lag value for maximum spectral
coherence. Random changes in the spatial aerosol inhomo=
geneity profiles due to turbulent mixing cause the degree

of correlation (coherence) to decrease with increasing ax
and At, cf. Briggs et al. (1950). Section 2.3 presents an
approximation to estimate the mean lateral velocity from the

coherence decay.

b
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2.2 Signal Spectrum to Noise Spectrum Egtimation and

Filtering

This section describes the estimation of an optimal
linear filter based upon the spectral characteristics of the
lidar radial aerosols profiles. A method to calculate this
optimal filter from lidar coherence measurements with no
lateral separation is also developed. The derivation of
this procedure is detailed in Appendix B. This procedure
allows the spectral characteristics of the data being
processed to dictate the filtering characteristics. Examples
of the effectiveness of this procedure are included at the
end of this section.

A number of sources contribute to noise in lidar mea-
surements. Background light and statistical fluctuations in
detecting scattered photon are sources of noise in lidar
measurements. Electronics and digitization noise also
contribute to the total noise in lidar returns. Rapidly
evolving small aerosol density structures are also part of
the background noise., Spatial filtering o1 iidar radial
profiles is necessary to reauce tuese noise Conuvriduvivus
from the signal of the spatial aerosol inhomogeneities.

A filter that reproduces the signal from the aerosol
inhomogeneities with a minimum in error can be calculated
from knowledge of the spectral characteristics of both the
signal 5;(k) and noise §;(k) contridbutions, cf. Wainstein
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and Zubakov (1962). The Fourier transform h(k) of the

optimal linear filter n(x) is given by, cf. Eq. B.7.

5, (k)
H(k) = g

yo — 2.2.1
Ss(k) + SN(k)
This optimal transfer function H(k) is derived for mea-
surements where the signal and noise contributions are not
correlated. The noise contributions to lidar returns are
assumed to correlate only with the same return and any
correlation between different lidar profiles is primarily
due to signal contributions. Power spectral and cross
spectral estimates of the aerosol inhomogeneity signals are
sufficiently smoothed to decrease the probability of random
statistical correlations (see discussion in section 2.1 p.!3 ).
An estimate of the ratio of the signal spectrum to the
noise spectrum can be obtained from coherence measurements
between spatial series in the limit as the time separation
approaches zero. The derivation of this procedure for
estimating the signal spectrum to noise spectrum ratio from
coherence measurements is detailed in Appendix B. Coherence
values are calculated from experimental lidar measurements
of aerosol inhomogeneities for the lateral separation
Ax = 0, see Fig. 2. These coherence values are functions of
wavenumber and time lag only. They are observed from FPig. 7

to be approximately Gaussian in time lag A4t. Extrapolation
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of coherence measurements at each wavenumber k to 4t = 0
is estinated by a least squares regression to a Caussian of

the ferm

Coh(k,0,6t) = A(k) - exp(=B(k)-&t?) 2.2.2
where A(k) and B(k) are the regression parameters at each
wavenumber. The extrapolated coherence value for At = 0 is
just the amplitude factor A(k) (note that A(k) = 1 for
noise free measurements). The ratio of the signal spectrum

to the noise spectrum can be estimated by

S4(k)

V3 -]l
-—TTSN( = (A" (k) = 1) 2.2.3

where this equation is derived in appendix B as Eq. B.b.
The transfer function of the optimal linear filter can be
calculated from knowledge of the signal spectrum to noise

spectrum ratio, cf. Eqs. B.5 and B.7.

H(k) = (Coh(k,0, OJ% = A% (k) 2.2

The filter corresponding to this transfer function will
optimize the recovery of signal information of spatial
aerosol inhomogeneities from lidar aerosol profiles.

An estimate of the ratio of the total filtered signal
variance to noise variance (SNR) is calculated here by

replacing the integrals in Eq. B.10 by sums over all
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wavenunbers
5 W (/i)
<

SKkR = . 3 s 2.2.5
E H¢a)

where the sums are over the M discrete wavenumbers obtained
from the Fast Fourier Transform (FFT).

Figs. 3=6 show experimental results from lidar data
obtained on January 19, 1978 at White Sands Missile Range,
¥ew Mexico. Three cases are shown for different values of
SNR to illustrate the effects of noise upon the data. ‘The
cases of high (SnR=2.90), intermediate (SNR=1,19) and low
(SNR=0,.65) signal to noise ratio nearly encompass the total
range observed in the datas presented in this thesis.

The power spectra of the spatial aerosol inhomogeneities
calculated from Eq. 2.1.4 are shown in Fig. 3. These spectra
are not expected to follow the =5/3 power law since the | 1

logarithm of the lidar returns are used in analysis for

increased computational efficiency and to remove the effect
of slowly varying extinction.

Figs. 4 and 5 are similar graphs for the estimated
signal spectrum to noise spectrum ratio (Eq. 2.2.3) and
the optimal transfer function (Eq. 2.2.4) for the data
presented in Fig. 3. Pig. 4 shows that larger values of
signal to noise ratio spectrum occur for lower wavenumbers.

These wavenumbers are the spectral components that contain
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velocity information. Fig. 5 shows a decrease in the
magnitude and bandwidth of the filter for decreasing SKR
values, Spectral components where the noise contributions
are large compared to the aerosol inhomogeneity signal are
suppressed an order of magnitude or greater by this process,
Limitations of this technique are evident in the scatter of
the estimated signal spectrum to noise spectrum ratios for
values less than approximately .5. Ratios leas than this
value are essentially noise.

Fig. 6 shows examples of filtered and unfiltered
spatial deviations from the mean aerosol structure, Y"f
calculated from Eq. 2.1.4. 7Tne filtered merosol inhomogen=

. eities are calculated using tne uptimal transfer functions
shown in Fig. 5. It can be seen from this figure that well
defined structures corresponding to large SNR values are not

g substantially changed, but random fluctuations are consider=

ably reduced by this filtering procedure. | 4

i
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2.3 Velocity Correction for Coherence Decay

A method is developed in this section to estimate the
mean value of the horizontal wind velocity and the rms wind
speed modeling the spatial serosol inhomogeneities observed
by lidar measurements by a Gaussian approximation. A deri-
vation of the functional form of the model is given in
Appendix C. The final form of this model includes optimal
filtering characteristics derived in the previous section to
maximize the information in the profiles of aerosol inhomo=
geneities.

The spectral velocity component perpendicular to the
beam pattern u(k) (see Fig. 2) is calculated from the coher=-
ence of lidar measurements at various times and spatial
separations. Random changes in the aerosol inhomogeneity
pattern caused by turbulent velocity variations,decreases
the maximum value of the coherence with increasing time lag
and lateral separation. Briggs et al. (1950), Briggs (1968a,
b) and Gossard (1969) have devised first order approximations
to obtain the mean ionospheric drift velocity from reflected
radio waves in the presence of random fluctuations. They
observed that the correlations and cross spectra were nearly
Gaussian in time and spatial separation.

A model derived in similar manner to that of Kunkel
(1978) is used to estimate the mean laterau. wind speea of

all spectral components and the rms wind speed. Appendix C

B e -
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presents a derivation of the functional form of the
coherence decay with increasing temporal and spatial
separations for an ensemble of Gaussian serosol inhomopen=
eities being advected by a Gaussian velocity distribution.
The functional form of the coherence under these assumptions
is (Eq. C.11)

g B ?
Coh (4 &1 8¢) - (:0'5—-“']- e)p[' (ax- ‘1")‘/‘9@-0:'«')]

a1
d-"LJ

2.3.1
. erp(-ywthicet’)

where k represents wavenumber (m~')

U is the mean lateral wind velocity component (m/s)

ax is the average lateral spatial separation between
lidar measurements (m)

Gq is the rms width of the horizontal extent of the
spatial aerosol inhomogeneities (m)

Cy;is the standard deviation of the velocity
distridbution (m/s)

To emphasize the spectral components where the signal
spectrum is detectadble over the background noise and to
increase the statistical significance, a weighted average
coherence over wavenumber (6;ﬁ(ax.at))1- computed. The
weighting function used to optimize the information in the

signal spectrum over the noise spectrum is the square of

S S——
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the optimal transfer function from Eq. 2.2.4. since factors
of the optimal transfer function occur in spectral estimates.
This weighting function is normalized such that the sum of

all the weights is unity.

ko
wik) = 82(k)/ 5 E(k) 2.3.2
Ak
The final functional form of the model is the weighted

average of Eq. 2.3.1 over all wavenumbers

* — - ¢ ea- Sge) /2T Glett)
k Cobh(ax 8t = A [‘C:u “} C:pf ( &a- wgt) LY ]
&, : :
, Z Wihk) ¢-/-(“rﬁ"l’o‘, at' ) «3.3
4.4

where W(k) is the weighting function given in Eq. 2.3.2

and the amplitude factor A is included to account for

finite ratios of signal to noise.

_ Experimentally measured weighted coherence calculations
i from lidar aerosol inhomogeneity profiles are fitted to the
functional form of Eq. 2.3.3 using the nonlinear regression

i ‘ routines provided by the Madison Academic Computing Center

i : (Marquardt 1963). The four parameters regressed against ,

are

. - —— !




A the amplitude factor to account for finite signal to

noise ratios

U the mean lateral wind speed

Cq the rms horizontal width of the aerosol inhomoge-

neities

C; the standard deviation of the wind speed distribu-

tion
Experimental data points for nonlinear regression are
chosen about the maximum weighted coherence value for each
of tne three lateral separations described in Section 2.1.
An example of these weighted coherence measurements for
different time and spatial separation along with a least
squares fit to Eq. 2.3.3 is shown in Fig. 7.

An initial estimate of these regression parameters is
needed to speed convergence of the nonlinear regression to
the optimal values. The initial estimate of the amplitude
factor is the weighted coherence extrapolated to zero time
lag for A4x=0. k.

A=CToR(0, 00 = Z Wk)- Ak) 2.3.4
The weighted coherence are assumed to have a maximum value
in At near the time interval needed for the aerosol inhomo-
geneities to drift the lateral separation distance Ax.
(Eq. 2.1.5). This assumption is valid only for lateral
velocities much greater than the magnitude of the wind
speed fluctuations. Data presented in this thesis meet
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Figure 7: Weighted coherence as a function of time lag for

' three lateral separations (Ax=0m(0 ), & x=36m(Q),ax=76m(d ))

; from data obtained on January 19, 1978. Lines are a least
squares fit to Eq. 2.3.3. Relatively poor fit for ax=76m
is a result of weighting the outside coherence value by %.

; These values are weighted because fewer spectra are used

| to estimate the coherence.
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this requirement. An initial estimate for u under these
assumptions is the apparent lateral velocity u' calculated
from the time lag (Atm) of maximum weighted ccherence at

lateral separation Ax.
' =ax/at, = 2 R sin(%/2) /4t 2.3.5

An approximation to the mean scuare width of the Gaussian
aerosol inhomogeneities can be estimated by a least sguares
regression of weighted coherence values for Ax=0 to Eq. 2.3.3.
The rms wind speed can be neglected for regression of data
points near 4 t=0. Eg. 2.3.3 reduces forC'J approximately zero

to
i 2 2
Coh(0,4t)= A exp(-u'" Ot /2(3:) 2.3.6

whereC; is the only remaining unknown initial parameter in

this equation. The initial estimate of the rms wind speed

is chosen as a small fraction of the total wind speed estimate.
A coarse search of the parameters is reguired to obtain

a close estimate for a true minimum and not a local minima.

The weighted coherence measurements curves are regressed to

Eq. 2.3.3 for each parameter while holding the other para-

meters constant. This procedure is iterated until the change

in each parameter is less than some intermediate error toler-

ance. A final simultaneous regression on all parameters is

S —
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performed to establish their optimal values, ‘he model
parameters to be compared with conventional wind velocity
measurements are the mean lateral velocity component u and
the rms wind speed <73 .

The curve fitting procedure described above is used to
estimate a correction from the apparent velocity caused by
turbulent changes in the aerosol patterns. ‘'he magnitude
of this correction depends upon the magnitude of the
maximum time lag and the lateral separation distance. This
correction can be as much as 10-20% of the mean lateral wind
speed and can change the mean wind direction estimatian 3 to
8 degrees,

The average radial velocity (;’) of all spectral
components is

N

2 v (k) 2.3.7

- [}
rTm &4

Radial velocity components calculated from Eq. 2.1.9 are
averaged until a relative phase shift in the cross spectral
estimate greater than 180 degrees is encountered. This
process decreases the influence on the mean radial wind
speed estimate of random noise phase shift in higher spectral

components,

Tne horizontal projection of the mean radial velocity
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component is

<

= 3!. cos(@) 2.3.8

Data presented here were obtained at small elevation angles
(¢10°) and therefore cos(©) = 1. The mean wind speed
(vlidn.r’ and azimuth direction ( flidu-, are calculated from
the following formulas:

= ‘52 . ;2)5

Viidar 2.3.9

fnd" =150 + £ + tan” ' (@/9) 2.3.10

where ¢‘ is the central azimuth angle in the three angle
scan of Fig. 2.
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2.4 Lidar Uncertainty Estimates in Wind Mcasurements

An estimate in the experimental uncertainties is needed
to judge the reliaebility of any measurement. HKnowledge of
the factors contributing to measurement uncertainties can be
used to improve experimental procedures. Lidar wind measure=-
ment uncertainties are based upon the discreteness of lidar
data. Lidar measurementsa of aerosol profiles are digitized
for ease in data manipulation and represent measurements ’

averaged over a range interval of 15m (see Section 3.1).

‘These measurements are acquired at discrete time intervals
limited by the laser pulse repetition rate.
t The wind speed and azimuth angle ( £) between the wind

azimuth \ ¢ ) and the average lidar azimuth ( @ (i.e.,

lidnr)
ﬁ'« @ - é.«q ) can be estimated from the approximate

formulas for the velocity components u = Ax/Atm and Vv =

ay/ot by

v ST VMG IR g)

2.4.1
g - Pom' (Y% ) to 'l “‘/“3 )
20“02

where gax is the average lateral separation
4y is the radial spatial change (units of 15m) of

maximum correlation
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oty is the time lag for maximum correlation which is i
the approximate time interval for the aerosol
inhomogeneities to drift the lateral distance 5 x.

Quantization uncertainties in lidar wind velocity

measurements for fixed value of ax can be estimated ITruw uie

following equations. The maximum azimuth quantization

uncertainty (5%) is estimated from Eq. 2.4.2 for changes in
0’.
' ‘ =1, Ax A ~I AN
§S#. . I bar-Senn]s JLU="(VAp) - TST )]
3 3 2.4.3
The maximum quantization uncertainty in the wind speed (sz)
is estimated from Eq. 2.4.1 for discrete changes in the maxi-
mum time lag ot..

« A &» / !
S vg; i[v.‘a)- V“)] ‘ J[‘:T_Tv' ( /4(.\‘- AQ,)J 2.4.4 ;

A schematic diagram of quantization uncertainties in
speed and azimuth is shown in Fig. 8. The uncertainties are
plotted as functions of wind speed and azimuth angle (%)
with respect to the average lidar azimuth direction. The

graph represents lidar quantization uncertainties for Ax=47.9m

and a 1 hz laser pulse repetition rate.
Uncertainties in the lidar rms wind speed measurements
are estimated by the nonlinear regression (see section 2.3).

The nonlinear regression routines estimates the 95% confidence
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limits of the regression parameter C; ., The magnitude of

these values are used for lidar rms wind speed uncertainties.

& V‘ (050

90 /] —r : .n A <r---—-—y""] - g

(DEGREES)

PHI

SPEED (M/S)

Figure 8: Maximum lidar quantization uncertainties (Eqs. 2.4.3
and 2.4.4) for Ax=47.9m and a 1.0 Hz laser pulse repetition
rate. Solid lines are maximum speed quantization uncertainties
(m/ssc) and dashed lines are maximum azimuth direction
uncertainties (degrees).

|
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3.0 Instrumentation

This chapter gives a brief description of the instrue
mentation used in obtaining measurements presented in this
thesis. Descriptions of the Wisconsin lidar system and
instrumentation for comparison measurements at Madison,
Wisconsin and White Sands Missile Range, New Mexico are
included. Uncertainties in wind measurements used for

comparison are also outlined,
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3.1 The Wisconsin Lidar System

The Wisconsin Lidar system is operated in a monostatic
configuration. A ruby laser pulse is transmitted into the |
atmosphere and the energy output is measured. The laser
radiation scattered through 180 degrees by aerosols and
molecules is detected by a receiver telescope aligned parallel
to the laser axis. A 10 nm bandpass interference filter is i
used in the receiver optics to suppress the background
radiation.

The field of view of the telescope is variable and full
overlap of the receiver field of view and the laser beam
divergence occurs at approximately 1 km. A red sensitive
photomultiplier converts the backscattered laser photons into
an electrical signal. The photomultiplier signal is loga=
rithmically amplified to compress the dynanic range and
digitized at a 10Miz rate by a Biomation model 1010 10-bit

analog to digital converter. The 10Miz rate yields a range
resolution of 15 m. The Wisconsin lidar system parameters

are listed in Table 1. A block diagram of the system (Fig. 9)

is also included.
A PDP 11/440 minicomputer is used for data preprocessing

and displaying. Individual lidar returns are corrected for

the range square attenuation by adding twice the natural

logarithm of the range to each data point. Returns are
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normalized by subtracting the natural logarithm of the
output energy for each laser pulse. HReal time corrected
lidar returns (YF,(tn, Hl) ¢f Eq. 2.1.2) are then displayed
on a CRT monitor.

The laser telescope system is mounted on a motorized
base which allows the positioning of the lidar in azimuth
and elevation by the PDP 11/40 computer. Angle readout
encoders positioned on the base determine the angular
coordinates. These angles are recorded on magnetic tape
along with the corrected lidar returns, time, date and
laser pulse energy. 1

The Wisconsin lidar system can be operated from an

electronics trailer for field experimentation. The trailer is
equipped with power hookup, air conditioning and a cooling
system for the laser. The computer, laser power supply and
lidar base are equipped with shock mounts to minimize vibra-
tions in transit. The lidar base is extended onto a lowered

tailpate during measurements.
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3.2. Tower Wind Measurement Instrumentation

Independent wind measurements in experiments conducted
at Madison, Wisconain were obtained for comparison with
lidar derived quantities. A Gill four blade anemometer

(R.M. Young model ?1002) was mounted at a height of 77m

from the base of a radio tower located 2.7 kin west of the
Meteorology and Space Science Building at the University
of Wisconsin, Madison (see Fig. 10). A 12-bit A to D
converter is used to dig.tize the wind speed, azimuth and
elevation angles of the bivane sequentially, each at a
1.0 Hz rate. Data transfer to the PDP 11/40 based data
logging system (Section 3.1) is done via a telephone modem
link. Tower wind data are stored on digital magnetic tape
along with concurrent lidar measurements,

A number of factors contribute to the uncertainty in

comparison of tower anemometer wind measurements wih lidar

wind measurements. Sethulaman and Brown (1976) estimate that
prop response errors in wind speed measurements are less than
approximately 2%. Aerodynamic lifting of the bivane tail
produces errors in the angular positioning smaller than two
degrees, cf. Pendergast (1975). The supportive tower

structure can also influence wind measurements., Wind speed

measurements can deviate up to 15% from the mean speed for

sensors downwind from the tower according to Izumi and Barad
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(1970). Upwind sensors can be affected up to 8% in a
similar manner according to Angell and Bernstein (1976).
Tower structure influences upon anemomter wind measurer-ents
are estimated to be much smaller than these extreme values
in this study. Lidar and tower anemomter wind measurements
represent averages over different sample volumes and there-
fore different statistical sampling. Tower wind measurement
uncertainties are based upon the statistical fluctuations

in these measurements.

Estimation of tower anemometer wind velocity uncertaine
ties depend upon the correlation of these measurements in
time. Error analysis based upon a statistical description
is detailed in Appendix D.2. An independent measurement of
the average wind field is assumed to be made during a time
period equal to the Eulerian time scale ( 2. ) for stationary
isotropic turbulence. The uncertainty in the measure of the
mean value of a wind parameter is estimated by Eq. D.2. 3

to be

’

G > O, /N, )" 3.2.1

where <, is the standard deviation of the parent population
for parameter p
cr; is the uncertainty in the mean value of the

parameter p
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My is the number of independent measurements in a

time interval of length T(NT=T/2; ef. Eq. D.2.2)

Uncertainties in the tower wind measurements are listed in

Section 4.1 for each experimental day.

Na——— A oA A A
A o e Yo Y
e oY . . e
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3.3 White Sands Kissile Honpge Instrumentation

Independent wind measurcrents for comparison to lider
wind measurements were obtained for experirments conducted at
the wWhite Sands Missile Range, lew Mexico. A map of the
experimental site at wWhite Sands Launch Complex #36(LC3b) is
shown in Fig. 1ll. Wind velocity measurements from an instrue
mented meteorclogical tower and radar tracked pilot balloons
are used in this thesis for comparison. Experiments were
conducted from December 7=17, 1977 and January 7=-27, 1976.

The meteorological tower at the LC36 site was instrue
mented for wind measurements with the following equipment:
cup anemomters were at eight height levels ol the tower
(7.6, 23, 38, 53, 09, 91, 122, 152 m). Measurements {rom
the cup anemometers were averaged every 15 seconds and re-
corded on paper tape. Two U=V=W anemometers (R.M. Young
model 27003) were located at heights of 14 and 137 m. Wwind
measurements from these two anemometers were acquired by the
same data transfer system described in Section 3.2 and stored
along with lidar measurements.

Wind measurements from automatically tracked pilot balloons
were used for comparisons with lidar wind profile measurements
above the tower. Pilot balloon measurements are vertically
averaged over heights of 100 m, Averaging pilot balloon

measurements in this manner yields the same vertical averaging
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as lidar wind measurements and smooths over variations in

wind velocities due to autations in the radar dish. Pilot
é belloon measurements were obtained every 10 minutes for the
data presented here.

Uncertainties in average pilot balloons wind measurements
can be estimated from inaccuracies in the average spatial
displacement of the balloons in time. Displacement errors
cau vccur because ui erratic motion of these balloons due to
short time scale turbulent gusts and aerodynamic forces upon
the balloon during ascent, cf. Rider and Armendariz (1968),

Rogers and Camnitz (1966). Displacement errors also occur

because of positioning inaccuracies due to equipment resolu=
tion, see Schaefer and Doswell (1978). Pilot balloon wind
velocity uncertainties are estimated in this thesis from

positioning errors in space.

Pilot balloon wind velocity measurement uncertainties

; are derived in Appendix D.l for spatial positioning errors.

E~ The maximum uncertainty in each velocity component Sun“,
|

svnnx is

2 ag-g a§(504’$0’)
‘anu' :Vw St * SC_—. 3.3.1

where R is the average slant range of the pilot balloon during
. the measurement

§ R is the uncertainty in the slant range measurement




.

§t is the time interval of the meacurcment

§6 is the uncertainty in the elevation angle

$¢ is the uncertainty in the azimuth angle
(This is Eq. D.1.4).

Information on the range and angular resolution of the
radar units used in balloon tracking was not available at
the time of this writing. An estimate of the angular
resolution of 0.1 degrees was obtained from an estimate of
the diffraction limit of the receiver. The differential
range resolution was estimated to be no greater than S m,
Eq. 3.3.1 reducgp to the following for these resolution

values.

SUp: SV s ©0.FCv 003IR (™) 3¢3.2

The uncertainties in pilot balloon wind speed and
direction from the average wind profile can be estimated
using Eq. 3.3.2. The average radial slant range (R) can
be calculated from the average height and horizontal dise
placement of the balloon from the mean wind profile.
Variations in each wind velocity component are estimated
from Eq. 3.3.2. Uncertainties in wind speed and direction

are calculated from the variations in each component

using Eqs. 2.3.9~10. Uncertainty estimates are listed in
Section L4.2.

PISE—— R
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L.0 Experimental Results

Experiments were conducted in Madison, Wisconsin and
at the White Sands Missile Range, Yew Mexico to test the
theory presented in Chapter 2. Aerosol density inhomoge-
neity scale sizes from 60 m to 1 km were found to be efficient
wind tracers. These experimental results represent the mean
motion of the aerosol inhomogeneities over a five minute
period. Uncertainty estimates of the wind velocity are listed
for both lidar and comparisons measurements. Results show
that lidar can measure the spatial and temporal variations

in the wind velocity field.
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L.l Madison Experiments
Comparisons of lidar and tower anemometer wind velocity
EF measurements were conducted in Hadison, Wisconsin from April
through August 1977. HRemote lidar measurements were obtaine
ed over the western section of Madison (see Fig. 10). The
Wisconsin lidar system was located on the ninth floor of the
University of Wisconsin Meteorology and Space Science Building.
Results of these experiments are for convective days with
well defined inhomogeneities in the mean aerosol structure.
Aerosol inhomogeneities are of sufficient magnitude under
these conditions to be detectable above the background noise
of the system. A signal to noise ratio (SKR) defined from
» Eq. 2.2.5 of greater than 0.5 occurred for the data present=
ed in this sectia.
Lidar profiles of aerosol inhomogeneities were obtained
; in the three angle azimuth scan described in Section 2.1.

i Lidar measurements were acquired with a 1.0 degree azimuth

beam separation at an elevation angle of 2.3 degrees for
each day. The tower anemometer location (shown in Fig. 10)
was located near the center of the azimuth scan pattern. A
data segment length of 960 m (64 data points) centered about

the tower distance (2.7 km) was used in analysis of wind

information. The average lateral beam separation (Eq. 2.1.5)

was 47.9 m. The period between successive lidar aerosol

inhomogeneity profiles was limited by laser cooling requirements
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to 1.1 seconds. Lidar wind measurements represent five
minute time averages over a sample volume 960 m long by
4L7.9 m wide by 17 m high.

Lidar aerosol measurements were analyzea 1or wind “
velocity information by the method outlined in Chapter 2

and compared with concurrent tower anemometer wind measure=-

rents. The experimental time duration of each day varied

between 20 to 45 minutes so that a number of five minute

wind velocity averages could be computed. Uncertainties in
lidar wind measurements are estimated according to Section

2.4.

Uncertainties in tower anemometer measurements (see

Section 3.2) are estimated as follows. The Eulerian speed
autocorrelation is calculated from the tower measurements

over the entire time duration of the experiment. The

" Eulerian time scale is estimated as the time integration of
the speed autocorrelation function to a time where this

value is approximately zero. Uncertainties in the measure=

f ment of the average tower speed Szr and azimuth direction "ér
are estimated by, cf. Eq. 3.2.1.

/
o S z /1
Svp: G5 ¢ Gy € S/7) k1.2

h.l.?




where Zé is the Eulerian time =zcale
T is the time duration of the entire experiment
Uy is the tower rms wind speed calculated over the
entire experimental time duration
Sk C}l is the uncertainty in the average tower
wind speed measurement V
CiT is the rms tower wind azimuth direction
calculated over the entire experimental time
duration
géy U}' is the uncertainty in the average tower
wind azimuth direction
The rms wind parameters determined for the experimental
duration (T) are assumed to approximate the standard
deviation of the parent populations. Uncertainties in the
measurement of the five minute averaged tower rms wind speed
estimates are calculated as the standard deviation of tlese
measurements from the rms wind speed calculated for the entire

time period ( U.y).

R lel.3

where "T is the number of five minute average wind
measurements for each experiment
Cs. is the tower rms wind speed measured over a five

minute average
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SCET is the uncertainty in the tower estimation of
for each experiment
These uncertainties in tower anemometer measurements are 3
listed in Table 2.
The results of these experiments are summarized as
time histories of wind speed, azimuth direction and rms
wind speed of lidar and tower anemometer measurements in

Figs. 12«17. Wind speeds and directions are calculated by

Eqs. 2.3.9 and 2.3.10. The average difference between lidar

and tuwer WeASW w.enls ua he weun wind speed and azimuth

direction as well as the standard deviations of these errors
are listed in Table 2 for each experimental day. ‘These are
calculated from the following formulas:

v uolou

AV = Viidar © Yeower

¢

lidar

a¢ = -f, b.1.5

ower

L.l1.6

4.1.7

hnlou

L.1.9
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where these parameters are described in Table 2. ‘the
average lidar quantization w.certainties sre also listed in
Table 2.

Figs. 1Y, 19, and 20 are comparisons of lidar and tower
anemometer measurements of the wind speed, azimuth direction
and the rms wind speed, respectively. Average uncertainties
in both lidar and tower measurements for each experiment are
also shown., These graphs show that lidar wind measurements
are consistent with concurrent tower wind measurements,

Some limitations of this procedure for remote lidar wind
measurements were discovered while investigating measurements
with large discrepancies. The process of removing the mean
aerosol structure (Eqs. 2.1.3=2.1.4) bias against detecting
small radial displacements, Aerocsol inhomogeneities do not
have time to drift the radial distance between data points
(15 m) in the time for them to drift laterally between beams.
This occurs for radial wind speeds typically less than s
meter per second. The large discrepancies in azimuth on
May 23 and July 26 can be explained by the overestimation of
lidar radial wind speeds, Lidar aszimuth quantization
uncertainties are large in these instances.

Extremely low values of lidar measured rms wind speeds
on April 22, June 23 and July 27 were found to have low SNR
values (.5=.7). 7The coherence maxima in these cases were the

same order of magnitude as the 5% probability coherence for

o skl e
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random fluctuations predicted by Eq. A.2.2. ‘hese coherence
maxima .ere found not to decrease with increasing lateral
separation as in Fig. 7. Wind speeds and directions calcu=
lated from this data were found to be consistant with
previous measurements, however the nonlinear regression
converged to very low values to minimize the residue in the
regression. These measurements of the rms wind speed are not
plotted because of the large uncertainty in the regression of

this parameter,




L.2. White Sands Experiments
A field experiment was concducted in conjunction with
the Atmospheric Science Laboratory at the khite Sands

Missile Range, New Mexico. Hermote lidar wind measurement

experiments were conducted on the dates December 7-17, 1977
and January 7-22, 1978. Fig. 11 is a map of the experi=-
mental area. The Wisconsin lidar system was located 2.7 km
south of the Launch Complex #36 (LC36) meteorological tower.
Instrunentation for tower wind measurements are descridbed in
Section 3.3.

The experimental procedure for obtaining remote lidar
] wind measurements was similar to that used in the Madison
experiments (Section 4.1). The three angle azimuth scan
described in Section 2.1 is used with an azimuth separation
between lidar return aerosol profiles of one degree. The

lidar elevation angle was positioned at 6 degrees for height

e

profiles of wind velocity. The length of the data segments
(64 points, 960 m), laser firing period (1.1 seconds) and
time duration for each messurement (5 minutes) are the same
as those used in Section L.1l.

Height profiles of wind velocity correspond to lidar

measurements at different ranges along the propagation path.

Average height levels of lidar measurements are calculated
from 5q. 2.1.6., The volume over which lidar wind measurements

are averaged varies because the lateral separation increases
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with increasing range. The average lateral separation varies
from 21 m at a slant range of 1.2 km to 99 m at 5.7 km. The
vertical and longitudinal lengths of the sampling volume are
100 m and 960 m, respectively, for all ranges.

Wind velocity measurements from lidar data are calculated
using the theory in Chapter 2. Wind velocity height profiles
are measured using nonoverlapping data segments. The lowest
height level is limited by the range for complete overlap
between the laser beam divergence and the field of view of the
receiver. Uncertainties in lidar wind measurements are esti-
mated according to Section 2.4.

Measurements presented in this section were obtained from
1620-1720 MST on January 19, 1978. Very light snow with large
scattering cross section in the visible was observed to fall
throughout the period (visibility U km). Large variations in
the return lidar signal were observed to a range of 6 km.
Lidar observations at higher elevation angles showed multiple
cloud levels with the lowest at approximately 500 m. This data
was chosen to illustrate the capabilities of lidar in cases of
high signal to noise ratios (SNR).

Results from this data are shown in Figs. 21-26. Each
graph consists of height profiles of wind speed, azimuth
direction and rms wind speed for lidar and pilot balloon

measurements, Pilot balloon measurements are plotted for

balloons before, during, and after lidar measurements, when
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applicable. These balloon measurements are averaged for
comparisons with lidar wind profiles.

Heasurements of the mean wind speed, direction, and
rms speed from the U-V-W anemometer at the 137 m tower
level at LC3b are also plotted in Figs. 21-26. The north
south component was found to be consistently smaller than
lidar and pilot balloon measurements. Comparison of this
component with the cup anemometer at the 152 m level indi-
cates that the reliability of the wind sensor in this
direction is questionable.

Differences between lidar and average pilot balloon
wind measurements are listed in Table 3 slong with the
mean and rms speed and azimuth errors for each height level.
Average lidar quantization and pilot balloon uncertainties
for each level are also known.

Figs. 27-32 are time histories of lidar and pilot
balloon mean wind speed and azimuth measurements for each
height level. Fig. 27 also shows the wind speed and direction
measured by the U-V-W tower anemometer at the 137 m level.
The large variations in the wind direction are explained by
the instrumental difficulties in the north south wind speed
sensor. Broad coherence peaks with multiple maxima were
observed for the 594 m lidar wind measurement at 1635 MST.

The maximum value occurred for a time lag smaller than

—




75

e
L
e
sret

et

_c.s\u

SALINTINLIesEn WOTARR avenh JwpT] eaw
WOTANINIINIUN YOOIIeq 30114 eaw
SSlaVINIIeIUn J¥,T1 Bae

Sivseeinsves § Atuo

Y wor " §
o wur 08
by e s

HiA1A Tean

Sivessineses § Aluoc GilA 1eae] o

oy e Y- [0 ] LN o1
1’ L 11 L e
i £’ et L ‘o

oot et . L AR
s ot L LN L
| 8 48 G L] 't e

13

gt Geier ssmiag eseag (074 °ag (o/w

av

CINC SPUES GITWA 10 SSIIVINIIeIUN PuUe Saluele; ;0

-
-
-
L

o/mjav

{ o19%

”"s
108
ol
[ 1129
{ PR 24
il

-3




76 ;
12— () gt e Cottkaad i ey
s 4
10 ~
w | ]
w -
S 8
~ - -
r 6 &
3 L3 —"‘~
(o] - ‘--‘ ’_.- ~“ -y
s 4 b Povnna & -
w ol
o - e - g -
m -
2'- —d
-3 o
: 1 1 1 1 1 1 A . | 1 1 1
1%20 1630 1640 1650 1700 1710 1720
g TIME (MST)
. 180 T T T | B 1 ) TR T T
‘- m p— —
A w
: «
-3 150
w -
° b % .-‘ — :
. T " ——— by i
. — - :
o> 120 &~ \ - !
ot l—-'/ X i
~ g w . |
[+ o E: 3

AN 1 1 L 1 1 1 i 1 1 1
82¢— 7es0  ies0 18s0 1200 1710 1720

TINE (HST)

s e e

Figure 27: Time history of 1lidar (+), and pilot balloon (0O )
measurements at the 127m level for data obtained on January 19,
1978 at White Sands Missile Range. Tower anemometer measurements
(#) at the 137m level are also shown. The large variation in the
tower azimuth is caused by discrepancies in the north south
component, see page 7¢ .

e T S




SPEED (M/SEC)

AZIMUTH (DEGREES)

Figure

27

LGk e e e S 06 e e dn St o £ i T o {
= -
10~ =
! !
8- -
r B
6 -
i B ’____/_‘a\\“‘ o
1 1 1 1 1 1 " Mo P ORES e | 1 .
1820 1630 1840 1650 1700 1710 1720
TIME (MST)
180 T T T 1 1 1 T 1 T 1 Y i
k 4 i
150}~ ol
Y
- ’ —
7’
4
B "A\ /' g
'f ~ 7
120 o~ ™ & _-4’ -
.-
P -
1 1 1 1 1 1 ) 1 4 1 1
820 " 1630 1si0  1eso 1700 1710 1720
TIME (MST)
26: Similar graph of Figure 27 for the 227m level.




SPEED (M/SEC)
o

- TR

L 4

'

1

]

| PSS

4+ \. ———— ®
] I 1
3 2 — -~
1 1 L 1 e 1 1 1 1 1 =k
1%20 1630 1640 1650 1700 1710 1720 = |
TIME (HST)
I et oy o ety S S St LI LasUe ecniy ags ST
; s 4
- ’ |
w
w -
3 - Q s .— o~
S ’
- - e--- . - 4 |
» S 120} ‘ - ;
] = \ " i
; - \ 7 et :‘
a L ‘v a ‘
Kl L TR LU, | 1 1 1 1 A {
%20 1s30  1s40 1650 1700 1710 1720 ,,
TIME (NHST) :

Similar graph for the 320m level.




o T T T e e s e

101~ -
s | J
(&)
g a'— ’¢.‘~~~‘ -
- - '/’ .‘s‘ -
= R T el
S 6+ P s —— + ‘s~ )
) - =% A
w
uf Ak X
a.
w r ~
2+ i
b -

1 1 1 : P Sl B TS 1 K | i
1820 1630 1640 1680 1700 1710 1720
TIME (MST)

B e i e — e ———

w

W P o

w

[+ 4

% 150} -

w

o e o
p— _—-—’“ - - o

e SO ”'v.f “e

— - —

~N

a

E < TR, W 5 1 i 1 i 1 i ¢ SERNER TS
3 %%20 1630 1640 1650 1700 1710 1720
TINE (NHST)

Pigure 30: Same as Figure 29 for the L10m level.




" AD=A078 678 WISCONSIN UNIV=MADISON F/6 17/8
REMOTE MEASUREMENTS OF BOUNDARY LAYER VELOGITY PARAMETERS BY MO==ETC(U)

OCT 79 J T SROGA DAAG29=Téw=C=0136

UNCLASSIFIED ERADCOM/ASL=CR=79=0136~1 NL

END

DATE
FILMED







80

T e Semmi e S, R T p— e 1
- R
10 B
- & <
-
o e
- b -
c *
oA | -
o o P
W e 1
5 | :
2.— B
- -
1 Rt | 1 T - AT Ll i
1820 1630 1640 1650 1700 1710 1720
TIME (MST)
180 T I — 1 ¥ T T 1 1 T T
3 b -
x
S 150
u o~
° p—
= — “s -
x el |
- — ‘*-—-- - - -
: o 120 /\//‘—:—/.\s 5
b = o
e - 0 -
~N
[+ 4 i -
W | A L A | R | i L 4
820 iej0  1ee0 1850 1700 1710 1720
TIME (nST)

Pigure

31: Same for the SOlm level.




SPEED (M/SEC)

2 -
! d
1 A 1 k. 1 i i IS IS 4
:%zo 1630 1640 1650 1700 1710 1720
TIME (MST)
180 Y T Y T Y T ] T Y B | T
p— o
w b 4
& g
8 150} i
o r =
e ‘\ _J
x E 3, ) -
- ‘20 "’ ‘\\ =4
= i ®-wunl Py
& F 1
a
= -~
i 1 1 1 L sk A 1 1 4
820 1630 1eé0 1es0 1700 1710 1720
TINE (MST)

Pigure 32: Similar graph of Figure 27 for the 59im level.
The first data point exhibited broad coherence peaks with
multiple maxima. High wind speed corresponded to a shorter
time lag than expected, see page7¥ .
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expected from pilot balloon measurements, producing higher
lidar wind speed. Vertical displacement of snowfall varia-
tions could be significant for the large lateresl scparation
(99 m) at this height.

Figs. 33 and 34 are comparison of mean wind speed and
azimuth direction between lidar and pilot balloon measurements.
The minimum and maximum lidar quantization and pilot balloon !
uncertainties are also shown, These limiting values are
graphed since data points at different height levels are

within close proximity of each other.
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Pigure 33: Comparisons of lidar and average pilot balloons
speed (m/s) for each height level computed (O =127m, O -227m,
4 -320m, + =410m, 0 SO0lm, % S94m). These results are from data
obtained on January 19, 1978 at White Sands Missile Range.
Minimum and maximum lidar quantization and pilot balloon
uncertainties from Table 3 are plotted since measurements are
in close proximity with each other.
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5.0 Conclusions

A procedure has been developed for remote measurements
of the wind velocity. "The motion of naturally occurring
aerosol density inhomogeneities are measured by lidar to obtain
average wind speed, direction and rms speed estimates. The
Fast Fourier Tranaform (FFT) has been implemented in this
procedure to increase computational efficiency.

An improvement in spatial filtering of lidar data has
also been developed. The ratio of the signal to noise
spectral characteristics are used to design an optimal linear
filter based upon the lidar measurements themselves. Spectral
components where the background noise is large compared to the
aerosol inhomogeneity signal are suppressed one to two orders
of magnitude with respect to those with large signal components
(see Fig. S). Aerosol inhomogeneity scale sizes seen from this
figure range from 60 m to 1 km. These scale sizes carry wind
information detectable with the present system. The ratio of
the signal spectrum to the noise spectrum (Fig. 4) show high
variability between successive spectral components for values
smaller than approximately 0.5. Lidar aerosol inhomogeneity
profiles with SNR less than 0.5 are therefore dominated by the
background noise of the present system. Wind information in

these instances are not recoverable.

Estimation of the mean wind velocity in the turbulent




T

i

86

planetary boundary layer has been improved by including a
correction for the spatial and temporal coherence decay.
Kesults from lidar wind measurements follow the temporal and
spatial characteristics of the boundary layer flow. Comparisons
of lidar wind measurements with independent wind measurements
shown in Figs. 18, 19, 33, and 34 are generally within the
estimated experimental uncertainties.

A measure of the turbulent dispersal of the aerosol
inhomogeneities can be estimated from the coherence decay with
increasing spatial and temporal separation. The model described
in Section 2.3 is used to estimate the turbulent rms wind
speed which cause the aerosol inhomogeneities to change in
time. Kunkel (1978) has used similar measurements to estimate
the turbulent energy dissipation rate for all scales.

Lidar rms wind speed measurements are shown in Fig. 20
to be consistent with concurrent tower anemometer estimates.

A measure of the reliability of lidar wind measurements
can be obtained from the ratio of the measured error between
lidar and independent measurements to the uncertainty in these
measurements. This is expressed by the following formulas.

v
v S0 B 5.1
Ep = P81/ 54,
5.2
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wnere 4V is the wind speed difference between the lidar and
independent wind measurements defined in Eq. 4.1.2.
df is the azimuth direction difference between iiuar

and independent wind measurements defined in Eq. 4.1.3.

a 2 2%
$Shas (8¢8 'Sgl,.’ ) is the rms value of the lidar
and independent wind direction uncertainties.
S“ns . ({vaze SVY:. )“ is the rms value of the lidar
4

and independent wind speed uncertainties.

€, 1is the ratio of the magnitude of the speed difference

to the rms speed uncertainties.

€g 1is the ratio of the magnitude of the azimuth

difference to the rms azimuth uncertainties.

Graphs of these ratios (&, €g ) are shown in Fig. 35
as a function of the SNR estimate (Eq. 2.2.5). The average
values of & and 6, along with the standard deviations
are shown in the intervals SNR € 1.5, 1.5 € SNR £ 2.5, SNR?

2.5.

Values larger than one standard deviation from the mean ]
represent a statistical probability (33%) that the error is ﬁ
larger than the uncertainty. This figure shows the average value
of € and €g as well as the probability for larger errors than :
the uncertainties decreases with increasing SNR values. |

Large discrepancies of some data points can be explained
by the limitations of the method and equipment. The circled

e e s e e e e - . - ” T ——




i et

88
4 .o oo ————— .,-__..‘ e S WMo 1 .
- R |
3-0’- .
. |
o i
i |
x E
il A i :
‘oo s‘o {
1 T
b
-
-
=
x
1 A
4.0 §.0

Pigure 35: Graphs of é..é! (see Eqs. 5.1 and 5.2) which are
functions of the SNR (Eq. 2.2.5) calculated from Madison and
White Sands data. Experimental days are April 22 (O), lh! 23 V),
June 20 (4 ), June 23 (+), June 27 (X) and July 26 (Q), 1977.
White s data points are plotted for the height levels
127m (7 ), 22Tm (X ), 320m (X ), 41Om (%), SOlm (X ) and
S94m ($ ). Circled and boxed data points are described in the
text on page 97 .
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data points in Fig. 35b represent measurements where the

radial wind speeds are small ( <1m/s). Large azimuth

differcnces between lidar and tower measurcments are due to

larger lidar radial velocity estimates (see discussion on

page &1 ). The boxed data points in Fig. 35b reprecent a

segment where the nonlinear regression failed to converge i

due to low SNR values., The circled data pointa in Fig. 35a

are measurements with low wind speeds (2-3m/s) and small

speed differences (< 0.5m/s). These data points have small

speed uncertainties ( §Veu; ¢ 0.2m/s) which cause large

values of & . The boxed data points in Fig. 35a exhibited

very broad coherence peaks due to large lateral separation

and significant changes in the light snow inhomogeneities

during vertical displacements. Some discrepancies must be

expected in these comparisons since lidar measurements are

averaged differently than conventional wind measurements. 4
Measurement of wind velocity parameters shown in this

thesis prove that lidar can become a useful tocl in remote

P

studies of the boundary layer. The reliabdbility in lidar
wind measurements can be increased by improvements in lidar 3
instrumentation to decrease the noise contridbutions in lidar
returns and would allow wind measurements to be obtained

under a greater variety of atmospheric conditions.
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Appendix A Calculation of Specira and Coherence

A.1 Calculation of Spectra and Cross Spectra by the Fast

Fourier Transform

The Fast Fourier Transform (FFT) is used to estimate
the power and cross spectral densities of discrete, finite
length series (Bingham et al., 1967; Cooley, et al., 1970;
and Otness and Enochson, 1972). The FFT has the advantage
over previous methods of spectral estimation in computational
speed, especially for data segment lengths that are integer
powers of two.

The finite size of the data segment introduces the
problem of leakage in spectral estimates. Leakage is the
effect that frequencies or wavenumbers outside a particular
interval have on the spectral estimate over that interval.
Leakage is reduced by application of a data window on the
segment. Two common data windows are the Hann window and
the cosine taper (Otness and Enochson, 1972). Both windows
decrease the side lobe characteristics of the bandpass. The
cosine taper window is used in this study in order to
balance the problems of statistical stability and leakage of
the spectral estimates.

The cosine taper window consists of tapering ten percent

of the data segment length on each end with a cosine bell
given by the formula (Bingham, et al., 1967),

T T Ay




e

e ——r gy
9]
cos2(bﬂ1/b) =L/2 ¢ x « =41./10
D(x)= 1 =4L/10 ¢ x¢ LL/10 A.1.1
coa®(5¥x/L) LL/10 ¢ x < L/2

for a data segment extending from -L/2 to L/Z2.
The data window is applied on a spatial series, f(x),

in the following manner.
fix)=f(x) - D(x) A.1.2

?(x) is the modified spatial series.
The raw spectral estimates of the modified series ?1'
?2 are calculatea irom the FFT of each series Jr;1,§rf2 g

respectively.
s, (k)= ?rl’ (k) - ? £, (k)

P
' -
s = F et - F e,

wWhere the Fast Fourier Transform is defined as

u -
R (X ) erp(2 77 R X, )

!

§ is the incremental separation of N data points (L=N{)
and # denotes complex conjugation. sl. 82 812 are the
respective power and cross spectral estimates. The raw

spectral estimates must be smoothed in order to decrease the

- g -
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mean square error and increase the statistical significance
of the spectral estimates. OSmoothing can be accomplished by

a ueighted average over adjacent wavenumbers, (Cooley, et al.,
1970), or by time averaging over a number of modified segments
(Welah, 1967). Time averaging was chosen for this study
because of the small lengths of the data segments. The

smoothed spectral estimates averaged over J time segments are

g
~’ 1
(k) =3 ff‘ S,4tk)
~. 1
S,00= 3 2 S, (K) AL

r s
5% 3 Z' S124 (%)
Application of a data window decreases the variance
because unequal weighting is given to various parts of the
segment. The normalization factor (d) due to data window

application is (Otness and Enochson, 1972)

a
al = ¢ [ v2(x). ax A.1.5

Spectral values are scaled to maintain the true variance

estimate. ~
fea)ye o § N
, k- S'tA)
( ]
S (&) W ¥ a) A.l.6

?."(h) ¢
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For the cosine taper window, d has the value of 1/0.b575.

R AT T S
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A.2 Calculation of the Coherence
The coherence between two time or spatial series
describe their relationship at various frequencies or wave=-
nunbers. Calculation of the coherence between two series

(subscripted 1, 2) is (Otness and Enochson, 1972)

N’ ~J
S,,(k). S,,(k)
Coh(k)= —22— 12 A.2.1

~ o
S5, (k) - S,(k)

where g;(k). g}(k) are the smoothed spectral estimates and
§az(k) is the smoothed cross spectral estimate. The asterisk
(#) is complex conjugation. The calculation of smoothed
spectral estimates are described in Appendix A.l. Smoothing
of the spectral estimates increases the degrees of freedom,
therefore decreasing the statistical uncertainty in spectral
estimates and coherence measurements. The value of the
coherence ("), for which there is a probability (P) of a
coherence between random series exceeding this value is

(Panofsky and Brier, 1968)

L .(1-p1/(°“‘2r A.2.2

where edf is the equivalent number of degrees of freedom.
For a chi-square distribution, this number is twice the
number of averaging segments. In this study, the edf is

198 for coherences calculated between azimuth angle @ ¢1

(see Fig. 2) and in filter estimations (99 segments averaged
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over). The five percent probability value of M is
.12. 3Because coherence values calculated between f, and 43
(see Fig. 2) are averaged over a small number of segments

(50 ), the five percent probability value of [ is sile

WOT——

- .‘U,_“‘ R T " P—— S P e
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Appendix B Calculation of Signal Spectrum to loise Spectrws
Ratio, Signal to oise Katio (SNR) and Optimal

Linear Filter.

An estimation of the ratio of the signal spectrum to the
noise spectrum can be obtained from the coherence between
dirferént spatial series separated in time. The spectra of
the series are functions of wavenumber and time lag only. The
smoothed spectral estimate composed of signal and noise is

(Wwainstein and Zubokov, 1962)
S(k,a t)= S.(k. At) + Sn(k. a4t) + ssn(k' 4at) Bl

where g(k. 4t) is the smoothed spectral estimate of the
spatial series, g;(k. 4t) is the signal spectrum, g;(k. 4t)

is the noise spectrum, and gan(k‘ at) is the "interference"
spectrum of the signal and noise. The interference term is
zero for no correlation between the signal and noise. Normal,

random noise is not correlated between spatial series at

different times. The smoothed cross spectrum between differ-
ent, spatial series is the cross spectrum of the signal for

normal, random noise, i.e.,

~ ~r
Slz(k, at)= 8.120:. at) B2

The coherence between the two series as defined in

et e A b1

o e —— £
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Appendix 2.2 i»

~e . ~
5312("' at) 5312“" 4t)

Coh(k, €&t) = B3

5, (k,0) - B,k 2t)
where i+ denotes complex conjugation and the subscripts 1, 2
refer to the two separate series. In the limit as the time
lag (At) approaches zero, the cross spectral estimates
limiting value is tne signal spectrum. The individual

spectra of each series approach the smoothed spectral estimate

tor zero time lag,

:t:o 3.12“" At) = Saltk,O)

~ o~ By

Lim S,(k, at) = 5,(k,0)
2 1

4 t»0

The limit of the coherence as At approaches zero is there~

fores
oe —~
S.I(R,O) . S.l(k.O)
Lim Coh(k, 4t) = = =
2
8,,(k,0)

~

~
s,,k,0) +S ) (k,0)

Solving for the ratio of the signal spectrum to the

noise spectrum yields
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sal(k.O) - % -1
—_—— = Lim Coh(k, at) -1 Bob
snl(k,O) t+0

Filtering a series suppresses the noise ccmponent in
order to reproduce the signal with the least amount of
error. The filtered series is the convolution of a linear

filter (h) with the original series (f):
Qo
?"(x) = fh(x-x')- r(x') - dx*
~ e

The optimal linear filter that minimizes the quantity

C.Z = [?(x)-r(x)] 2 (overbar denotes ensemble averages)

is calculated from the knowledge of the ratio of the signal
spectrum to the noise spectrum. The transfer function (H(k))
of the optimal linear filter is shown by Wainstein and
Zubakov (1962) to be

S'l(k,OJ

H(k) = — — B7
S,,(k,0) + 5 ,(k,0)

where H(k) is defined as the Fourier transform of the
optimal iinear filter

L 4
H(k) = /h(x') Cexp(-1 2 ¥ k x') - dx'= TR s

The application of a filter changes the spectral

estimates of the series. The Fourier transform of the
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filtered series (;1?(k)) is the product of the transforms |

of the original series (ir}(k)) and the rilter (H(k)

P ~
I pk) = Fotk) - Hk)

A

The filtered spectrum g;l(k,O) is the conjugate multiplie

cation of the Fourier transform with itself.

S, (k,0) = [u(u)-?’,(k)] 4 [H(k)?’r(u)]
B9
= (H(k))Z S(k)

The variance of the series is the integral over all

wavenumbers of the spectrum.
oo
2= [Sk) - ax
" (-]
The variance or.tho filtered series is therefore:
G 2=)%W): « = fioagf  Suo - a
L] )

For white, gaussian noise, the noise spectrum is

constant over the bandpass of the filter. The noise

variance of the filtered series is given by:
o o=
L) A
2 < -—f 2
G 2. ;{"’n“‘" e T, juw)? a
5; being the constant value of the noise spectrum.

The weighted integration of the signal spectrum to

noise spectrum ratio by the square of the transfer function
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is the ratio of the filtered signal variance to the noise

variance (SNR).

w e
S‘(k)

SNR = f(uu:)f o w— ol
° Sn(k)

Oe
: ‘f(u(mz. [Ea0) ™ o) =1

°f’mm)2. dk

B10

MR v S




101

Appendix C Derivation of an Analytical Form for Cohercnce

Decay

This analysis shows that the mean and rms wind speed
can be recovered from the decay of coherence between lidar
measurements of aerosol inhomogeneities separated in time
and space. These measurements are assumed to extend to
infinity in the presence of no attenuation in order to
describe a simple analytical model for this decay. For the
purpose of this analysis, the velocity distribution is
assumed to be homogeneous and isotropic in both time and
space. The aerosol inhomogeneities are assumed to be
described as three dimensional Gaussian structures being
advected by the wind.

The functional form of the inhomogeneities is

2 ; 3
'{/i:{,t ) = 5»'[' £% b -8‘“/"‘7-.] c1

where t refers to time and the positions are described in
terms of generalized coordinates, Q 's. The initial
position of the centroid of the inhomogeneity in the ith
direction is q,, with a rms width of the structure, 0 .

The motion of the inhomogeneity are the generalized
velocities in each direction, q,.

The lag=-cross covariance function, °12' between two
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ligar profiles separated in space and time i3 used to infer
motion. The peometry of the experiment is shown in Fig. Cl1

for covariance in the a, direction. One lidar profile has

q» q3 coordinates, Ql' Q3. The second profile is separated

from the first in time by At and in the Q5 q3 directions
by Aql. Aq3. The lag=-cross covariance averaged over all

possible initial positions and time i

i ol o o
CQ g St L ,{f-‘z. ( <, L 7,

; a
{)fj.“szo' ‘l.-. f"l )“/o O’."’ (514, -I.._&“,““‘_‘ n]j :

The variances (cl. Cz) of the profile along each line are

averaged in a similar manner.

: oo Qo Q0
E 3 : of o ("‘l, o, fo“/
C of f_{ Je. 2 ’. ,5,‘ i-’-c\' fa
J .
Epl - & ¢givs, - 30000, ]
; Cla
@® Co Oe a o
ens S a0 L9, 4. 5%,
Eapl & Cpuntgimpuy et ic g
The integrala above can be reduced by substitution to the
form
1
oo 4 &/
-®x‘y bx 4q
/ € Ax = V3 € cl4
- @

since the integrals are Gaussian and products of Gaussians.
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The lag=-cross correlation cocfficient,-f , defined as

i F Bl it e =

is after all integrations.

* ‘; ' {J;' '.]
= : : s (4 B " 9(’?
pa7.j.40" e i e csb

The ensemble averaged lag-cross correlation coefficient,

% f?, over a normal, three-dimensional velocity distribution,
G(a) is
P I " ae) 6(5 )
A - . J J g J (‘ . a‘
» ?(o‘,a‘ﬂ)--g [-,.( &_{ fa £-§ § o
0(3) is assumed to have the form
- : a."‘ g L el v
Gegr:  TTewe) Expl-Gi-w)%g i

where ui‘is the mean of the velociiy in the ith direction
and (is the rms wind speed. The integrands are iuuependeut

in each &1. The ensemble averaged lag-cross correlation

coefficient is the product of the separate integrals

, L d . -
P Jomit 4 egtece s o e ]
Cla
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The integral is reduced by substitution to the form of

Eq. Ch, resulting in

3 & - ¢ ¢
7r[9°'f J apf - A= G, 80745 4 AGHE )]

A,
TIGAE P 0
f( 34“, RN x'_‘_1*G;I‘¢]

Ctb

This equation is similar to one used by Kunkel (1978).

To simplify the functional form, the aerosol inhomogenec-
ities are assumed to be isotropic (G;: 0, =0; =% ) and
measurements are made in the 9, 9, plane (4 q3=0). The
final form of the ensemble averaged, lag=-cross correlation
coefficient used in this analysis is
?(M,C\.&'fr,“): [ JVJ/(:Q“G;’H')] =3

{*{.L} a0y g ;«)']/(10"}4 .n;;'at‘} i

where Aql = 4 x, AQ, =87, Bl =, Tj2 v ;’ “J:o

The Fourier transform of the lag=-cross correlation

coefficient in 4y is the lag-cross spectrum, giz(k,nx,u,v,at).

The integration over spatial lag, &y. is
f:—,,[. (ag- FOOAaG) ~ £avh 43]
i duy)

which can be reduced to the same form as Eq. C4. The

resulting lag-cross spectrum is
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Y v
a l Na ™
C 3 L de )
; (& 4», 0 v at)" [ -""q/(aq'w,'ct‘)] B EEATAY ]
% A’ Tt ol Al
(‘{‘( ““;‘f-)z/{'-ﬂztd_'.§'°[¢)- 2 .‘ ‘ (Jq(,q',g“) ¢ << ""!}

Cl0

The coherence function, Coh, is proportional to the

square of the absolut.g magnitude of the lag-cross spectrum;
Cob (840G ¢¢) X /-f,,“.ll,i,&‘u g

3
t ' >
( Cazc‘?) 2 'Gr[-u---‘-“f/u‘ﬂ'o G4e') - ¢ r‘l‘u'a“"‘”]
G et )

The value of the coherence for the quantity @x-uat=0)

and C-Q-O, is identically one. Therefore, the ratio
- L4 2
Cob(h i) [ : G,[ (8a-G €I /aG s et ) - naﬂ:mz]
Ccll

is the decay of the coherence with spatial and temporal
separations due to velocity fluctuations. Note that for

Os =0, the coherence is Gaussian, as expected from the

assumptions of the model.
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Appendix D Error Analysis of Pilot Ealloon and Tower
Anemometer Wind [.easurements
D.l Errors in Pilot Balloon ltasurcments Due to Position l
Errors
Pilot balloon winds are derived from position chanpes
of the balloon in small time intervals, therefore the errors
in determining the position of the balloon are translated
into speed errors. Tne geometry of the balloon's position

in spherical coordinates is shown in Fig. De=l. For radar

tracking of the balloon, the slant range, X, azimuth and
elevation nngles,}‘ ,are measured. The horizontal compone
ents of the pibal are, (Middleton and Spilhasus, 1953)
x=Rcos( @)sin( £ ) {
y=Kcos( ©® )cOI(f ) 2
The differential element of each component is
dx=cos( & )sin(P )dR=-R(sin( @)sin(P )d® ~cos(® )cos( P )ag)
dy=cos (& )cos(@ )AR=R(sin( @ )cos(F )de +cos( @ )sin(¢ )df)
D2
The distance the balloon has traveled in a time §t for the
x component is
(msn)-st-(:usx)la -(x*'ix)l‘
replacing exact differentials by the amall variations,

The maximum velocity error in the x component is

TR LA, g 5 w5 1 b EO SR 3R

TR R o T SNy Oy
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(1 §x) +18y,1)/ 5%

SUn,, <
< xt,“lcos 0‘»8...¢‘ Jca.O.s‘-:d,/ +

fo
e [R, 548,50, 1R, 5:05.. & [+ e
i?/ ethsG5cuia R a8 ey /

The trigonometric values are in absolute value less than

one. Therefore, the maximum error in the x component of

velocity is
Su,. ¢ aik ,om(89,59
Mey = — ¢ - P Y-
ie ¢ :t)
where R=%(R,*K,).

A similar expression can be derived for the y component

of the velocity. The maximum error for the y component is

& ~ 4

Vo ¢ 25 jar( 29,56

S-“' §¢ 31‘;() Dy
Estimation of the errors in terms of speed and azimuth can

be obtained in the same manner as lidar error estimations.
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D.2 Statistical Uncertainty of Tower Anecmometer !‘easurements
Uncertainties in measurements of mean quantities by an

anemometer depends on the nuiber of independent measurements

made. Measurements of this kind are time averaged at a

single point. ‘he Eulerian time scale,,, measures the

time period of statistically independent samples to drift

past the anemometer. For stationary flows, the Eulerian

time scale is defined as

oo
Ce * dff"“) d 4t D.2.1

where # is the suto correlation function and 4t is the time
lag. The numbdber of independent samples in a time period of
length Th

e T/z" D.2.2

The uncertainty, T, in determining the mean value of a
parent population with a standard deviation,¢, and Ny

independent measurements is (Bevington, 1969)

& - e/ﬂ_' 00203

The uncertainty in measurements of mean quantities by an

anemometer is
=« 0 : O f'-"
s it Y e D.2.4
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