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1.0 Introduction

Optica l remote sensing of the boundary layr flow can

potentially provide the spatial and temporal detail needed

in meteorological application in this region . Convective

boundary le~yer studies, air pollution mon itoring, and avia-

tion operations require knowledge 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 neglig ible in f luence on the

f l ow pattern over conventional wind measurements.

A number of different techniques have been investigated

F - for remote determ ina tion of wind veloc ities us ing optical

methods. Heterodyne determination of the Doppler shift in

the received scattered light from transm itted laser pulses

have been used by Lawrence et a). (1972) and Benedetti-

Michelangeli et al . (1972) to calculate the wind velocity

componen t along the laser path. Xjelasa and Ochs (1974)

determined the mean horizontal velocity and divergence near

th, surface over a 300 is equilateral triangle by correla—

tion of scintillation patterns. luev •t ii. (1977) have

used the correlation of two spatially separated laser beam

signal , to determine scals sizes and life-times of aerosol
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inhomogeneities. Correlation of lidar return s1~ na1s

sca ttered from aerosol den sity in homogene iti es have been

used to estimate mean horizontal wind velocities. Armstrong

et al . (1976) have obtained average wind neasu.rer.enta over

a time scale or seconds from a distance of 250 a.

Eloranta et a). (1975) have used this procedure to estimate

the average wind velocity at distances of several kilo—

meters. Lidar returns for large scale (60 is — 1.0 km)
spatial inhossogensitisa in naturally occurring aerosol

content are used in this study to determine two horizontal

wind velocity components and also an estimate of the rms

wind speed.

Fig. 1 represents a schematic diagram of the procedure

used in obtainin g lidar measurements of the spatial aero-

sol inhomogeneities at different times and azimuth direc-
tions . These spatia l aerosol inhomogeneit jes are primaril y

due to nonuniform aerosol sources and turbulent mixing of

pa rticulate matter into the atmosphere. Motion of the

wind can be inferred by detecti ng the movements of these

aerosol inhomogen.iti.s as they are advected thr ough one

lidar sample vo1~~e to th. next. Previous studies by

~loranta et a). ( 1975) and Lauthner (1976) have shown that

velocity information can be obtained by correlation b tween

two lidar radial aerosol inhom og.neity pro files separated

— 

in time and space. They calculated ~ 

:

~~~~

im5n51on11 
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Figure 1: Schematic diagram of lidar wind measur ements
using natural aerosol as tracers. Diagrams are at time
t and t+~t, lidar beam has moved in azimuth direction in
this time . Aerosol motion is estimated by correlating
the lidar tnhcmogeneity profiles between two different
beams, F~ , t and ~~~, t+At . 
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lag—cross correlation coefficient in time lag ~ t and radial

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 di str ibution of indivi dual aerosol inhomogeneities,

velocities calculated in this manner will be biased toward

higher values , see Brigga et al. (1950). Kurilcel (1978)

modeled the spatial aerosol inhomogeneities as Gaussian

structures being advected by a Gaussian veloc ity distribution .

This model estimates the mean velocity and the wind speed

variance from the lag—cross correlation coefficient value s for

different lateral separations using the method developed by

Leuthner (1976).

Th. coherence which describes the correlation at

var ious radial wavenumbers k is used in this study for

velocity calculations. Spectral radial velocity components

are calculated from the spatial phas. difference at each

spectral wavenuinber between inbomogeneity profiles due to

their radial drift . The lateral spectral velocity components
are calculated from th. t ime lag for each wavenumber

component to drift from one azimuth direction to the next,
of. Fig. 1. The mean valus of each velocity component is
obtained by av.ragi ng over wavenu abers . A mod.1 similar to

that of Kunkel (197w) is used to correct for the effects of

—.5 —. —.5 -- .5— 
-

I
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turbulence and estimate the rae wind speed.

An increase in computational efficiency is obtained in

transforming to r adial wavenu abars k by using Fast Fourier

Transform ( FPI ) in calculati on of spectra and coherence of

— spatial aerosol inhomogeneity profiles. The FF1’ computes

a discrete wavenumbers which depend on the data segment

length and point separation . (For this study ki = 
i/9~() ~~

i 1, 32.) This method can be 5 to 50 times more efficient

computationally over the Slackaan—Tukey method, see Cooley et

• .1. (1970). Filtering the spatial series to reduce the

effects of noise is also more efficient in wavenuaber 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.

Tb. theoretical procedure used to determine the wind

velocity par ameters is presented in Chapter 2. Derivation s

and computational details are left to the appendices for

those with further interest. Chapter 3 describes the

instrumentation used during this study. Tb. results of

experiments conducted at Madison, W isconsin and the Whit.

Sands Missile Range, M.w Mexico are shown in Chapter 1~.
The conclusions are stated in Chapt. r 5.

_______________________________ 
--_____ _ _ _ _ _
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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 tour 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 ror turbulence, and uncertai ities in lidar wind

measurements . Mathematical detail s 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

iztho mogeneities is describe d in this section. A method is

pr.sented to calculate these spatial inhomogeneities in the

mean aerosol content from lidar measurements. The .xperi—

mental arrangement for obtaining these measurements is also

shown. Rori sontal wind velocity information is calculated
from th. coherence be tween lidar measured radial profiles of
spatial aerosol inhomog.n.iti.s.

Lidar is an active remote sensing device used to probe

the atmosphere . A laser pulse is transmitted into the

atmospher. and measur ements ar. made of the photons scatt ered

_ _ _ _- -

- 
_ _ _ _  

_ _ _ _ _
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throw~h ltiO 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 amoun t of

scattered laser light. The equation for singly scattered

monostatic lidar return power is~

f ( R )  

~ 
I 4 (R ~ 2.1.1•1’ ’i

where R is the radial distance along the propagation path

R ’ is the integration variable along R

Pr (R) is the instantaneous received power from ra nge R

is the transmitted laser pulse energy

Ar ii the area at the receiver telescope

c is the spied of light

~~~ is the scattering cross—section p.r unit volume

is the extinction cross—section per unit volume
1?(1t0 ) is the backscstter phase iw*ction

I
A modified rora of the lidar equation present•d by

Collis ( 1969).

- ——- -••-—-—.———— •.,—
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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—

rith~ic amplification compresses the dynamic range of the

signal . The signal is digitized into 10 bit words at a

1O? }~z rate which yields a IS m resolution along the laser

beam path. ~.tuar returns are correc~.ea ~or tne “range

square attenuation and normalized by the transmitted laser

pulse energy using a PDP u1/L~0 minicomputer. Lidar returns

analyzed in this study are riven by the

natural logarithm of the quantity (Pr(H) R
2/E0);

~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~ 1~ 2.1.2

where t~ is the time at which the nth laser shot occurred

ii the range to the 1th data point

Y~ (ta, R1) is the lidar return analyzed at azimuth

angle ~
K is a systems parameter constant

is the volume backscatter coefficient

)
4 17r

I
~

_ _ _ _ _  _ _ _ _ _  -- -
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Spatial inho!no~cncitie3 of the at~nospheric aerosol

content can be uLtained from lidar mea~urcinenta. Spatial

Iluctuation s in conc en tra t i on, size and shape of aerosol

particles produce spatial variations in the backscatter

coeff icien t ~~~~~ . The attentuation term in Eq. 2.1.2
eli

~~ ) is a monoton ic al ly increas ing fun ction with

range 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 devietions

j from a time cen tered running me an radi al profile of Eq. 2.1.2.

for each azimu th 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

L ~~~~~~~f e 4~~~
2 . 1 .3

where NT is the number of lidar profiles used to ~a1culate

the average lidar profile

is the deviation in from the average

profile

-
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-
~e f lV~ :r~~j(! value of (t , ~~) alonp the range H1 is

rr~~oved before harnonic n~ a1ysis to reduce the leakage of

zero wav enumber cu; 4’?o:.ent into other wt~v ,u~ Ler bands.

Radial profiles of the spatial aerosol ~~~~~~~~~~~~~~~~~~~

• analyzed in this thesis are defined as

~~~~~~~~ 
~~~ - t .R~) — ~~~ 

2.l.~

where N is the number of data points along the radial range

1~ is the first data point of this segment.

This pr~cedur. also suppresses spurious harmonics generated

by discontinuities in the aerosol structure.

• Lidar measurements of the spatial distribution in

aerosol con tent are ob ta ined from a sequential three angle

azimuth PPI scan at a fixed elevation angle, see Pig. 2.

The sequential scanning procedure obtains lidar profiles of

the aerosol content at azimuth angles ~~ . ~~~~~~~~~ ~~ ~~ etc..

Short data se~~ ents along two beam paths can be treated as if , -

they are parallel for small angular separation, ~~~‘ ~~

end the change in the lateral separation at the endpoints is

small compared to the aver age later al separation . The lateral

separation distance Ax is din ned as

~ x 2Rs in (~/2) 2.1.5

_ _ _  

I -. -  .5 -... 

_ _
_ _ _  .5 -- .5- - -- —--.5- — ---- - _ _ _
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Figure 2: Vertical and horizontal viewi of lider wind
measurement scheme. Lidar m.~ su3 .aan ts are obtained a~three azimuth angles (Ø~l.~ 2~~ 3

) with an elevation angle,
• The wind velocity has components p rpendicular and1 parallel to the center azimuth of u and v. The

1 
horizontal range is given as Rb~Rcos ( & ) .

r 
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Tne height 1 of a data point at a range B is

• Z = H s~n (~~) 2.1.6

wnere ’?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 re:....—~s

at various range values.

Spatial aerosol inhomogeneities in the average lidar

radial profiles calcul ated from Eqs. 2.1.3 — 2.1.Li 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 ~pectra1 estimates of descri bed in

Appendix A. These smoothed spectral estimates are used in

F 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. Coherenc e values of data segments cen tered at a r ang e N
are calculated for various time lags, ~ t and for thre e
lateral separation s, ~~x — Om, 41 2 N sin(( ø~ ~ 1/2) and

41 = 2 ~ .i n((~ ,- ~ )/2) .  Tb.s coherence between a number
of radial profiles of the aerosol inhomogeneities is, Cf .

• Eq.A.2.l

4

.5
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L•~~~ ~.‘ . 

~~ ,~
(4 . ~~ ‘~

C~L ~&J E .4E) Z

• ~~~4 7,..

where * denotes complex conjugation

k is the radial wavenunber

At is the time lag between radial profiles at 4 .
8 x is the average lateral separation between radial

profiles at

is the smoothed spectral estimate of the

radial profiles of the spatial aerosol

inhomogeneities, Y’~,

• S~~c&) is the smoothed spectral estimate of the
radial profiles of the spatial aerosol inhotnogeneities -

1’~~ ,~

the smoothed cross spectral estimate between

radial profiles of the spatial aerosol inhomogeneities

measured by Va’ and Y’I . Y’i and Y’I are

separated by an aver age lat eral distance ox and

time lag At

abe proces s of smoothi ng the spectral estimates is

important in calculating reliable measurements of th.
coh.rsnos. Smoothing th. spectral estimates decreases the

_ _ _ _ _ _ _ _ _
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probability that random data will yield a Clvcr . coherence

value . The probability of random data hav~n~ a given

coherence value is (cf. Eq. A.2.2)

p = (]_ ~~ )Od f2  2.l.b

where P is the probability

r is the coherence value

edt 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

At l in the smoothed aerosol inhomogeneity cross spectr um is

proportional to the distance over which the spectral component

has drifted radially.

~Y’~ V,(~~~ ) ~ 4 2.1.9

where vr (k) is the spectral velocity component along the

beam path , of. Pig. 2. The solution for the radial spectral 
- 

-
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velocity is

Vr
(k) = 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,

cf. Fig. 2. A maxim~na coherence value in time lag At

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

• u’(k) = A X/Atm(k) 2.1.11

where at
~

(k )  is the time lag value for maximum spectral

coherence. R andom changes in the spatial aerosol inhosso—

geneity profiles due to turbulent mixing cause the degree

of correlation (coherence ) to decrease with increasing ~ x

and A t , cf. Brigga et al. (1950). Section 2.3 presents an

approximation to estimate the mean lateral velocity tram the

coherence decay.
Ii

.5 

- 4 ‘-5 - - • — S 
.5 
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2.2 Signal Spectrum to ?oise Spectrum E3t imat ion and

Filtering

This section describe s the es t imat ion of an optimal

l inear f ilter base d upon the spec tral charac terist ics 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 derivatio’a 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 me a-

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 noi se . Spatial liltering oi ~idar radial

profiles is necessary to reuuce tuese noise cora~rioMl..Lva4s

from the signal of the spatia l aerosol inh oun ogeneities.

A filter that reproduces the signal f ro m the aerosol
inhoinogeneities with a minimum in error can be calculated

from knowledge of the spectral characteristics or both the

signal ~5(k) and noise ~~(k) contributions, ci. Wainstein

‘ — . 5  
.5 ~ -- -- - - - • - - . - .--‘ .5— 

.5 . 4.5. .5 •le_- —--— ..5. 
- 

- - “ ‘ ‘ .‘ -
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S

and Zubakov (1962). ~he Four ier t ransform Fi ( K)  or the

optimal linear filter fl(z) is given by, ef. Eq. B.7.

~ ( k)  = 
___________________ 

2.2.1

+ SN(k)

Thi s 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 s ame 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 .13 ). -

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 th. signal spectrum to noise spectrum ratio f r om

coherence measurements is detailed in Appendix B. Coherence

values are calculated from experimental lidar measurements

of aerosol inhomogeneities for th. lateral separation

Ax ~ 0, see Fig. 2. These coherence value s are functions of

• 
. wavenumber and time lag only. They are observed from Pig. 7 -

to be approximately Gaussian in time lag 4t. Extrapolation

—.5 - - - - . , —.5

- - ‘a. S



‘ “~~~~~~~~~~~~ - - . 5 -—

18

of coherence moa~urements at each wavenumbcr k to At = (.)

is estimated by a least squares regression to a Gaussian of

the form

Coh(k,O,ct) = A (k )  • exp(—B(k)•4t2) 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 (M) (note that A (k) = 1 for

noise free measurements). The ratio of the signal spectrum

to the noise spectrum can be es timated by

S3(k) — l
______  — (A (k) — 1) 2.2.3

where this equation is derived in appendix B as Eq. b.b.

The transfer function of t~~ optimal linear filter can be

cal culated from knowledge of the signal spectrum to noise

spectrum ra tio , cf .  Eqs. B.5 and B.?.

U(k) = (Coh(k ,0, = A¼ (k) 2.244

The filter corresponding to this transfer function will
- 

- 

optimis. the recovery of signal information of spatial

aerosol inhomogeneiti.s from lidar aerosol profiles.

An estimate of the ratio of the total filtered signal

variance to noise variance (SN?) is calculated here by

replacing the integral s in Eq. B.l0 by sums over all

4’ 4. ~~~~~~~~~~~~~~~~~ —. .5 

- ,~~ - -~~~~~~~ — — - - .5 . - - - ,— -~~~~--— 
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• W. .~v C T U X ” ~ber 3

~ H~
(A)  ~

= - T ’  2.2.~,
4

where the su.~s are over the M discrete wavenwr~bers obtained

from the Fast Fourier Transform (FFT).

Figs. 3—6 si-mw experimental results from lidar data

obtaine d on January 19, 19(ti at White Sands Missile Range,

New Mexico. Three cases are shown for different value s of

S1~R to illustrate the effects of noise upon the data. The

cases or high (SM~=2.9O), internediate (S~B=l.l9) and low

( S?iR O.b5) signal to noise ratio nearly encompass the total

range observed in the data presented in this thesis.

.5 The power spectra of the spatial aerosol inhomogeneities

calculated from Eq. 2.l.L~. are sh wn in Fig. 3. These spectra

are not expected to follow the —5/3 power law since the

logarithm of the lida.r returns are used in analysis for

increased computational efficiency and to remove the effect

of slowly varying extinction.

Pigs. 1~ 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.li ) for the data

presented in Fig. 3. Pig. 14 shows that larger values of

• signal to noise ratio spectrum occur for lower vavenumbers.

These wav.numb.rs are the spectral components that contain

.5 
~—r--~~~r~~~~~ — - 4 4 ’ ~4~.5~~~~~

• .5—. 
~~~~~~~~~ ~~~~~~~~~~~~~~ “~ 5 - 4 - 4 , . 4 -4  -

- - — - -4 ~• - - ‘ . - 4--

— — . 5- - - —~~~~—--.------ .5—----- --. ---- .5-
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Figure 6: Graphs of filtered (lines) and unfiltered ( 4 )
deviationa (Y’~~’ (t~ ,Ri) from equation 2.1.4) in the mean - - -

aerosol content for data of Fig. 3. Note the scale change
for large SNR values (2.90).
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v e l o c i t y  ~r~~~ :-:- .~u~ :~~:.. ~~~~~ -
~ ~~~~~~~~~ ~ I . ,- C :~~

- u~~~e in

1 t uue and ~‘~~~idw ~1 th of ~. .e lilt. er for -~~e . :~~ as i:.: ~~~
v a l u es .  ~~~~ t r a l  co~-~; ~~~~ :~ t5  ~.:. . re the  :~~o ,  : - ‘ c L ,~.tr ..

are large CI~~~~ r tr e d  to the acro~oI :~~~~~~~~~ -.-~~~ t L~~~~ 2 t J ~~~4 - I~~~~ 
l ..re

suppressed I i f l  o r - ~ er of i~~~-~ . 1 tu Ie or ~rcater t- y this process.

:2~ r-. i t a t io : i s of t r i i s  t e c h n i que are e v i d e n t  In  the scat t er  of

the e st i~~a t e~ s~~ nnl zpectru.1 to noise ~;cctrum rat~.os b r

values less t~ .ii n a~~’r’~xii-ate]1y. .- - R a t i o s  less  than  th~ a

value are essentially noise.

- i g .  b :;ho~ s examples of filtere d and ur~filtcred

s p a t i a l  d e v ia t i o n s  from the r.ean aerosol structure , Y~~~ t~~~

calculated from Eq. 2.1.L&. .ne filtered aucosol innomogen—

eities are calculated u 5 i I i ~~ L I l e  u~~t irna l  t r a n s f e r  functions

shoirn In Fig. 5. It can be seen from this figure that well

defined structures corresponding to large ~N R values are not

substantially changed , but random fluctuation s are consider-

ably reduced by this tilt erino~- procedure .

_ _  
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• 3 Vclo .. i ty .~_ x - r t • c  t e~:. for  .Jot~~- ru. -h cc -.r c l t y

A r~ -t I i o d  is ~cv t -- ) .o;-~-d in this section to estimate the

:- m  value of the h o r i z o n ta l  w i n d  v e l o c i t y  and the ‘~~ 5 wind

~; 
ced :-~- . :elin; the :;-at~ al aerosol ir.h3r~ j eneitiea c~~zerved

by lidar rTeasure .e:. ts t-y a G a u s s i a n aj~proximation . A deri-

vation of the f &r.ctx or~al form of the rnodel ~s ~lven in

App endix C. ‘he fin*l form of this model includes optimal

filter~r~ characteri stic s ~erived in the previous section to

r-~~.i. i— .i~~e the or-r~~~ on i:~ ~~h C p r o f i l e s  of aerosol inhomo—

gen e i t i es .

:he s;-~- ’c t r u l  v’~~ . - ~i t y  component pe rpen i~ cula r  to the

beam pattern u(i ) (see Fig. ?) is calculated from the coher—

ence of’ lidar measurements at various time s and spatial - 
-

separations. Random changes in the aerosol inhomogeneity

pattern caused by turbulent velocity varlations decreases

the ns~ .tmuin value of the coherence with increasing time lag

and lateral separation . ~rig~ s et al ( 1950) , Briggs (196t~a,
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 correlation s and cross spectra were nearly

Gaussian in time and spatial separation .

A model derived in similar  manner to that or K unkel

• (197b) is used to estimate the mean .&atera~ wind .peea of

all spectral components and the ms wind speed. Appendix C

— — 
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~ re ..~e :.ts a L v X i V h t i O f l  Of’ t h e  r~m ct t o n a l  form of the

coherence decay with increasing temporal und ~1~ -Ii t~~Bl

separations for an ensemble of Gaussian aerosol hc- .c~ er.—

cities being advected by a Gau~ sian veloc ity di~ tr .t...tion .

The func t iona l  form of the cohercr .ce ~~~cr these assumptions

is (Eq. C.ll)

Cc~ (4  ~ 
(~~~~

2.3.1
~ — ,  —

e!~~~ i (_  L~ A I

where k represents wavenumber (rn ’1 )

~ is the —ean lateral wind velocity component (rn/a)
.5 

AX  is the average lateral spatial separation between

lidar measurements ( i n)

G~ is the m a  width of the horizontal extent or the

spatial ae rosol inh oe*ogeneities ( i n)

6715 th e standard deviation of the velocity

di stribution (rn /a )

To emphasize the spectral components where the signal

spectru m is detectable over th. background noise and to

increase the statistical significance , a weighted average

coherence over wavenwnber (Coh(ax,At))is computed. The

weighting function used to optimize the information in the

signal spectr um over the noise spectrum is the square of

i- _::_ ::_ iE 
_ _ _  _  _ _
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the optimal t r a n~~Fcr function from Eq. 2.?.1~. since factors

ol th e op t im a l  t r a n s f e r  ~~r~~t ion  occur in ~jectral estimates.

Thi s w e i . - r . t i r . j  fu nc t i on is r. - - : - : h l i z e d  sucn tha t  the  sum of

a l l  the ~iei ght s  is  unity.

4.,
) H 2 ( k ) /  ~~~. 

H2(k) 2.3.2
4 - 4 .

TrLe final functional form of the model is the weighted

average of Eq. 2.3.1 over all wavenumbers

A ( 6k-

4.1

e.1, ( A 1G~
’4t ’ ) 2.3.3

where Wtk) is the weighting function given in Eq. 2.3.2

and the amplitude factor A is included to account ror

finite ratios of’ signal to noise.

Experimentally measured weighted coherence calculations

from lidar aerosol inhomogeneity proriles are fitted to the

functional form of Eq. 2.3.3 using the nonl inear regress ion

routines provided by the Madison Academic Computing Center

(Marquardt 1963). Thi four parameter , regressed against . L

I 
-~~ I _  

-~~~~~~ —

.5 - -  -~~~~- ‘ r~~
r
~

-
~ 

-
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A tri o amplitude factor to account for finite signal to

no ise ra tios

~ the mean lateral wind speed

the rms horizontal width of the aerosol inhoi-.ogc-

n e i t  t e ’

G~~ the standard deviation or 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

square s f i t  to Eq. 2.3.3 is shown in Fig. 7.

An initial estimate or these re gression parameters is

needed to speed convergence or the nonlinear regression to

the optimal values. The initial estimate of th. amplitude - 

-

factor is the weighted coherence extrapolated to zero time

lag for Ax 0.

A = C~~E( 0, 0) W ( k)  • A l k )  2.3.li,

Th. weighted coherence are assumed to have a max imum value

in A t near the time interval ne•ded for the a•rosol inhoso—

gsneities to drif t  the lateral separation distsnc• 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

I

I- - - _ _ _--- --- -- --— 

_
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-
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Figure 7’ Weighted coherence as a function of time lag for
three lateral separation s (AxI.0m(O),Az.38a(Q),4x~7*ta(A ) )
from data obtained on January 19, 197ti . Lines are a least
squares fit to Eq. ~.3.3. Relatively poor f i t  for ~ z 76m

— is a result of weighting th. outside coherence value by ½ .
These values are weighted because fewer spectra are used
to estimate the coherence .

— .5,
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this requirement. An initial estir~ate for ~i under these

assur~-tions is th t -  appa z- (-rt lateral vt locity ~~ ‘ c a l c u l a t e d

f ro m the t~~~-e lag 
~
4tm) of n.iximum ~~~i ;~~ted  chu ~~ence at

lateral sep a r at i o n~~~x .

a Ax/At — 2 R Sifl (
~~~/2)/A

t 2.3.S

Art approxi ’.iticn to the ~i -~ n s~~uar e  width of t~~c C.at~~si an

aerosol inhomogeneities can be estirated by a least s~~~ res

recression of weighted cc~.erence values for .Ax 0  to !q. 2.3.3.

The r-s wind speed can be neqlc-cted for regression of data

points near 4t—O. Eq. 2.3.3 reduces for~~ ap~.rox~mately zero

to

CcTh (0 ,A t ) .A e x p ( - u’2 A t 2
/2ç )  2.3.6

whereç is the only remaining unknown initial para eter in

this equation . The initial estimate of the rms w n d  speed

is chosen as a small fraction of the total wind speed estimate .

A coarse search of the parameters is required 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

LLL 
_ _ _  _ _ _  

_ _
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performed to establish their optimal values. !he model

parameters to be co:ipared wi th  conventional wind velocity

measurements are the mean lateral velocity component ~ and

the rms wind speed G~

The curve f i t t i n g  procedur e described above is used to

estimate a correction from the apparent velocity caused by

turbulent changes in the aerosol patterns. fhe magnitude

of this correction depends upon the magnitude of the

maximum time lag and the lateral separation distance. Tn is

correction can be as much as 10-20% of the mean lateral wind

speed and can change the me an wind direction estimation 3 to

ii degrees.

The average radial velocity 
~~~ 

of all spectral

components is

L
v ( k )  2.3 .7M r

Radial velocity components calculated from Eq. 2.1.9 are

averaged until a relative phas. shift in the cross spectral

estimate greater than lt$0 degrees is encountered. This

process decreases the influence on the mean radial wind

speed estimate of random noise phase shift in higher spectral

components.

The hori sontal projection of the me an radial velocity

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  ---—~~~~~~~-~~~~ ~~~~~~~~~ ——, ~~~~~~~~~~~ --.----—-- — - -
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1

c omponen t is

r cos (G) 2.3.b

Data presented here were obtained at small elevation angles

(L10 °) and therefore cos(6’) 1. The mean wind speed

(Vljd ) and az i r ~u th  direction ~ are calcula ted from

the following formulas:

V j .d , ;2~~ 2.3.9

li dar = itlO + + tan (U.J;) 2.3.10

- 
. where is the central azimuth angle in the three angle

scan of Fig. 2.

4 
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2.Li. Lidar Uncertainty Estimates in ~-1ind Measurements

An estimate in the experimental uncertainties Is needed

to judge the reliability of any :‘~ea5urer.ent. t~nowle dge of

the factors contributing to measurement uncertainties can be

u3ed to improve experimental procedures. Lidar wind measure-

ment uncertainties are based upon the discreteness of lidar

data. Lidar measurements of aerosol profiles are digitized

for ease in data manipulation and reprcsent measurements

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

These rteasurement.s are acquired at discrete time intervals

limited by the laser pulse repetition rate.

The wind speed and azimuth angle (
~~ ) between the wind

azimu th ~~~~ and the average lidar azimuth ~ ~~~~~~~~~~~~~~~~ (i.e.,

~ 
0- ~~~~~~~~ ) can be estimated from the approximate

formulas for the ve loci ty components ii = Ax/A tm and ; =

Al/Ate by

2.4.1

2.4.2

where 4X is the average lateral separation

~ y is the radial spatial change ( units of 15m) of

maximum correlation

4
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~
tm 

is Ute time lag for maximum correlation which is

the approximate time interval for the aerosol

inhomogeneities to drift the lateral dista.ncaAx.

Quantization uncertainties in lidar wind velocity

rteasurenents for fixed value oi~~ x can be estimatea Ir~... ~~~~

following equations. The rta.ximum azimuth quantization

uncer tain ty (
~~Ø~) is estimated from Eq. 2.t&.2 for changes in

‘
~~ 

~~~~~~~~~ } : 
j  L ~~ 

- 

2.t~.3

The maximum quantization uncertainty in the wind spee~t (
~

vt )
is estimated from Eq. 2.4.1 for discrete changes in the ma.xi—

mum t ime lag ~~~~

~~V
g
: ~ [V ~. ) V ~

J )
~ ~~~~~~~~~~ £)J 2.4,4

A schematic diagram of quantization uncertainties in

speed and azimuth is shown in Fig. tS. The uncertainties are

plotted as functions of wind speed and azimuth angle (0’)

with respect to the average lidar azimuth direction. The

graph represents lidar quantization uncertainties for i~x=47.9m

and a 1 ha laser pulse repetition rats.

Uncertainties in the lida r rins wind speed measurements

are estimated by the nonlinear regression (see section 2.3).

The nonlinear regression routines estimates the 95% confidence

I 
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lir~its of the regrea~ 1on ~ tra~ eter G • The magnitude of

these values are used for lidar ri~s wind speed uncertainties.

LV ~ ‘~~~i.- ~o ~
9 0 7  j ‘

-

~ 

-- i~ i ::: 

SPE E D  (M/S)

.5

Figure 8: Maximum lidar quantization uncertainties (Eqs. 2.4.3
and 2.4.4) for ~ x - 1~7.9m 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 Instru.—.cntation

Yhic chapter gives a ~-:-~~-f -~~~crij~tion of the i r~~tr ’~ —

:..;:;tation ‘~~~d in o~~t a i :~ ir ~~ .‘ t ~~~~~~~~~~ ;~-~~cr.ted in thi s

thes i s .  ~~~ri~~t i on s of the ~.~ sconz:n 1i~~ r system and

in stru-~ntation for  cc- : : tr~~5on ::.casurements  at ~ adison ,

wisconsin and ~‘hite sands !-~i~~jile Range, N ew ?~exico are

included. Uncertainties in wir .d  measurements use’l for

comparison are also outlined .

.

1
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3.1 The nisconsin Lidar Zystcm

‘:‘tie Wiscor~~in L.idar sy ~~tem is op t - r a t ed  in a mo n ost a t i c

c-o nfi~~i rat~on. A ruby las er ~~‘.se is t r~~r~itted ~r~to the

atiosphere and the energy output is r,easured. The laser

ra -~ i a t i o n  s c a t t e r e d  t !US ough lbO decrees by aerosols and

‘-olecu les is de tec ted  by a receiver telescope aligned parallel

to the laser &xis. A ].~~ nm bandpass interference filter is

used in the receiver optics to suppress the background

radiation .

i~e field of view of the telescope is variable and full

overlap of the receiver field of view arid the laser bean’ -;

divergence occurs at approximately 1 km. A red sensitive

photomultiplier converts the backacattered laser photons into

an electrical signal. The photomultiplior signal is ioga—

ritth’Ucally amplified to compress the dyna’~ic range and

digitized at a lO1~iz rate by a ~lomation model 1010 10—bit

analog to digital converter. The 10Mhz 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 11/40 minicomputer is used for data preprocessing

and displaying . Individual lidar returns are corrected for

the range square attenuation by adding twic, the natural

logarithm of the range to each data point. Returns are

—I— ~~~~~~ — 
-
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norri a~~1~~ed by sut t rt~c t u p  the , : r t u ral  ~~~~~~~~~ o~
’ the

o u tp u t  e~.er~ y fo r each la :  -r  ;- ‘. l ise . ~r a l  ~.ir .e c~~r i - e c t eU

lidar returns tY~~ (t
a . K 1

) i— f  h q.  ? . 1.- ) ~re the n LIsplayed

on a ~~
‘t t T  r.u:,itor.

:~~e 1ta~ cr tt lescu~-v 3y~~ter~ ~s r~ountod on a :- iL~~r i  zed

base which allows the positioning of the l idar  in az imuth
I and elevation by the PD? 11/40 computer. An~1e readout

I en:oiers positioned on the base determine the angular

I coordinates. These angles are recorded on magnetic tape

aiong with the corrected lidar returns, ti :~e , date and

laser pulse energy .

The Wiscon sin lidar system can be operated from an

• electronics trai er for field expe r imen ta t ion . 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—

ti cris i n t r ans i t .  The lidar  base is extended onto a lowered

tailgate during measurements.

L1



- To..~ r •. ~~J ?‘~ea :cur ~ -r ’ t- n t 1 rs t  t z’u-’.t -r .  t at .  I on

:~ ~~ ~ ~~~~ w i n d r~.- a su r t -~~Mr1ts  i f l  u~~~; •‘rlr.c,nts conducted

at :~.i~~i :
-
~~:., ~ i s c .~~~ in were L~ tajrAed for c -.;~ar:~ on with

l~ ~.r ~‘..ved quantities. 1 —dill four blade anemometer

tR .~’. ~~~~~~~ 
r~o~i’l .~!C.T) ..ae mounted at a height of 77zn

from the base of a radio tower located 2.7 k~a west of the

~eteorology and Space Science ~u~ 1ding at the University

of .isco:~sin , Madison (see Fig . 10). A 12—bit A to D

converter is used to dig.tizo the wir~d speed , azimuth and

e l e v a t i o n  an~ 1es of the bivane sequentially , each at a

1.0 Hz rate . ‘ata transfer to the Pi) ? 1l/ :~0 based data

1o~ g 1ng system (SectIon 3.1) is done v ia  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 wtnd measurements w1~ lidar

wind measurements. SethW~amen and Rrown (1976) estimate that

prop response errors in wind speed measurements are les s than

approximately 2%. AerodynamIc l i f t i n g  of he b1va.n. t a i l

produces errors in the angular position ing smaller than two

degrees , of .  Pendergast (1975) . The supportive tower

structure can also influence wind measurements. Wind sp..d

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

sensors downwind from the tower according to I~uM and Barad
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(1970). Upwind sensors can ke atfected up to ~~ in a

similar manner according to ~r ç’el1 and bernstein (1976).

~
‘ower structure influences upon iinenOmter wind r~eas~.:re—~~r.ts

are estimated to be much smaller than these extreme values

in this study. l idar 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 uncertain-

ties depend upon the correlation of these measurements in

tim•. Error analysis based upon a s ta t i sUcal  description

1. deta I l ed in Appendix D.2. An independent measurement of

the ave r age wind field is assumed to be made during a time

period equal to the Eulerian time scale t 2 )  for stationary

isotropic turbulence. The uncertainty in the measure of the

me an value of a wind parameter is estimated by Eq. D.2 . 3
tob

3. 2 .1

where is the standard deviation of the parent population

for parameter p

is the uncertainty in the mean valu , of the

parameter p

_ _ _ _  —---- —--
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W1- is the number of independent measurements in a

tH~e interval of length T(NT~~
/2
~ 

ef. Eq. D.2.2)

~..ncertainties in the tower wind —easurerients are listed in

Section 4.1 for each experimental day .

.5
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3 , 3  ~hite ~lands yiss]le i~~i~,’~e instrumentation

Independent wind ci:~ur~ ~~nts for co - .;~ir ison to lidi ~r

wind mca~urc:~entz were ob t a r4ed  for expcrir.~nts conducted at

the White Sands Missile Range , ~ew ~exico. A map of the

experimental site at White ~iands Launch Complex f3b (LC3b ) is

shown in lig. 11. Wind velocity measurements from an inatru—

— 

- 
mented meteorological tower and radar tracked pilot balloons

- - are used in this thesis for comparison. Experiments were

conducted fron December 7-17, l’i77 and January 7—27, 197ts.

The meteorological tower at the L.C36 site was instru-

mented for wind measurements .~~th the following equipments

cup anenomters were at eight height levels of the tower

(1.6 , 23, 30, 53, b9, 91, 122, 152 in ) .  Measurements from

the cup anemometers were averaged every 15 seconds and is—

corded on paper tape. Two U—V—W anemometers (R.M. Young

model 21003) were located at heights of 14 and 137 is. Wind

measurements from these two anemometers were acquired by thi

same data transfer system described in Section 3.2 and stored - 
-

along with lidar measurements.

Wind measurements f rom automatically tracked pilot balloons

wars used for comparisons with lidar wind profile measurements

above the tower. Pilot balloon measurements are vertically

averaged over heights of 100 is. Averaging pilot balloon

- . measurements in this manne r yields th. 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

balloon ‘~easurcmonts were obtained cvery 10 ~i~ utes 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

~~~ ~ccur beca~ ae ~~ erratic motion of the se balloon s 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 Doawell (l9lti). Pilot balloon wind

velocity uncertainties are estimated in this thesis from

positioning errors in space.

Pi lot balloon wind velocity measurement uncertainties

are derived in Appendix D. 1 for spatial positioning errors.

The zns.ximum uncertainty in each velocity component 
~~~~~

SV5~~ is

&~~~
‘ “ii 

3.3.1

where I is the average slant r ange of the pilot balloon during

the measurement

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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~t is the time inte :val of the r ’n z u r t - r ~ent

S& is the uncertaInty in the elevation angle

~~ is the uncertainty in the azir~uth angle

(This is Eq. :.l.4).

Information on the ran e 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 rrom an estimate of

the diffraction limit of the receiver. The differential

range resolution was estimated to be no ~reater than 5 in.
Eq. 3.3.1 reduces to the following for these resolution

values.

.5

~ tA o. ((. ~ a o 39 R (“4 ) 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 avera ge height and horizontal dis-

placement of the balloon from the mean wind profile .

Variation s in each wind velocity component are estimated

from Eq. 3.3.2. Uncertainties in wind speed and dir ection

are calculated from the variations in each component

* 
using Eqs. 2.3.9—10. Uncertainty estimates are listed in

Section 1~.2. 

- -  _ _ _  -
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Li.0 Experimental hesults

Experiments were conducted in ?‘ad ison , ~i~ consin and

at the ‘..~ ite 3ands ~:issi1o ~~~nrc , ~.cw :‘cxico to teat the

theory presented in Chapter ~‘. Aerosol den sity inhomoge-

• t - i t v  —~~•i1e ~~ i : e- ~ t r~~~r OO m to 1 km ~s I~~j( found to he eff i cien t

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
I 

for both lidar and comparisons measurements. Results show

I that lidar can measure the spatial and temporal variations

in the wind velocity field.

9
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L~.l fladi son Experiments

Co~parisons of lidar and tower anemometer wind velocity

measurements were conducted in Eadison, wisconsin from Ac-ru

through Augus t l9 17. Eemote l idar measuremen ts wore obt ain-

ed over the western section of Xadison (see Fig. 10). The

Wisconsin lidar system was located on the ninth floor of the

University of Wisconsin !~eteorology and 3pace Science Building.

Results of these experiments are for convective days with

well, defined inhomogeneities in the mean aerosol structure.

Aerosol irthomogene ities are of su f f i c i en t  magnitude under

these conditions to be detectable above the background noi se

of the system. A signal to noise ratio (SNR ) defined from

Eq. 2.2.5 of greater than 0.5 occurred for the data present—

ed in this secti cx~.

Lidar profiles of aerosol inhoinogeneities were obtained

in the three angle azimuth scan described in Section 2.1. —

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 is (64 data points) centered about

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

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

was 47.9 is. The period between successive lidar aerosol

inhomogensity profiles was limited by laser cooling requirements •

a _________________

- - - _______________________________________ - _ b__ _~ ,_ _ _ _ _ _  —~~~ - 
-
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to 1.1 seconds. Lidar wind r~easur ements  represent  f i v e

r~ nute time average s over a sample volune ~60 in long by

Li7.9 m wide by 1? in high.

Lidar aerosol mea surements  were ana ly zea  ior wind

veloci ty  in fo rma t ion  by the r~ethod out l ined in Chapter 2

and compared w ith  concurrent tower anemometer wind measure-

ments. The experimental time duration of each day varied

between 20 to 145 minutes  so that a number of five minute

wind velocity averages could be computed. Uncertainties in

l ida r  wind measurements are estimated according to Section

2 .Li .

Uncertainties in tower anemometer measurements (see

Section 3.2) are estimated as follows. The Euleriari speed

autocorrelat lon i s calcula ted from the tower measuremen ts

over the entire time duration of the experiment. The

Euler ian 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-

ment of the average tower speed ~~ and azimuth direction ~

are estimated by, cf. Eq. 3.2.1.

I;,
— I 

~~ / Z-.~.-- -

~ T ’7 p
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where is the Eult- z~~an ti~ cea le

T is the time ~urut~ on of the entire expo r~~cnt

~~~~~ 
is the to-~er :-ns wind ~;-~ e~ c~~~cu1at ed over the

e:~tire experimental tine duration

is the uncertainty in the average tower

wind speed measurement V

(
, 

is th~ rms tower wind  az imuth  d i rec t ion

ca l c u l a t e d  ove r the e n t i r e  (-~~Vr 1menta1  t ime

d u r a t i o n

~,i 
-
~~~~~~~

- is the uncertainty in the average tower

wind az~.r~uth direc ion

The m s  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 t~ ese I -

measurements from the ma wind speed calculated fcr the entire

time period ( C_ ~-). 
—

4.1.3

where MT is the number of five minute average wind

measurements for each experiment

C is the tower ms wind speed measured over a five

minute average

- - - -~~~ - -- - —- -- -~~~~~ -- —----—~~~~~~ -~~— - - -  _ _
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is ~hc uncertainty ~n the tower est im ation of

for r-~~~~~ experir-ent

mc~ e ux,ccr~ nintiec in towcr a-.c—.oneter rer~c~ rv~-~cntc are

listed in able 2.

The results of t~.c-se experiments are su.’~~arize d as

time histories of wind speed , azimu th direc tion and m a

~ c c - ~~~ of lidar and tc~:er anemometer measur ements in

Firs. 12—1?. Wind speeds and directions are calculated by

Eqs. 2.3.9 and 2.3.10. The average difference between lidar

n~~ 
-
~~~~~~~~~ :‘ ~~~~~~~~~~~~~~~ ~he ..e~n w~r~ speed and azimuth

d i r e c t i o n  u c wel l  ac the stan dard dev iations of these errors

are listed in Table 2 for each experimental day. These are

calculated from the following formulas:

.A V Vlidar — V
~ 

4.1.4

i - 
40 = 

~lidar ~~tower 4.1.5

-i ~~~
- 

~~~~~~~ L
4.1.6

— _~~~~~~_~~~~~~i~
4~A ~r r r 4 ,

Sf 
4.1.7

j  [~~~c~~~
-4
~~1J

. 5 ’ ’  
L j.1 . tS

4Ø ~~~~~~~~
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P1gw’. 12: Comparisons of lidar (., solid) and towe r (0,
dashed) a) spied, b)asimuth ( fr om north ) and c) c~.versus time for 22 April 1977 . Data obtained in Naaison.
All measurements made at th. tower anemometer height (T7~) .  - -

RMS wind speed for the second data point is not plotted
because the coherenc , maxima were nearly as low as those
corresponding to a 5% random noise coherence (Eq. £2.2).
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Figu re 13: Similar graph as Figure 12 for data obtained on
23 May 1977 in Madison . Larger lidar measure d radia l wind
speeds contribut e to larger azimuth differences for first
data point ( furtber explanation on page “ I.
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for ascend to last point . This data point is not plotted.
(see page 61 ).
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where tho~c paramotora are doacribed in Table 2. ~he

average lidar quanti~ ation u~.
r~ortaintics ~re Rlao 1i:;tec ~n

Table 2.

Figs. lb, 19, and 20 are comparisons of lidar arid tower

anemometer measurer~enta of the wind speed, azimuth direction

and the ma wind speed, respectively. Average uncertainties

in both lida.r and tower measurements for each experiment are

al so shown . These graphs show that lidar wind measurements

are consistent wi th 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. Aerosol inhomogeneities do not

have t ime to dr if t  th. radial distance between data points

(15 rn ) in the t ime for them to drift laterally between beams.

This occurs for radial wind speeds typically less than a

meter per second. The large discrepancies in azimuth onMay 23 and July 26 can be explained by the overestthstion of

lidar radial wind speeds. Lidar azimuth quantizatlon

uncertainties ar. large in the se instances.

Extremely low values of lidar measured ms wind speeds

on April 22, Jun. 23 and July 27 were found to have low SNR

va lues (.5—.?). I’he coherence maxima in these cases were the

iLL ~~~~~~~~~~~~~~~
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_
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of magnitu probability ror 
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Figure lbs Comparisons of li dar and average tower anemometer
wind speeds for ApriL 22 (1] ). May 23(0), June 20 (A), —

J uns 23 (+) ,  June 27 (0), and July 27 ( *) ,  1977 . Datasegments were obtained on clear , convectiv. days. Lidar endtower uncertainties are shown for each experimental day .
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Figure 19: Similar plot to Figure 18 for the azimuth angle
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are also shown . Note : Data on May 23, June 23, and June 27
in, plotted for the opposite direction, i.•., 180 degree
difference .
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random lluctuti tiona prc- ~ii ct ’~d by ~q. A .-~.?. inese coherence

~~~~ ~ow ~~ not to ut :~~:’t- aae wi th  ir i crca s~ ng la teral

~~ -~ t . on a~ in ir.. 1. :~~~~i specu~ an~ d i r ec t ions  cal cu—

latod from this data were foun d to be consis tan t wi th

previous rc aaurem ent s , however the nonl inear  regression

converged to very low va lues  to min imize  the residue in the

regression. ‘ hese measurements of the m s  wind speed are not

plotted because of the large uncertainty in the regression of

this parameter.
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A u cla ezper-.:- i-nt w a  ec~~:c~~c t E - i in c~ r~~unctlon with

the Atm osphe r i c  ~.c i c r ~ce i~t r o r a t~~ry } tt  ~~~~~~~ ~~~~~~ ~~~~~
?~i s sj l e  Range , . t i~ ~“ - i x c o. ~-~ r o t e l i da r  wi~~± r-~-a~ urement

experirrents were conducted on t~ ie dates :~ect- ;-~~~r 7—17, 1977

and January 7—??, ~9i~’. Fir . 11 is a ~ap of the experi-

mental area. The *isconsln li~ ar system was located 2.7 ~~

south of the Launch Complex #36 (LC36 ) meteorological tower.

Ir.stru~~ntatlon for tower wind -easurements are described in

Section 3.3.

The c x;-erir-~ ntal procedure  f’ r ob t a 1 n l r .~- remote lidar

wind measurements was similar to that used in the Madison

experiments (Section t~.l). The three angle azimuth scan

described in Section 2.1 is used with an azimuth separation

between lidar re turn aerosol profiles of one degree. The

lidar elevation angle was positioned a t 6 degrees for height

profiles of wind velocity. The length of the data segments

(~~ points , 960 m), laser firing period ( 1.1 secon ds) and

t ime duration for each measure m ent (5 minutes) are the same

as those used in Section L&.l.

Height profiles of wind velocity correspond to lidar

—..s-.r.r~ nta at different ranges along the propagation path.

£v.rsf . h.i~ ht levels of lidar —easurements are calculated

‘
~~

-• .,. ~q. ?.1.b. The volum e over which lidar wind r.eaaurements

•— . •v.~~..d var~ .a b eca use the lateral  separa tion increases

--
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_
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w~ t t~ ~- .CI - e l i z )  ir.~ ra :.t - • The average lateral separation varies

from .~1 kt a ~iant range of 1•2 km to 99 r. at ~.7 a— — . The

ve r t i c a l  and l t ~n~’i t u t  ~.al l t -r . ~~t h a  o~ tLe ~i~- ;- l ~~n i  v o~~ ~~- .e a re

100 it and 960 m , rt-spect.ively, for all ranges.

Wind velocity measurements from lidar data are calculated

using the theory In Chapte r  2. Wind veloc i ty height profiles

are measured using nonoverlapp ing data segments . The lowest

height level is l2m ite c~ 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 accord ing to section ?.Li .

Measurements presented in this section were obtained from

1620—1720 MST on January 19, 19/ti. Very light snow with large

scattering cross section in the visible was observed to fall

throughout the period (visibility b kii*). Large variations in

the return lidar signal were observed to a range of 6 km.

Lidar observations at hig her elevation angles showed multiple

cloud levels with the lowest at approx imately bOO i t.  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 he igh t profiles of wind speed, azimuth

direction and rita wind speed for lidar and pilot balloon

measurements. Pilot balloon measurements are plotted for

balloon s before , during, and af te r l idar measurements , when

I
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applica ble. These balloon measurements are averaged for

comparisons with lilar wind profiles.

7 easu.reivient s of the mean wind speed, d irec tion , and

rms speed from the U-V— V aner’ometer at the 137 it tower

level at LC36 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 it level m di-

cates tha t the rel iabi l i ty of the w ind sensor in th is

direction is questionable.

Differences between lidar and average pilot balloon

wind measurements are listed in Table 3 along with the

• mean and -ms 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

measur ed by the U—V—V tower anemometer at the 13? it level.

The large variati ons 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 5% it lidar wind measure ment at 1635 MST. - 
- 

-

— * - i-he maximum value occurred for a tim. lag smaller than

— - — * _______ _ _ _ _ _ _ _ _ _ _  —

-

~~~~~ 
— 

-
~~~: .  - - * - - T~ ~~~ 

- ‘ -

- - - - - - —-5- - -- - 5- - - - -  5-— -- -  



-75

-~~ 
0 — 0 4 ~~- 5- 5-

4* 4 — . —
5-

— 4 4* 4 -- 4*
_ •1 • • • • -4
*4*

- - -  
- 

5-
—

4*

.
. 5-

• ‘-i. 
p : :: :

4* . 4* . 4* 4* . .- - 
— — — U— > — C t S 4

-
~ I . ~ — a

— .- — — U4 - t- . g ; -::, ~• S - 4 4* - . .
~ 

_

•J !- 4- — — -• : ~
- 

~—U 
. *4 4* 5- —U — —

— — 5- ~ S S
• S a t . — —C (~ S S •

— S - ~~’~?I — .- . 5 - —  -;

~~~~~~ 0~~~~~~~~~~~ 5-~~~~~~~~~~~~~
S S S S

• .1 V— 5- 
~a
•5- _5 

4* — — 0 4* 5-

S
— • 4* 4- — 4*— — — 4* —5- -. — -4 — —

- --~~~~~~~- -- 5- — -  - -~~*-‘-

-- — - - - -~~~~ - - ——--~~~—~
—- ---- - 5 - —  —-----— ---- - - -  - 5- — -5— -  -~~~~~~~~~~~~ — - 5--



_  - ----5---- ---

Th

12 -— ‘ 1 ‘ I ‘ I ~
5 - 1  ‘~~~1~~~’ 

- -

70 -

LI
‘i-’ e -  -

U)

— 6 -  -

_ _  I H
1~ 20 1630 1640 7650 1700 77 10 1720

Il ilE (NST)

1eC~~~ 1 - 
~~~~~~~~~~~~~~~

U) - -
IQ

U 

~~~ 120 -

QflL ~ ~ i L i 1 t I i I ~i_
TL2C 1630 1640 1650 7 700 7710 7720

TIPIf (flST )

L 

Figure 27: Time history or lidar ( +) ,  and pilot balloon (0- )
measurements at the 127. level for data obtained on January 19.
1978 at White Sands Missile Range . Tower anemometer measurements
C.) at the 137. level are also shown . Tb. larg e va r iation in the
tower azimuth is caused by discrepancies in the north south
component , see page 7 / .

~ 

_ _ _ _



S 
- - 5 ---—- - - - - --~ —

—~ - - ---- -

r

77

• 12 
~~
---

~~~
--——

~~
--- —

~~~~~
— 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

30-

LI 
-

ta-i 5 -U)

t

Ii ~~—1 i _i__I. -- ~~~~~~~ -1 ~~~~~~~~ ~~ -a -—

1~~20 7630 7640 16S0 7700 1710 7720
Titl E ( M S T )

18C — T 
~ 

r- -T ——T ‘~~~~~~~~~~~~~~~~~~~~~~~~ ‘ ‘

U)
7 -  Il-i - -

Ia-i

~~~150 - -o 
4’

o • -

~~

320 - 

l I l i l

~~ 20 3630 *140 1650 1700 77 10 1720
Titl E (lIST)

Figure 28: Similar graph of Figure 2? ror the 227. level.

— ---—

~ 

- - - - --~~~~
-—-

- - -

a —

— -- — --5- — 5 - - — — -- —---- -- ---- ——- —- - --- - - - - - - - ----— -— - —---5- - — -



- - - —-- - -

I

- 

-- -- - - 5------

78

5- I~~~~~~T~~~~~ 1~~ ‘ 5 - i  ‘ 
- —

10

LI 
-

‘i.’ 8U)
A -4

~~~~

•

. 

.-- --V~~~’\

- ‘ ~~~~~ SL _L . 1~~~~ _L_ 1_ i_1. _._L ._

1’~20 1630 3640 1650 3700 1710 7720
TI NE (MST )

— ISO t —— 1 3 1 - - T 
~ 

1 - - I - - —

U)
Ia-i - -

Ia-I
~~~lS0 - -

Ia -I
• 0 - -

120 

ITIIT 
- 

T~I1I~~~ 
_

¶ ~~2O 3630 1640 1650 1 700 1710 1720
TIME (lIST)

Figure 29* Similar graph for the 320a level.

-5- -- --— —  -~~~~~~~~~~ --- — -- - - 5 - -—- - -- ---—-5 - - - —



r1r

_ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~‘-r--, _ __ ___ _ 

~~~~~~~ - 5 - ’w4 *~’? *— s— -~- -~ —~~-—.r- ~--—r -~ ~!? 5-!5-5-!n,5-_ _ _ _,_ __ _

- 79

12 1 
~~~~~~

- — - -  1 ’ V 1 1 7 
—

10 - -

Li
Li 5 .  _ .—  -
U) 

— — — — —
—S — 

e__ 
— — -

- -
— 6 - — 

— - -, -
~~~ ~~

- - — - -

O .,
—

~ 

4*
, -

La-i
L&~I 

4 -  —

U)

2 -  -

~~ 
. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ is -

I’620 1630 1640 1650 1700 1710 1 720
Ti tlE (MST)

I SC T j  ~~~~~~~ 7 T ’ f l  ~~~~~~~~~~~

U)
Li
Ia-i

~~ 350 -

LI

• 
~~ I2O

~~20 3630 1640 1650 37 00 3710 1720
TItlE (lIST)

Figur. 30: Same as Figure 29 for the 1410m level.

a ___________ ____
-- - - --5— --- - -~ ---- - -



‘AD—A07 8 670 WISCO NSIN UNIV—MA DISON F/S 17/0
REMOTE MEASUREMENTS OF BOUNDARY LAYER VELOCITY PARAMETERS BY MO ETC( U)
OCT 79 a t SROSA DAAS 29—76—c—0136

UNCLASSIFIED ERADCOM/ASt. CR 79 O136e1 NI.

U I
•



li~0 ,L L.

111 ~~
1125 

I~~
’
~~~

’
~
”

N*T!O~~ . IL~~AU O~ STN~~~ DS
-



PIp, 
_ _~_~_~. _ ~~~ -

80

1? - t 1 ~ T

10 -

~L::.~tZTT111~1630 1640 1660 $ 700 $7 10 1 7?0
TI P1 ~ (MST )

180 — - r - - 1 - — 
~~ 

u ‘ i

U)
-

~ 150 -
0

0

S 120

~~~2O 1630 1640 $ $50 $ 700 17*0 1 770
TIPI E (lIST)

Pigur. 31s Saa for th. 501a lev.1.

_ _ _ _ _ _  _ _  

_



• 81

• 12 -— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ ~~~~~~~~~~~~~ i ~~
—

1%20 ~630 $640 1650 1 700 $710 1 720
T IPI ( ( rISTI

• 180 — , i ‘ —-v ‘ 1
__ __ _t_ __

J

- -

~~~2S0 - -

0 -

120 -

1630 $640 1660 1700 $710 1720
TitlE (lIST)

Pigur. 32: Stailar graph of Pigur. 27 ror th. 5%a 1.v.1.
Tb. first data point .xhibit.d broad ooherenc• p.sks with
~ultipl. ~azia*a. High wind sp..d oorr.spond.d to a short .r
tia. lag than .xpactsd, a.. pags Pt

1 -
-, I ___ ____ ______ ________

—- — ‘- • -

— 
-.-~~~ 



82

expected from pilot balloon measurements, producing higher

lidar wind speed. Vertical displacement of snowfall varia-

tions could be sign ifican t for the large lateral a. parstion

(99 a) at this height.

Figs. 33 and 3t~ are coc~parison of mean wind speed and

azimuth direction between lidar and pilot balloon measurements.

The minimum and maximum lider’ quantization end pilot balloon

uncertainties are also shown. These limiting value s are

graphed since data points at difrerent height levels are

within close proximity of 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 ltdar to obtain

average wind speed, direction and ras speed estimates. Tb.

Past Fourier Transform (YFT) 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 th. background noi a. is larg. compared to the

aerosol inhamogeneity signal are suppressed one to two orders
of magnitude with respect to those with large signal components
(see Pig. 5) .  Aerosol inhomogeneity scale sizes seen from this

figure range from bO m to 1 km. These scale sizes carry wind

information detectable with the present system. Tb. ratio of

• th. signal spectrum to the noise spectrum (Fig. Ii) show high

variability between successive spectral components for values

smaller than approximately 0.5. Lidar aerosol inhonogen.ity

profiles with 3KB less than 0.5 are therefore dominated by the

backgzowrd noise of the present system. Wind information in

• thes. instances are not recoverable.

Estimation of the mean wind velocity in th. turbulent
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planetary boundary layer ha3 bean improved by including a

correction for the spatial and tcmporal coherence decay.

Results 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. lb, 19, 33, and 34 are generally within the

estimated experimental uncertainties.

A measure of the turbulent dispersal of the aerosol

inhossogeneities 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 thhoaogeneities to change in

time. Kunkel (197b) has used similar measurements to estimate

th. turbulent energy dissipation rate for all scales.

Lidar rms wind speed neasurements 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 indep endent measu rements to the uncertainty in these

measurements. This is expressed by the following formulas.

E, ’ ‘~~‘1/ ~v~..1 5.1

1*~
I, 

~~~

~~~~~~~~~~~ 

- -  

~~~~~~ I.. ~~ -
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wnere 4V is the wind speed difference between the lidar and

independent wind measurements defined in Eq. 4.1.2.

4~ is the azimuth direction difference between i~~ar

and independent wind measurements defined in Eq. 4.1.3.
, r 4 a r d a :~c1tC O # ~ ~~~~~~~ is the rms value of the lidar

and independent wind direction uncertainties.

)
~ is the rms value of the Iidar

and independent wInd speed uncertainties.

~ v is the ratio of the magnitude of the speed ditterence

to the rms speed uncertainties.

~~ is the ratio of the magnitude of the azimuth

differenc. to the rms azimuth uncertainties.

Graphs of these ratios (6w. 6~ ) are shown in Pig. 35

as a function of the SNR estimate (Eq. 2.2.5). The aver age

values of E, and E,,i along with the standard deviations

are shown in the intervals SNR ~ 1.5, 1.5 ~ SNR ~ 2.5, SJ~R)

2.5.
Value s larger than one standard deviation from th~ mean

represent a statistical probability (33%) that the error is

larger than the uncertainty. This figure shows the average value

of & and as well as the probability for larg.r errors than

the uncertainties decreases with increasing 5KB ,alu.s.

Large discrepancies of s ome data points can be explain•d

by the limitations of the method and equipment. The circled

rLL - 
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data points in Fig. 35b represent reasurements where the

radial wind speeds are small ( C In/a). Large azimuth

differences between lidar and tower measurcr~enta are due to

larger lidar radial velocity estinatas (see discussion on

page~~I). The boxed data points in Fig. 35b repre:ent a

segment where the nonlinear regression tailed to converge

due to low 3KB values. ThO circled data points in Fig. 35a

are measurements with low wind speeds (2—3m/a) and small

speed differences (
~ 0.5n/s). These data points have small

speed uncertainties ( ~I’*~~~ O.2m/s) which cause large

values of i’ . The boxed data po4nts 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.

Measurement of wind velocity parameters shown in this

thesis prove that lidar can become a useful tool in remote
studies of the boundary layer. The reliability in lid*r

wind measurements can be increased by improvements in lidar

instrumentation to decrease the noise contributions in lidar

returns and would allow wind measurements to be obtained

under a greater variety or atmospheric condition..
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Appendix A Calculation of Zpectra and Coherence

A.l Calculation of Spectra and Cross Zpectra 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 Enochaon, 1972). The FF1’ has the advantage

over previous methods of spectral estimation in computational

speed, especially ror 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.

Leakag. is reduced by application of a data window on the

segment . ?wo common data windows are the Mann window and

- 

the cosine taper (Otnees and Enocheon, 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

th. 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 (Bingh arii, et ii., 1967),
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(co s’~(~flx/L) —LI ’ ’ x~

1 -~ L/1O~ x~ 1~L/10 A .1.l

— L cos2(~~’x/L) I~L/lO~ x ‘ ~/2

for a data segment extending from -L/2 to L/2.

The data window is applied on a spatial. series, f(x),

in the following manner.

f(x~~f(x) • D (x)  A.l.2

f(x) is the modified spatial series.

The raw spectral estimates of the modified series

1 2 are CaLcuistea i rom the FFT of each series

respectively.

• 51(k) ~
‘
f1° (k) f1(k)

S2(k) 
r~2~ (k) A.1.3

S l20(~~ 
7’r k  t f ~~(k )

Where the Fast Fourier Transform is defined as

T~(k)= ~~~ 
£ ~~~~~~~ ~~~~~~~~~~~~ 

)

~ is the incremental separation of & data points (Lz N .~)

L and * denotes complex conjugation. ~i’ ~2 ~l2 are the

I respective power and cross spectral estimates. The raw

I - 
spectral estimates must be smoothed in order to decrease th~

--
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mean square error and increase tP~e statistical significance

of the spectral estimates. c~othix.~.’ can be acconp1i~ r d ~d by

a ~~iChted avcra~e over adjaccz~t wavenur.bcrs, (Cooley, et ii.,

1970), or by time averaging over a nu.’.be r of rodified segments

(We lsh, 1967). Time averaging was chosen for t~.is study

because of the small lengths of the da ta segments. The

smoothed spectral estimates averaged over J ti~e segnents are

31 (k) ~ L. S11(k)

~ S2~(k)2

~ S121(k)
— ‘ I

Application of a data window decreases the variance -s

because unequal weighting is given to various parts of the

segment. The normalization factor (dl due to data window

application is (Otness and Enochson, 1972)

i/a

d~~ ~ I D2(x) . dx

Spectral values are scaled to maintain the true variance

estimate .

~~(4) ~~~~
. g A )

a (S,.) • ( . ) 
A.1.6

‘2

: 

‘
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- 
For the cosine taper window, d has the value of 1/0.675.
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A.2 C~ 1cu1ation of the Coherence

The coherence between two t i re  or spatial series

d e s c :- i t e  ~~.c ’.r r e l a t i o nsh i p  at various fr .-quencies or r1ve—

numbers. Calculation of the coherence between two series

( subscripted 1, 2) is (Otnoss and ~nochson, 1972)

s?~ k) . S~~,(k)Coh(k) ~~‘- ‘‘ —

~~(k) .

where S1(k), S2(k) are the smoothed spectral estimates and

is the smoothed cross spectral estimate. The asterisk

(.) is complex conjugation . The calculation of smoothed 1 1
spectral estimates are described in Appendix A l .  Smoothing

• of th. spectral estimates increases the degrees of freedom,

therefore decreasing the statistical uncertainty in spectral

estimates and coherence measurements. The value of the

coherence ( P), for which there is a probability (P) of a

coherence between random series exceeding this value is

( Panotsky and Brier , 1968)

r ~( l— p 1/t edt.2~~ A.2.2

where edt is the equivalent number of degrees of freedom.

For a cM-square distribution, this number is twice the

number of averaging segments. In this study, the edt is

19d for coherences calculated between azimuth angle ~ ‘~~~~~ ~3L

[jJ ( see Pig. 2) and in filter estimations (99 segments averaged
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:- over). Th. five percent probability value of P
.12. ~ecause coherence values calculated 

between 0 and~~,~

(see rig. 2) are averaged over a sr~all nur~ber of segments

(50 ), the five percent probability value of 1~~ is .17.

~

- - ‘—. — * -.-a_, 

d -
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Appendix B Calculation of .i~ na1 ~pectrur~ to !:oi:e ~~cctru~s

Ra tio, Signal to noise Ftatio (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

different 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

(Wainstein and Zubokov, 1962)

3(k,4 t )  55(k,At ) + S n(.k 4t) + S5~(k,4t) Bl

where 3(k, At) is the smoothed spectral estimate of the

spatial series , 35(k, At) i3 the signal spectrum, 5~(ic. ‘t)

is the noise spectrum, and S5~ (k, at ) is the ‘interrer.nce

spectrum or 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-

ant, spatial series is the cross spectrum of the signal for

normal, random noise, i.e.,

~ ~~ 3sl2~~’ ~ 
t)

The coherence between th. two series as defined in

- 

_ _  _ _ _ _ _ _  _ _  

_ _ _
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S 12~~’ 
at) S512(k, 6t)Coh(k, ~t) = B3

S1(k,O) • 
‘
~
‘
2
(k, ~~

- where * 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 estimate s

:~ limiting value is tne signal spectrum . The individual

-

- 

- 

spectra of each series approach the smoothed spectral estimate

- 

(or zero time lag,

Lia S 12(k, At ) = S

Si4
Lim S2(k, 4t) 51(k,0)a

The limit of the coherence as ot approaches zero is there-

fare s

• S51 (k ,0)

Lia Coh(k,4t)
A t,O S~(k,O)

-~ 2

~ E — 

351(k,O)

1851 tk,O) + S~1(k.O)

Solving for the ratio at the signal spectrum to the

noise spec trum yields

— - -~~~-~~~
- -

~~~~-- — ,-—•~~~~~~ — - --—--—-——- - - 

; : - - - - 

.uLI__IuI_.. — ~~~~~~~~~~~ 
-•• .I
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S ~(k ,O) I ~~~~ 1 —l
= j~~Lim Coh(k , At)J —11 B6

L t~ O

Filtering a series suppres~.ea the noise component 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)z

~ (x) = Jh(x-x’). f(x’) dx’

The optimal linear filter that minimizes the quantity

— 1~
(x)

~f(x)] 2 (overbsr denotes ensemble averages)

is calculated from the knowledge of the ratio of the signal

spectrum to the noise spectrum. The transfer function (0(k))

or the optimal linear filter is shown by Wainstein and

Zubakov (1962) to be

0(k) B?
+

where 11(k) is defined as the Pourier transform of the
optimal i lnear filter

0(k) .iJ
’
h(z’) exp(-i 2 ~ k x’) dx = ~~ ‘4) Sb

The application of a filter changes the spectral

estimates of the series. The Fourier transform of the

I

~

-

~

--

~

--—•

~

,-— - ~~~~~~ - -  -

~~~~~~~~~~~~~~~~~~ ~~~~~~ — -~~
- - J-~~- - - - ,J~ ~ J~~~ -~I~~4 -

d
-

~

s—- -

~

-

~ 

-~~ -- - —-- — - -a -_ —— — —
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filtered series (r?(k)) is the product of the transforms

of the original series (i~~(k)) and the filter (}i(k)J.

J~.(k). H(k)

The filtered spectrum 351(k,O) is the conjugate multipli-

cation of the Fourier transform with itself.

‘
~~J (k,O) = {H(k) .~ .(k)J * fH(k) - r~

(k )
] 

89

— (K(k)) • S(k)

The variance of the series is the integral over all —

wavenumbers of the spectrum .

ç-2 
f~(k).dk

F * The variance of the filtered series is therefore:

~ f~(k)• ~~ = ~(k)
. 4k

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:
0•A

2 ~~ 2ir
an • JS~(k).dk — S~~)(R(k)) .dk

S

3~ b.ing the constant value of the noise spectrum.

The weighted integration of the signal spectrum to

noise spectrum ra tio by the square of the transfer function

r

— ~~~~~~~~~~~~~~~~~~~~~~~ —•—-—•---—----• -;----~• -—~-~,-.~~~-r -~~ -- — -- ~~
- -

~~~~~~
.---

~~--~~~~~~~ -
•-—-———

— -~~ 
-, 
,
~~~~

_ - _ _
~

_
~

_ 
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I .e the ratio of the filtered signal variance to the noise
variance (SNR).

SNR = f H k , 2 . ~~~~~~~~~~~~~~~~ 

.

BlO
. J

~~~~~ k) ) 2 . 
[H k)~

1 J — l

/ 
(H(k)f . 4k

- - - - 
~ ~~~~~~~~~~ 

-~~~- - •  *

_ _ _  ~~
_

~~~~1
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Appendix C Derivation of an Analytical Form for Coherence

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

apace. The aerosol inhomogeneities are assumed to be

described as three dimensional Gaussian structures being

advect.d by the wind.

The functional form of the inhoisogeneities is

= p(-
~~~’:~ 

f4. S r n~~~~
’J 0J  Cl

where t refers to time and the positions ar. described in

term s of generalized coordinates, 
~ j  

5. The initial

position or the centroid of the inhomogeneity in the ith
direction is qj0 with a rms width of the structure,G~~.

The motion of the inhoaogen.ity are the generalized

veloci ties in each direction, 4~.
The lag—cross covariance function, C~2, between two

Li
_ _-

~~~— —•-- ----~-. -~~~ - - - ~ - _ _ _ _ _ _ _ _
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liaor irof ile~ ~Ij I~* ratcd in ~p~ cc and t~~~e is uz~ed to infer

r-otion . Tne ~eometry of the expcrir~cnt Ic shown in Fir. Cl

for covariance in the q2 direction . One iidar profile has

q1, q3 
coordinates, Q2~ ~~~ 

Tric second profile is separated

from the first in time by At and in the q1, q3 
di rec tions

by 4q1, ~~q3. The lag-cross covariance averaged over all

possible initial positions and time i~g

~~~~~~~~ i”~ ~~~~~
“I~ .Ct L ‘i’.,

~r1 ~~j ;j~. / .~~j ’ c  I~I..L .J] C2d .g

The variances (C1, C2) of the profile along each line are

averaged in a similar manner.

~ / ..‘. -.J
I ~~~~~ ~~~~~~~~

— C3a

e a : f i  z’ f°’/1~, f°’
~/ ~ I ~~~~ ~~~~~

C3b

Tb. integrals above can be reduced by substitution to the

form

A.
4~~~

Z
4 ~~~

J e  ~~~~~~ [ fe

sinc, th. integrals are Gaussian and products of Gaussians.

• 1.
.--—

~

-

~

•_*

~

— 
~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- - - - — -
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The lac—c ross correlation coeff ic ient, f  , defined as

- -.

f  (
~~~ . g .. 4~~~~ ) C~ a

is after all integrations.

~~~~~~~ 
‘i” ~~ 

C5b

The ensemble averaged lag—cross correlation coefficient,

over a normal, three—dimensional veloci ty d is tri bution,

Gtq) is

~~~~~~ 
6(f )

G(~) is assumed to have the form

~~~~~~~~~~~~~~~~ 
-~4Y/20f J

A

where 
~ i is the mean of the velociLy in the ith direction

and c is the rms wind speed. The integrands are Aiiuependezit

in each ~1j • The ensemble averaged lag—cross correlation

coefficient ii the product of the separate integrals

-. 
$ “~c (4j. - ~g .v4-~. 

- 
~~~~~~~ ~.)~ cj ’ 3

Cba

I

___________— - - -  --- - - - -- - ~—-— -— -  - - - -  —•— ___ __ - J -  - - - -
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The ir)te~ ra1 i s  r -duc~~d by :~ut~’ti t u t i o n  to the form of

~
•
~
r1. CL, re~ u 1t 1ng In

“(t~j  ü £L~ 
/ l  f-~~ ~/ ~~f- ~~ 

- ~~~~~~~~~ ‘iç~i ~2Q~ A tI& i f
•~ L~c-~~”~i Cob

This equ at ion is similar to one used by Kunkel (1978).

To simplify the functional form, the aerosol inhoinogene-

i t l e s  arc • i— sur ~t-J to he isotropic (G~~ CT1 =03 =c. ) and
measurements are made in the q1, q2 plane (4 q3 0). The

final form of the er semble averaged , lar—cross correlation

coe f f i c i e nt  used in this analysis is

{ 
•~~~ 

/
~~~~~ç~~4~~7_ ? 4(

1

)J  

a

~~~~~~~~~~~~~~~~~~~~~~~ C9

where = A x , ~ q2 =67 ,  U 1 * ~~ ‘ 
u2 = ç, &~3 - 0

The Fourier transform of the lag-cross correlation

coefficient in 4y  is the lag—cross spectrum, S12(k,&x,u,v,~t).

The integration over spatial lag,4y. is

- ~2~(d4~j ~~~
which can be reduced to the same form as Eq. C4. The

_______________ 

- -  

-

- - -~~~~~~~
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f ~~C~~/~~ç~4 ~

~~~~~~~~~~~~~~~~~~~~~~~~ 
- ~~~~~~~ •

C 10

The coherence function, Coh, is proportional to the

square of the absolut~ magnitude of the lag-cross spectrum ;

C~~ (44~~~ 4eJ~~ 
/ c L

(4.A k lI.~
l,.4 V I ~

~ 
(F11IL~

•
• (4u-~. 

4(.)’/ (ç’. ç’~e’) - 4’ ~~~~~~~~~~~~~~ if
(.C~~.C~ IIt ’ )~

The value or the coherence for the quantity (‘x—uit~0)

and L75.o, is identically one. Therefore, the ratio

~~~~~~~~~~~~~~
-
‘

~~~~~

‘

~~~~ 

~~~~~ 
(4a-~ 4V)~/( ~~~~~ -

Cl’

is the decay of the coherence with spatial and temporal

separations due to velocity fluctuations. Note that for

G .0, the coherence is Gaussian, as expected train the

assumptions of the model.

— — 

~-~ r  
- -

- - • .-- - - ~~~~~~ 
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I Appendix D F.rror Anal y z i s  of Pilot c~ 11oon and Tower

- ‘ Anemo~ae~cr •,h~
, •.cn~ur(’~,~ :tc

~.l £~rrors ii. Pilot ~a1 ~uor. ~~t ~.r t - : 4 t ~~ r~c to i ~ - l ion

Errors

Pilot balloon winds are derived from position changes

of the balloon in small time intervals, therefore the errors 
P

in determining the position of the balloon are translated
— 

into speed errors. Tne geometry of the balloon ’s posi tion

- 
in spherical coordinates is shown in Fig. —1. For radar

tracking of the balloon, the slant range , ii , aziruth and

elevation ang1es ,Ø~ ,8are measured. The horizontal coxmpon—

ents of the pibal are, (Middleton and Spl ihaus, 1953)

x Hcos( 8) sj n ~~Ø - )
* Dl

yI’)4co5(t~P)cos(~~)

The di fferen tial elemen t of each componen t is

dx=cos(6)sin (ø )dB_R (sint~~ )aIn (~~ )db~~cos(~ )cos(Ø )dØ)

— - 
dy*cos(9 )cos ($ )4B—R (sin( ~ )cos(ø )d~ 4cos(~~’)sin(Ø )d~)

D2

The distance the balloon has traveled in a time $t for the

a ‘3csponeflt is

(u.Su)~~ t~ (x+$x)/ — (x4 5x ) j

replacin g exact differentials by the small variation s ,

The maximum velocity error in the x component is

r . - -

L_ 
_ _  

_
I

- ~~~-_- _ _ _ _ _ _
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z

N

Pig D—l Geometry for deteru~in~ing the poeit~on of thepilot balloon, in spherical coordinates.

*

1: _-- 

.

- - .-- 

_
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• (I ~~~~ 4 i~~~s i ) / S~
4. 

~
e;t*I~ s &€ s~_~~ ~~~~~~~~~~~ /

~~~

- I~~~~~c.~~~~ S~& s ç ~/ .4
D3

The trigonometric values are in absolute value less than

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

velocity is

~~J’~~

where

• A si mila ” expression can be derived for the y component

of the velocity. The m&zimum error ror the y component is

cv,~ ! _ ( ~!~~~ )“ “ E~4

~stimation of the errors in terms of speed 
and azimuth can

be obtained in the same rta.’u’~er as lidar error estimations.

_ _ _ _ _  

_ 
_ _  _ _  _ _ _ _  - 

IT
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).2 Statistical neertainty of Tower Anemometer ::easurements

Lnccrtainties in measurements of mean quantities by an

ant-~ ,o:~•etcr depends on the nuriber of independent measurements

made . Neasuren en ts of this mind are time averaged at a

s ingle 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

6 
D.2.l

where f is the auto correlation function and At is the time

lag. The number of independent samples in a time period of

l.ngth Ti.

A Li.
~ 1 D.2.2

The uncertainty, C , in determining the mean value of a

par.nt population with a standard deviation,cr, and
thd.pendent measurements is (Bevington, 1969)

: 3/f~~~ D,23

The wicertainty in measurements of mean quantities by an
anemometer is _____

‘~1’ D.2.k
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